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a b s t r a c t

The design and simulation of a new three-phase axial flux generator have been performed.

The generator is a permanent magnet machine (PMG) and consists of two rotors at two

sides and a stator at the middle. In the machine, each rotor has 16 rare earth disc-type

magnets and back-iron units and the stator at the middle has 24 coils. It has been un-

derstood that the generator produces directly sinusoidal output and requires no conversion

in the wave shape. The 3D simulations have been performed via the finite element analysis

(FEA) method by the magnetostatic and magnetodynamic tools. It has been found that the

machine generates 3.4 kW at 1000 rpm for the air gap of 1.5 mm. This gives the power

density of 336 kW/m3 for the rated value of the generator and it is higher than the power

densities of many axial flux generators in the literature. The maximal cogging torque value

has been estimated as 3.6 Nm, which is a good value for a back-iron machine. It has been

also proven that the waveform harmonics become lower at higher rotor speeds.

Copyright © 2016, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

The use of rare earth elements in the production of permanent

magnets (PMs) has accelerated the permanent generator

production. That has enhanced the importance of permanent

magnet synchronous machines (PMSM) in the wind energy

market. PM generators became popular in 1980's, after NdFeB

magnets were invented [1,2]. Since higher energy densities,

low cogging torque value, low cost and high mechanical

torque can be available with these machines, the PM genera-

tors have been used in many applications [3,4].

According to the literature [5], PM generators have some

superiorities over the asynchronous or current excited syn-

chronous generators. Efficiency, stability and reliability comes

in the first order to study on these generators [5]. They even

can produce direct sinusoidal current and that is counted

among the other advantages [6]. Strictly speaking, two distinct

PMG structures are found in the literature: Axial flux and

radial flux PMGs. If the flux goes through the coils in the radial

direction, that is a radial flux generator, however if the flux
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passes perpendicular to the radial direction, it is an axial flux

machine [7]. Indeed, the flux direction becomes parallel to the

moving axis in the latter structure.

The axial flux machines become appropriate for especially

medium speed applications. This realitymakes themuseful in

moment control, machine units, robotics, electrical vehicles

as well as wind energy [8]. According to the researches, they

have another advantage on wind energy applications since

these generators do not require an additional gear system

inside the wind turbine [1,9,10]. It means that the rotation

effect can be directly applied on the generator via the turbine

blades. In addition, the rotor speed and power densities do not

exhibit a basic correlation. There exist many studies on

different types of axial generators with various power den-

sities. Basically the power densities can have values from

6 kW/m3 to 700 kW/m3 [11].

In a previous design [6], Kurt et al. studied a radial/axial

flux generator having one phase and 12 poles. In this gener-

ator, they have observed a power density of 28.5 kW/m3.

However this machine was not a preliminary design of a new

type core and the effect of this new core on the cogging torque

has been studied compared to a bar-shaped core. It has been

proven that the new core has certain advantages over the bar-

shaped one in order to decrease the cogging torque values.

This one phase machine has maximal output power for 5 U

and increasing efficiency for high rotor speeds upto 1000 rpm.

According to simulations, the machine has a cogging torque

value of 25 mNm which is nearly the half of the bar-shaped

core. Besides, the experimental output has proven that the

signal type is sinusoidal and has some harmonics for lower

rotor speeds as result of mechanical contact [6].

In the electromagnetic designs, the moving units of the

machines, especially rotors should be mechanically durable

and light. Indeed, these units are the important parts to

determine the operational life of themachine, which becomes

much vital for medium and high rotation speeds. However, in

the case of the stator part, the magnetic flux over the stator

coils and the frequency of the stator current are important

[12]. All these factors may cause problem in high speeds and

they can be solved by good mechanical and electromagnetic

designs.

In the case of conventional axial flux PMGs, they have

lower cogging torque, higher power density and efficiency,

easy maintenance, lower volume and cost [9,13e17]. The

machine designs still focus on lowering cogging torque,

increasing the electrical power and efficiency, whereas, as an

important artifact, AFPMGs have a cooling problem [18].

Indeed the cores, coils and stator units get heat due to the

magnetic flux rotation inside the cores and current circulation

in the windings. For instance, according to Li and his col-

leagues [14], high power density causes heating problems in

PMGS. Therefore an appropriate mechanical design should be

explored to cool down them. One way is the adjustment of air

gap distance, since it assists to decrease the cogging torque,

acoustic noises and mechanical vibrations [19]. Other way is

the shape of the core, since it affects the cogging torque.

Another solution is to decrease the losses in the machine.

With that regard, Vansompel and his colleagues [10] investi-

gated the efficiency of an axial flux machine in terms of core

mass, shape and lamination. They proved that the varying air

gap can decrease the core losses within the rate of 8% and

assists to improve the efficiency for continuous working

conditions [20].

In the present paper, we report the results of a new

designed three phase axial/radial flux machine. Mainly the

new machine uses a different core shape. The coils have

different winding numbers and the diameters of the rotors are

certainly different. Section Design properties of new AFPMG

introduces the units of the machine. The electromagnetic 3D

simulations and transient solutions over flux, flux density,

voltage and power are presented in Section Magnetostatic

simulations of PMG. Finally, the concluding remarks are

given in the conclusions.

Design properties of new AFPMG

In order to produce the design and simulations, a finite

element programme has been used. In the simulation envi-

ronment, the definition of the simulation volume and ma-

chine units with the corresponding meshes, the material

characteristics are performed to all units. Table 1 presents the

design parameters of new generator. The stator unit has two

types of windings attached to both tips of the cores.

While one series have larger winding numbers (i.e. 300),

other series have lower winding numbers (i.e. 200). However,

if the serial connection is provided among the series, there

exists no waveform difference between two serial connected

coils. Indeed, the coils with larger sectional areas gives larger

amplitude compared to the smaller one.

The air gap is adjusted as 1.5 mm for two sides of the stator

located at the middle. The cross-section view of the PMG is

shown in Fig. 1. Two rotors are positioned on the upper and

Table 1 e Design parameters of the machine.

Components Features

Inner radius of rotor R2 (mm) 75

Outer radius of rotor R2 (mm) 105

Inner radius of rotor R1 (mm) 120

Outer radius of rotor R1(mm) 150

Inner radius of stator disc (mm) 70

Outer radius of stator disc (mm) 155

Thickness of back-irons (mm) 5

Radial width of back-irons (mm) 40

Coil inner diameter (mm) 30

Small coil outer diameter (mm) 46.4

Large coil outer diameter (mm) 69.6

Phase 3

Winding turns for large coil 300

Winding turns for small coil 200

Coil number 24

Wire diameter (mm) 0.75

Magnet type NdFeB

Magnet shape Circular

Magnet number 16

Magnet diameter (mm) 30

Magnet thickness (mm) 5

Core material M19

Core type Axially/radially laminated

Core number 12

Air gap (mm) 1.5
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lower sides of a stator as seen in Fig. 1. Rotor-1 which has

larger coils is located top, whereas the Rotor-2 is located bot-

tom. The cores and the location of sample magnets are also

obvious in Fig. 1.

The machine stator has 24 circular coils located at the tips

of 12 individual cores. Themachine has 16 circularmagnets in

each rotor, having a good sinusoidal output. In addition, the

machine has two circular back-irons located top and bottom.

The powerful side of this geometry is that the cooling of the

machine can be made efficiently from bottom to top, since

there exists sufficient region for this purpose at the outer part

of the small rotor. In a recent paper, Rasekh and his colleagues

[21] have carried out a computational fluid dynamics study.

They have found that the convective heat transfer reaches a

minimumat a certain gap size ratio for the stator part of a disk

type axial flux generator. In addition, the maximal tempera-

ture 110 �C is reached during the operation in the rotor and

stator surfaces, which are high enough to make drawback to

the generator. Thus, their results emphasize the importance

of the geometric structure of the machine. In the present

design, the cores assist to decrease the total reluctance. In

addition, back irons also decrease the reluctance in that

manner. The usage of the laminated cores minimizes the core

losses in the machine [10]. The BeH curve of the core material

M19 is sketched in Fig. 2. This curve has been determined for

the material in simulation. It basically gives B ¼ 1.4 T flux

density for the field strengthH¼ 1000 A/m. This flux density is

found sufficient for the maximal flux production inside the

core. The same material has also been used for back-iron

units.

For the finite element analyzes, themeshed forms of stator

and rotors are shown in Fig. 3(a,b). While 237326 mesh cells

are used in the stator unit, 156148 mesh cells are found suf-

ficient for the rotor units. An optimized number of cells have

been obtained by comparing the experimental value of

voltage. Indeed, the increase in the mesh numbers is a

Fig. 1 e Structural design of the AFPMG.

Fig. 2 e The BeH curve of the core.

Fig. 3 e The meshed structures of (a) stator and (b) rotor

units.

Fig. 4 e The design of (a) core and (b) back irons.
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drawback for the simulation time. Therefore an optimized

value selection is important for the validity and reliability of

the design. On the other hand, the ferromagnetic and

conducting parts of the units should take much attention in

order to obtain an accurate simulation. The mesh types are

considered as triangular and themeshes are applied intensely

Fig. 5 e Magnetic flux densities of (a) overall machine (top view), (b) sample core and (c) overall machine in vector form.
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for magnetic units such as core, back-iron, magnets and coil.

The meshes have also been enhanced for edges and tips in

order to achieve better simulation results. For the electrical

connection of the windings in Fig. 3(a), the windings at the top

and bottom tips of each core have been connected in series.

For the overall phase connections we refer to Refs. [22e24].

A sample core consisting of 40 laminated layers with

0.5 mm thickness is shown in Fig. 4(a). In order to obtain a

circular form, each layer has its specific width. The machine

has 12 cores in total. It has been proven in our previous study

that this core geometry enhances the cogging torque value of

the machine [6,22]. At the tips of the cores, the coils are

located.

The adjacent core tips and concentrated coils (with the

distribution factor 1) are situated on the stator with an elec-

trical angle of 22.5�. In the rotor unit shown in Fig. 4(b), the

magnet housings are indicated on the yellow filling material.

There exist 16 circular pair poles in the machine. Note that

there exist also housings at the top rotor for the same magnet

sizes. The magnets are adjusted as 30 mm in diameter and

5 mm in thickness in the design. In order to sustain maximal

flux, the back-irons contacts the magnets at both sides.

Magnetostatic simulations of PMG

Magnetostatic simulations are important to identify the flux

density for different orientations of the rotors and stator.

Because of the core geometry and the structures of rotor and

stator, the flux topology differs from the earlier machines. In

Fig. 5(a), the flux densities of two rotors and the stator at the

middle are shown. From top to bottom, Fig. 5(a) gives the

minimal and maximal flux densities of 0.47 T and 1.3 T,

respectively. Note that the flux densities become zero at the

inner edges of cores. B becomes maximal in the core, when

two magnets come nearby the core tips as usual. After each

22.5�, four magnets come to the same angular position with

the cores. Therefore these regions have the maximal flux on

the cores. In Fig. 5(b), the maximal B values are seen in detail.

The edges at the middle part of the core has nearly zero

density. This detailed figure also proves the validity of the core

thickness, since the values do not exceed the BeH values in

Fig. 2. Fig 5(c) shows the vectoral form of the field. This figure

also includes the field pattern on the back-irons. Themaximal

field value is seen as 1.3 T in the back-iron.

Note that the field forms a closed circular form from one

magnet to the adjacent ones by passing through the adjacent

cores. Therefore there should be an optimal distance for the

magnets while they are located at the lateral regions.

Magnetodynamic simulations of PMG

The transient solutions have been run during at least four

periods. Fig. 6(a,b) presents a representative flux plot. The flux

variations occur between ±0.08 Wb. Note that the rotor speed

only effects the time duration of the alternance change.While

Fig. 6 e Magnetic fluxes passing from one coil at

(a) 400 rpm and (b) 800 rpm.
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Fig. 7 e Phase voltages at the no-load case for (a) 400 rpm

and (b) 1000 rpm.
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one period of the flux gets 10 ms for 800 rpm, it doubles for

400 rpm. Note also the flux phase shifts between three phases

in accordance with the electrical angle.

There exists perfect symmetry in the flux waveforms,

which confirm the accuracy of the flux topology. Due to the

circular trajectory, the fluxes are obtained as sinusoidal

waveforms. In another recent study of Kurt and Gor [23,24],

the maximal magnetic flux of the machine without the back-

iron has been found as 0.02 Wb, whereas in the recent ma-

chine 0.08 Wb has been obtained. Thus it is proven that the

back-iron unit in the rotor is vital to increase the flux of the

recent machine. Besides, the optimizations of the air gap

value also assists to achieve that finding.

Fig. 7(a,b) shows sample waveforms from the transient

simulation for the no-load case of the operation. Initially, it is

obvious that the phases have correct phase shift with the

same sinusoidal waveform. Indeed, themaximal amplitude of

each phase is obtained with the phase shift of 120� as usual.

There exist slight harmonicity due to the transient numerical

analyzes, since the time evaluation has not been kept so short.

At the rotor speed 400 rpm, the maximal peak to peak voltage

is found as Vpp ¼ 222 V.

Whereas themaximal value increases at 565 V for the rotor

speed of 1000 rpm (Fig. 7(b)). Note that both of the plots have

been obtained at the no-load case. In the case of electrical load

(i.e. 40 U), the maximal voltage value is obtained as 222 V for

600 rpm (see in Fig. 8(a)). In the case of 1000 rpm, maximal

amplitude decreases to 290 V for the same electrical load.

Thus the load gets a certain potential from the initial stage. It

is also interesting that the harmonics decay. In laboratory

experiments performed by other machines, these kind of

harmonicity annihilations were also observed before after the

addiction of the load.

In Fig. 9(a,b), the current waveforms are shown. These

values give the phase currentwhich is determined in the same
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Fig. 8 e Phase voltages for 40 ohm load in the case of

(a) 600 rpm and (b) 1000 rpm.
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Fig. 9 e Phase currents for 40 ohm load in the case of

(a) 600 rpm and (b) 1000 rpm.

Fig. 10 e Voltage vs. ohmic load for different rotor speeds.
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connection configuration in Refs. [23,24]. After one period, the

effect of the initial value reaches its stationary response and

ideal currents are obtained. While the maximal currents are

found as 5.5 A for 600 rpm, it becomes 7.4 A for 1000 rpm.

Perfect sinusoidal is obtained for the current. This proves that

the machine design is stable for each phase.

Note that these currents flow from two adjacent coils

located at the tips of the core. The phase shifts among the

phases are perfect. The connection of the windings can be

done in differentways in order to increase the current for each

phase, since the generator has 24 coils.

Simulations have been carried out for different electrical

loads as seen in Fig. 10. According to the transient simula-

tions, the maximal amplitudes increase upto V ¼ 341 V at the

load 50 U for 1000 rpm. Indeed, the maximal voltage can be

expected for slightly high loads. When the rotor speed in-

creases, linearly the output voltage increases. However, the

maximal amplitude becomes 100 V and it does not change for

the rotor speed 200 rpm for each loads. While the speed de-

creases, the increment rate of the amplitude also decreases

smoothly as also seen in previous experiments with other

generators. When the load is adjusted as 70 U, the voltage

values increase further upto 397 V for 1000 rpm. Note also that

the voltages for other speeds also increase at that load.

Fig. 11 gives the output power estimation for different

ohmic loads in terms of different rotor speeds. Note that it is

the power of three phases. While the rated power is obtained

around 50 U for 1000 rpm, the maximal power gets to lower

loads such as 20 U and 10 U for lower rotor speeds as usual.

The detailed simulations indicate that the power of 3.4 kW

is available from the generator at 1000 rpm. The power density

of the machine become Pv ¼ 336 kW/m3, which is a good value

for axial generators according to the literature if the power

densities are considered between 6 kW/m3 and 700 kW/m3 [11].

Finally, the result of the cogging torque is given in Fig. 12.

The net cogging torque value fluctuates between ±5.6 Nm.

Comparing the previous studies [6,21], it is a good value for an

axial generator with cores and back irons. Since the flux in-

creases at the vicinity of core tips, it produces a net torque.

Note also that the new shaped core also assists to decrease the

torque in that regard.

The machine has good total harmonic distortion (THD)

values, when several resistive loads have been attached to the

output of the phases. Table 2 shows the THD values for

various loads at 1000 rpm.

It is obvious that the THD values do not exceed 3.4% and it

is convenient for a new machine.

Conclusions

The electromagnetic design and 3D simulation of a new per-

manent magnet generator have been carried out. The new

machine has an innovative flux topology with 16 rare earth

permanent magnet and 24 windings with a specific laminated

core structure and back-irons in two rotors. The maximal flux

densities are estimated as 1.3 T inside the core for 1.5 mm air

gap. Themachine has good sinusoidal voltage waveform. This

is also valid for magnetic flux and current waveforms. Ac-

cording to the simulations for different rotor speeds, the rated

power is found as P¼ 3.4 kW for 1000 rpm around 50 U. Thus it

corresponds to the power density of Pv ¼ 336 kW/m3 as a good

power density value. The maximal cogging torque value is

measured as 3.6 Nm, which is a promising value for an axial

machine with cores and back-irons. Consequently, the new

designedmachine can be used for the household wind energy

applications due to its basic production, sinusoidal output and

good power density values. The sinusoidal wave shapes and

their THD values are also promising for the preliminary

studies.

Fig. 11 e Power vs. ohmic load at different speeds.
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Table 2 e THD values for various electrical loads at
1000 rpm.

Ohmic load (Ohm) THD (%)

50 3.4

40 3.4

30 3.2

20 3.1

10 2.9
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a b s t r a c t

In this paper, the waveform characteristics and the losses of a new three phase permanent

magnet generator, which has a rated power 250 W at 1000 rpm have been explored theo-

retically and experimentally. The proposed generator has new flux morphology with the

axial and radial directions, therefore the waveform characteristics become important for

this new machine. The detailed phase voltage measurements prove that the machine

generates sinusoidal waveform and the total harmonic distortion (THD) is found to be

sufficient for such a new prototype machine. According to the detailed experimental

measurements, the machine has THD values of 0.4% and 4.7% for resistive load and no-

load cases. In addition, the losses and the efficiency measurements are found to be very

promising although the airgap optimization has not been completed. According to the

simulation studies, the machine has the core and copper losses of 2.5 W and 23 W for

loaded cases, respectively.

© 2015 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The motivation on the axial flux permanent magnet genera-

tors (AFPMG) enhances due to their compactness, high power

densities and natural cooling mechanisms [1]. The invention

of the first axial flux generators went to 150 years before [2].

Indeed, the production of the NdFeB magnets has accelerated

the motivation for the design and generation of new perma-

nent magnet (PM) machines from 1980s and this trend still

continues due to some advantages of the PM usage [3]. Frankly

speaking, PM machines have better power density and cog-

ging torque value, cheaper construction and higher moment

values [4]. Besides, the phase waveform can be obtained si-

nusoidal from the output [5e7]. For instance, although the

power densities change from one machine to the other, the

machines with power densities from 6 kW/m3 to 710 kW/m3

can be encountered in literature [8].

In reality, the geometry and flux topology are the key

points to increase the power densities in AFPMG. For instance,

Vansompel, et al. [9] explored the effects of core shapes,

laminations over the efficiency in an AFPMG by using FEA. In

addition, the effect of airgap and the core losses were also

investigated by the same group by using the same method in

terms of efficiency. It has been known that the core mass and

volume should beminimized in the designs since it affects the
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weight, efficiency and compactness of the machine [10]. In

AFPMGs, the stators and rotors can be designed in many

combinations. They can be double sided as in our research, or

more stators and rotors can be added [11]. The double sided

machines become much energetic than the single sided ones

due to the coil numbers [12].

The machines can be designed with different core types.

They can be designed as slotted or slotless. In most of the de-

signs, the laminated cores are used. While the slotted cores

assist to decrease the cogging torque, slotless designs manage

to lower the mutual and loss inductances [13]. However one

should keep inmind that themagnetic force between the cores

and magnets should be optimized in order to decrease the

cogging torque [14]. Indeed, themagnetic force causes extreme

mechanical stress and vibrations in the machine, the air gaps

in axial machines should be larger than those of radial flux

ones [12]. The airgap can be designed from 1mm to 4mmwith

respect to the mechanical processing. It should be noted that

the airgap affects the entire output of the machine [15]. Thus,

the airgap optimization should be performed in a new design

[16]. In the coreless machines, the windings should be put into

a non-magnetic and insulating material such as epoxy, poly-

amide, etc. Due to the lack of the cores, there exists no core loss

and cogging torque and the machines becomes lighter. How-

ever, there can be eddy losses at higher speeds in thewindings

[16]. On the other hand, the disadvantage of themachine is the

low magnetic fluxes F compared to the machines with cores

and high copper losses. These are themain factors to decrease

the efficiency of AFPMGs [17]. The lower airgap values cause

higher power (Pout) as a result of inducting higher voltages in

the windings [18]. Whereas forming a stable airgap between

the rotors and stators is hard in the axial machines.

AFPMGs are especially appropriate for medium speed ap-

plications; therefore they can be used in robotics, electrical

vehicles, trains, etc [19]. In wind energy applications, they are

preferred to neglect the gear systems in the turbine.

Comparing the axial flux machines with the radial ones, axial

flux machines have lower cogging torques and volume and

higher power density and efficiency [20]. In addition, the

installation of axial flux machines is easier than the radial

ones due to the direct addiction to the blades. Jian and col-

leagues [21] found that the heating of the AFPM machines

could be caused by their higher power densities. Therefore, an

efficient geometry for the rotors and stators should be

designed and the large rotor and stator surfaces of these

machines can also help to solve this problem [19]. The air gap

is also vital to overcome from this heating problem [2]. How-

ever the key point in the design is to determine the appro-

priate shape of the permanentmagnets, since all shapes of the

magnets cannot give perfect sinusoidal output. The use of Nd-

based magnets has an advantage on the determination of

their shapes. Technically, it is possible to produce different

shapes of magnets [22]. There can be different types of com-

binations for the stator and rotor designs. For instance, rotor

can be one sided and stators can be double sided or vice versa

[10,11]. However, the important point is that the double sided

machines can have double energy generation relative to the

one sided ones [23].

In this study, we report the recent analyses on the losses

and the harmonic analyses of the new AFPMG. Design of

Generator section gives a brief explanation on the design

and specifications of new machine. Theoretical background

on basic connection of phases and losses are given in

Theoretical background Section. Experimental Section repre-

sents the experimental details of the generator. The main

findings on the experiments and simulations are reported in

the next section. Finally, the paper ends with the concluding

remarks on the findings of the study.

Design of generator

In this work, the design and implementation of an axial/radial

flux PM generator with three phases are reported. Initially the

designed machine is depicted in Fig. 1. The machine has

double rotors at the upper and lower parts and a stator is

situated between these rotors. The stator has threemain units

in order to provide a stable machine especially at high

rotations.

The rotors are connected to each other and rotate at two

sides on the same shaft. The design has a specific laminated

core structure and it has been proven in Ref. [22] that this

structure gives lower cogging torque values. Note that the

small laminated cores have certain advantages on the ma-

chine weight and eddy currents. Since the cores are slotless,

they are easy to produce, technically.

The windings, magnets and cores have circular shapes.

Since the machine is a three phase one, the design consists of

16 magnets and 12 windings and cores. Note that two wind-

ings sit on each core (Fig. 2). In the design, an air gap of 5mm is

used. Due to many air gaps inside the stator unit and air gaps

between the rotor and stator, the design has an efficient nat-

ural cooling mechanism on the large rotor and stator surface.

The BeH curve of the core material is presented in Fig. 3.

The core material has high flux density value up to 1.5 T,

which is already sufficient for our application. In the entire

FEA simulations, this curve is used for the core

characterization.

Each core has 40 laminated layers with the thickness of

0.5 mm each. Note that 40 layers are combined together in

axial direction, thus the flux loss is minimized in the axial

direction. The coils are positioned as in Fig. 2. In order to

decrease the copper losses, circular shape windings are

preferred in the design as mentioned in Ref. [23]. Another

design advantage is that the windings on the circular shapes

can be produced easily than the trapezoidal or triangular ones.

The magnets are located symmetrically near the upper and

lower ends of the cores in NeSeNeS orientationwith opposite

Fig. 1 e A new AFPMG design and units.
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poles. Between the magnets, the electrical angle is adjusted to

30� in the simulations.

The combination of windings should be realized in such a

way that no phase shift cannot be produced from one winding

to other. In addition, upper and lower windings should be put

into the same connection as in Fig. 4.

The flux lines are shown in Fig. 5, when the generator

operates. Since the machine is three phase, the core and

magnet numbers differ. Indeed, some cores have high fluxes

such as the first, the fourth, the seventh and the tenth cores

from left to right, others have lower ones for a certain time.

The flux pattern forms closed lines among the magnets,

when the directions of magnets are positioned at the same

directions of cores for four windings as a result of three phase

formation. These maximal fluxes disappear, when the elec-

trical angle changes due to the rotation. Therefore an addi-

tional reluctance occurs for different electrical angles due to

16 magnets and 12 cores.

Theoretical background

The designed generator has both axial and radial directed flux

and it differs from the other axial machines in that context.

The radial directed flux assists to decrease the cogging torque.

The equivalent circuit is summarized in Fig. 6.

According to three phase construction, the serial con-

nected windings are classified to three different clusters. Note

that each phase includes the windings situated at small and

large diameters in order to form identical output waveforms.

The net voltage of each phase is the sum of the generated

voltage of each winding. In that case, the total inductance of

one phase can be written as,

LpA ¼ LB1 þ LS1 þ LB4 þ LS4 þ LB7 þ LS7 þ LB10 þ LS10 (1)

Considering the net voltage drop on the load andwindings,

one arrives at,

vLpA � vRA � vLA ¼ 0 (2)

If the voltage expressions are written explicitly,

diA
dt

¼ iA
LpA

ðRA þ RLAÞ (3)

is obtained. Here, I is the generated current in thewindings for

each phase. On the other hand, the induced voltage on a phase

can be written as,

vLpAðtÞ ¼ �8N
dfðtÞ
dt

(4)

Here, the factor 8 denotes the winding numbers in single

phase and N shows the winding turn. Thus, the generated

instantaneous power from three phases can be written as,

Pout ¼ 3 vðtÞ iðtÞ (5)

if v(t) and i(t) are considered for single phase and the power

factor is set to 1.

In general, the losses of a generator occur as copper losses,

core losses and mechanical losses [13,19]. Since the losses

strictly depend on the input and output powers, one calculates

the losses related with the output power as follows:

Fig. 2 e The specific core structure and windings at both

ends with the meshes.

Fig. 3 e BeH curve of M530 e 50A stainless steel.

Fig. 4 e The connections of individual windings. B(S) is

used for upper(lower) windings of corresponding core.
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Pout ¼ m vðtÞ iðtÞ (6)

Here m, v(t) and i(t) denote the phase number, phase

voltage and current at the instantaneous time. Within this

notation, copper losses can be written as follows:

Pcu ¼ m iðtÞ2 Rp (7)

Eq. (7) is another form of Eq. (6). Since Joule heating occurs

in the windings, it can be represented by current i(t) flowing

inside the windings. Note that phase resistance is denoted by

Rp. Stator is responsible for this losses due to the fact that all

windings are positioned inside stator. Core losses can be

negligible for the permanent magnets, since it is at the low

order. For the other part of themachine, these losses are given

byW/kg in terms of material type and feature. In general, core

losses consist of three losses, namely hysteresis, eddy and

anomalous losses [24]. In this manner, they can be summa-

rized as follows:

PFe ¼ Ph þ Pe þ Pa (8)

Ph ¼ kh
f
50

B1:8
pk Wfe (9)

Pe ¼ ke

�
f
50

Bpk

�2

Wfe (10)

Pa ¼ ka

�
f
50

Bpk

�1:5

Wfe (11)

Here Pe, PFe, Ph, Pa, WFe, Bpk, ka, ke and kh represent eddy,

core, hysteresis and anomalous losses (inW), core mass, peak

value of flux density (in T), coefficients of anomalous loss,

eddy loss and hysteresis loss. In the light of formulation

above, the efficiency can be calculated as follows [24]:

h ¼ Pout

Pout þ DP
� 100 (12)

Here DP denotes the total losses of the machine.

Experimental

Fig. 7 presents the prototype machine. Three different colors

(in web version) indicate three phase connections. On the

same shaft, two rotors made by Aluminum can freely rotate.

In order to avoid themechanical frictions, 5 mm airgap has

been adjusted in that prototype machine, whereas the opti-

mized airgap can be obtained after the cogging torque and

waveform measurements. Fig. 7 is a slotless drum-typed

wired double sided and cored machine. At the middle, the

stator is kept fixed and the rotors can rotate due to two

bearings. The design features of the machine have been pre-

sented by Table 1.

As stated in the previous section, double sided machines

are better for power densities than the single side ones. In

addition, the double sided machines have better mechanical

balance since it has two moving parts at each side. Besides,

the double air gap opportunity of the machine in two sides of

stator can help to decrease the heat especially produced at

high rotation speeds. All these advantages can give a chance

to load the machine with high resistive electrical loads [25].

The construction of the machine is easy since the windings

can be obtained easily and put into the tips of the core. In

order to decrease the structural cost and the copper losses,

lower winding numbers are preferred, whereas extremely low

winding numbers lower the power generation [26]. The pre-

sent machine uses the drum-type circular winding, since this

type winding has certain advantages to lower the copper

Fig. 5 e Magnetic flux lines representation in the single phase machine.

Fig. 6 e The equivalent circuit of the proposed machine.
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losses [23]. In order to get benefit from the coil active surfaces,

the diameters of themagnets and coils should be close to each

other.

Fig. 8 presents a core with two windings at the tips. The

cores are made by laminated core material given in Table 1.

While the upper tip of the core stays at the one side of stator,

other situates at the other start side. In the stator, there exist

12 individual cores and the machine has 24 windings.

In the coreless machines, there exists no cogging torque

since they do not include any ferromagnetic material, thereby

these kinds ofmachines canmove better at lower speeds. This

also causes no hysteresis losses. On the other hand, these

machines have high eddy losses due to the lack of flux

orientation inside thewindings [27]. Therefore the flux density

becomes lower at the air gap and that causes to have much

lower power generation. Considering the above explanations,

the core losses become lower compared to the copper losses in

the coredmachines, whereas the copper losses become higher

in the coreless machines [27,28]. In addition, the laminated

core structure also helps to decrease the core losses [9]. In the

prototype machine, we have used 40 core layers with 0.5 mm

thickness. Due to the original shape of core design, the flux is

directed in radial and axial directions. Fig. 9 shows the core

tips at two sides of stator.

In one of our previous studies [22], the superiority of the

radial/axial directed proposed core structure was reported. It

has lower cogging torque value compared to the linear bar

shaped core. This result mainly stems from the lower me-

chanical torque value due to the smaller diameter in one side

of the stator, since the torque depends on the magnetic force

and the distance of this force to the axis.

Fig. 7 e The front and side view of the designed and constructed machine.

Table 1 e Design parameters of the proposed generator.

Components Features

Inner radius of rotor R2 (mm) 75

Outer radius of rotor R2 (mm) 105

Inner radius of rotor R1 (mm) 120

Outer radius of rotor R1 (mm) 150

Inner radius of stator disc (mm) 70

Outer radius of stator disc (mm) 155

Coil inner diameter (mm) 30

Coil outer diameter (mm) 40

Phase 3

Winding turns 200

Coil number 24

Wire diameter (mm) 0.75

Magnet type NdFeB

Magnet shape Circular

Magnet number 16

Magnet diameter (mm) 30

Magnet thickness (mm) 5

Core material M19

Core type Axially/radially laminated

Core number 12

Air gap (mm) 5

Core coefficients (W/m3)

Kh 164.2

Kc 1.3

Ke 1.72

Kdc 0

Fig. 8 e A representative core and windings.
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The rotors of new generator are shown in Fig. 10.While one

series of magnets are located at the maximal diameter, the

other series of magnets are positioned on the smaller diam-

eter. They are structured in disc form. The magnets are made

by rare earth material with high magnetic flux density.

Total 32 magnets with the dimensions of 30�5 mm are

positioned on the rotors. This orientation has the electrical

angle of 22.5� between each magnet.

Results and discussion

Electromagnetic simulations of fluxes and waveforms

In this part, themagnetic flux characteristics are presented for

the no-load operation. All simulations have been made by a

commercial code which uses the finite element method (FEM)

in amagnetodynamics process. Fig. 11 shows a representative

plot of the fluxes which are produced for three phases. This

result has been obtained at 1000 rpm. A clear symmetry is

seen in the waveforms with the appropriate phase shifts in

order to produce the three phase effect.

It is obvious that the fluxes are obtained as sinusoidal

waveforms, since the disc-type magnets rotate in a circular

trajectory. These fluxes induce the phase voltages as given by

Fig. 12(a,b) for corresponding rotor speeds. The voltage

waveforms are similar to each other at 300 rpm and 1000 rpm

for the no-load case. Only the amplitude and frequency in-

creases as usual. The amplitude of each phase is obtained

with the phase shift of 120�. At this speed (i.e. 300 rpm), the

maximal peak to peak voltage is found as Vpp ¼ 84 V.

When the rotor speed is increased to 1000 rpm, the

maximal peak to peak voltage is found as Vpp ¼ 280 V. The

waveforms are sinusoidal and the phase shift is still preserved

perfectly for the three phases. The detailed simulations have

proven that the generated voltage increases linearly with the

rotor speed as in the literature upto the studied speeds

[6,7,22,28,29].

Fig. 9 e The appearance of stator from two sides.

Fig. 10 e Rotor units.

Fig. 11 e Magnetic fluxes of phases at 1000 rpm.
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In Fig. 13, the output voltages on two representative

resistive loads are shown. The speed is adjusted as 1000 rpm

and the electrical load is added to the phases as 10 U and 40 U.

The resistive load causes changes in the amplitudes as usual

and a comprehensive study has been performed for the elec-

trical loads for this reason.

The currents flowing through the phases are plotted in

Fig. 14. The maximal currents are simulated as I ¼ 4.47 A and

I ¼ 2.71 A over the ohmic loads 10 U and 40 U at 1000 rpm,

respectively.

These current amounts are sufficient for the wires to carry

and also the phase shifts are observed very well.

Electromagnetic simulations of cogging torque

The simulations on the cogging torque values are given in this

subsection. In order to produce the cogging torque values for

different electrical angles, the magnetostatic solutions have

been obtained for every 1 � of rotation. A sample cogging tor-

que plot is presented in Fig. 15.

The cogging torque occurs when the magnets pass nearby

the tips of the cores due to the increase of the magnetic force.

This effect tries to rotate the machine in the reverse direction

and produces a counterpart towards the forward motion of

the machine. Indeed, the cogging torque is defined by the

reluctance variation in the angular direction of the rotor as

given by,

Tcog ¼ �1
2
∅2

g

dR
dq

(13)

Here Fg is the airgap flux, Ѳ is the rotor angle and R is the

airgap reluctance. Since the machine works as 3 phase, the

magnetic force cycles for every 7.5�. In the proposed gener-

ator, the maximal amount was calculated as 500 mNm, which

is fairly low value for this energy scaledmachine. According to

our earlier theoretical analyzes [22], the phase number of a

machine also affects the maximal cogging torque values.

Strictly speaking, in a single phase machine the torque values

increase substantially compared to the three phase machines

since all the core tips get maximal magnetic force synchro-

nously. If both results are compared, a 3-phase generator has

certain advantages over the single one, since the angles of

magnets differs with the cores substantially. Thus this ge-

ometry helps to reduce the cogging torque values in three-

phase machines.

Electromagnetic simulations of losses

Fig. 16 shows the core loss at 1000 rpm rotor speed. Note that

this data has been simulated for no-load case, thereby it can

Fig. 12 e No-load output voltage waveform at the rotor speed (a) 300 rpm and (b) 1000 rpm.

Fig. 13 e The amplitudes at 1000 rpm for the electrical loads of (a) 10 U and (b) 40 U.
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be stated that the current flowing the windings should be

higher. According to detailed simulations, the core loss has

been 0.45 W at the rotor speed of 300 rpm. However Fig. 16

proves that the core loss increases up to 2.5 W for the speed

of 1000 rpm. Frankly speaking, the increase in rotor speed

causes high change in magnetic flux. Thus, this change yields

to higher losses in cores. This situation is also obvious from

Eq. (9).

Since there exists no-load, the Copper loss vanishes in that

case. However, a certain core loss exists due to the hysteresis

and eddy terms. The core loss stays at 2.5W, which is very low

as in Fig. 16.

In the case of 30 U electrical load, the losses are given in

Fig. 17 for 1000 rpm rotor speed. The core loss value is around

2.5W,whereas the Copper loss increases up to 23Wdue to the

electrical load.

This increase in Copper loss stem from the winding cur-

rent. This result can be seen well in Fig. 18.

When the load current increases the linear increase in

Copper loss can be seen clearly from Fig. 18. However, the core

loss does not change toomuch; indeed it slightly decreases for

increasing current. According to these plots the resistive load

current I ¼ 2.85 A produces a Copper loss of 45 W.

In Fig. 19, the core losses at various rotor speeds are

plotted. The reported rotor speeds are 300 rpm, 500 rpm and

1000 rpm.

As an overall trend, the rotor speed enhances the core

losses. When the speed is 300 rpm, the losses are around

0.6 W, whereas it increases to 2 W at 1000 rpm. The trends of

the plots are also different with respect to load. At lower

speeds, the cores are almost constant with respect to elec-

trical load. Whereas it increases up to 30 U linearly in the case

of 1000 rpm, then it becomes constant beyond this load value.

If a comparison is made for 40 U, the core losses are 0.7 W,

1.2 W and 2.4 W for 300 rpm, 500 rpm and 1000 rpm.

In Fig. 20, Copper losses are shownwith respect to resistive

load for various rotor speeds. As the general trends of the

plots, the increase in load causes a decrease in Copper loss.

For instance, at 300 rpm, the Copper loss changes from 11W to

3 W. Similarly, at 500 rpm, the Copper loss decreases from

23W to 7W. In the case of 1000 rpm, the Copper loss decreases

from 47 W to 18 W. Thus it is understood that the low load

values increases the current flowing through the windings

and it causes an enhancement in loss. Therefore, in order to

decrease the losses an optimal load value should be adjusted

at the output terminals.

The total losses are given in Fig. 21 for various speeds.

Since the core losses are very low compared to the Copper

losses, the total losses show the trend of Copper losses as in

Fig. 20.

Fig. 15 e The cogging torque values vs. electrical angle.

Fig. 16 e Core loss at 1000 rpm rotor speed in the no-load

case.

Fig. 14 e Current waveforms over the resistive loads (a) 10 U and (b) 40 U at 1000 rpm.
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When the rotor speed increases the total loss of the

generator increases, but the main criteria for lower losses is

that the load should be high enough to set the losses minimal

for the machine.

Experimental results of the proposed machine

The setup for the laboratory tests is shown in Fig. 22. The

experimental unit basically includes a controller unit which

enables us to adjust the rotor speed, an induction motor

which drives the proposed AFPMG, coupling units for the

AFPMG and electrical loads.

In no-load operation, a representative clear sinusoidal

waveform is presented in Fig. 23. The output is obtained as

Vrms ¼ 87.8 V for each phase. This value has beenmeasured at

1000 rpm and gives 120 � of phase shift as expected.

At 1000 rpm, the sinusoidal waveform gives the value of

Vrms ¼ 87.8 V from each phases. According to detailed THD

measurements, there is no important harmonics in the output

Fig. 17 e (a) Core loss and (b) Copper loss in the case of 30 U electrical load. The rotor speed is 1000 rpm.

Fig. 18 e Load current with respect to losses.

Fig. 19 e The variation of core loss with respect to resistive

load in the cases of 300 rpm, 500 rpm and 1000 rpm.

Fig. 20 e Copper loss variations with respect to resistive

load in the cases of 300 rpm, 500 rpm and 1000 rpm.

Fig. 21 e The total losses with respect to resistive load for

the speeds of 300 rpm, 500 rpm and 1000 rpm.
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at this speed. Fig. 24(a,b) give the phase voltages for the elec-

trical loads of 10 U and 40 U. It is obvious that while the

effective value is Vrms ¼ 24.07 V for RL ¼ 10 U, it is increased to

Vrms ¼ 57.8 V for RL ¼ 40 U. Thus, this also indicates that the

simulations and experiments give the similar character to

identify the optimal load conditions.

The harmonic analyses of the waveforms are given in

Fig. 25(aed) for load and no-load cases. In no-load cases, the

THD values have been measured as 4.7% for 300 rpm and

1000 rpm. In that case, it has been proven that the machine

stability is very well and the waveform characteristics do not

change with respect to speed.

Note that the load connection to the output of themachine

decreases the harmonics substantially and makes much sta-

ble waveform (see in Fig. 25(c,d)). Strictly speaking, the THD

values decrease to 0.4% from 4.7%, when 30 U load is attached.

In the case of no-load case (see in Fig. 25(a,b)) only the third

harmonic survives.

A much detailed findings from the THD analyses are given

in Fig. 26. From this figure, it is obvious that the electrical load

lowers the harmonicity of the machine, significantly.

However, the THD values are nearly fixed for finite loads

from 5 U to 30 U. Thus it is proven that the machine gives a

very stable output signal in terms of harmonics. The THD

values are measured around 0.4% for all resistive loads at

Fig. 22 e The setup for the measurement of the proposed AFPMG.

Fig. 23 e No-load output waveforms of three phases of

AFPMG at the rotor speed of 1000 rpm.

Fig. 24 e Voltage waveforms with resistive loads (a) 10 U and (b) 40 U at 1000 rpm (the probe is scaled to £10).
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increasing speeds. According to some test results, 0.2% THD

has also been measured for some load values at various

speeds.

The power plots of the proposed machine are given in

Fig. 27 for many rotation speeds. With increasing speed, the

generated power increases substantially. There exist the

general shifting characteristics of the maximum power points

with increasing speed.

Indeed, the maximum power points shift to higher resis-

tive loads for increasing load. For instance, the maximum

Fig. 25 e The THD values at the speed of (a) 300 rpm and (b) 1000 rpm in the no-load case. The THD values at the speed of (c)

600 rpm and (d) 1000 rpm in the case of 30 U load.

Fig. 26 e THD values from experiments for various load

cases.

Fig. 27 e Output power via electrical load at different

speeds.
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power is obtained at 8 U for 200 rpm, whereas it shifts to

33 U at 1000 rpm. Thus it is a very important graph to explain

the load characteristics of the machine. Between these

speeds, the load, where the maximal point sits, increases

smoothly. For instance, output power becomes 46 W, 106 W

and 250 W at 300 rpm, 500 rpm and 1000 rpm, respectively.

The efficiency of the machine can be measured by

considering the main losses at various speeds as in some

earlier studies (Fig. 28(a,b)). However, it can also be measured

directly by comparing the input and output power by a power

analyzer, experimentally.While Fig. 28(a) shows the efficiency

plots with respect to resistive loads, Fig. 28(b) presents the

efficiencies with respect to rotor speed.

A Fluke type power analyzer is used for the experimental

measurements.While the lowest efficiency has been found for

200 rpm, the maximal one has beenmeasured for 1000 rpm. It

is considered that themechanical effects play important roles

to limit the efficiency at lower speeds. The prototype machine

reaches to 92.5% efficiency at the rated speed (i.e. 1000 rpm).

Another reason for the efficiency loss is the airgap width. In

order to minimize the mechanical frictions and protect the

electrical units, a larger airgap has been used. It is expected

that the efficiency will be increased further by assigning

smaller airgap value. In that case, a better mechanical stabi-

lization should be ascertained.

According to Fig. 28(b), the efficiency becomes maximal at

30 U beyond the speed of 800 rpm. However, it is worse for

other loads. It has been also observed that higher loads such

as 60 U may yield to higher efficiency values such as 85% as

seen from the graph. Due to themechanical instabilities in the

setup, we could not try the higher speeds andwe have left this

issue to future studies.

In Table 2, the measured rated values of the proposed

machine have been summarized. However, some optimiza-

tion research can be realized just after a better mechanical

processing, since the airgap optimization is important for

these machines in order to achieve better efficiency and

power density.

To conclude, the airgap of 1.5 mm should be tested for the

cogging torque and generated energy density studies. We

believe that themachine is promising to achieve good cogging

torque value and efficiency.

Conclusions

A new three phase permanent magnet machine has been

designed and implemented. The tests on the waveform pat-

terns and theoretical findings prove that the newmachine can

generate 250 W at the rated speed. The optimized load for the

rated speed has been found as 33U and the efficiency gives the

value of 92.5% according to the experimental measurements.

Although the proposedmachine has separated 12 cores with a

special shape, its THD values are very well with good sinu-

soidal output. Frankly speaking, 0.4% THD value stands for

loaded cases, whereas it increases up to 4.7% without elec-

trical load.

The new generator is considered as a good candidate for

wind turbine applications and it does not require any addi-

tional waveform improver, since it creates a sinusoidal

output. The most important loss is found to be Copper loss

and it can be decreased for high resistive loads substantially.

Core losses have been found to be very low and promising for

such a new machine.
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a b s t r a c t

This paper presents the capability of the Asymptotic Perturbed Extremum Seeking Control

(aPESC) scheme to track the Global Extreme on multimodal patterns. The multimodal

patterns are simulated based on power characteristics generated by a photovoltaic (PV)

array under Partial Shading Conditions (PSCs). The aPESC scheme is tested to evaluate the

performance of locating, searching and tracking of the Global Maximum Power Point

(GMPP). The following performance indicators such as the searching resolution, tracking

accuracy, tracking efficiency, and tracking speed are used to compare the performance of

the GMPP tracking (GMPPT) algorithms. The aPESCH1 scheme proposed has been imple-

mented in MATLAB/Simulink package to evaluate the performance indicators mentioned

above. The results prove that the proposed aPESCH1 scheme is effective and simple to be

implemented.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The aPESC schemes were briefly introduced in Refs. [1e3] and

its modeling, stability, and design rules were analyzed in Refs.

[4,5]. According to literature, researches focus on the locali-

zation, searching and tracking of the Global Maximum Power

Point (GMPP). The main performance indicators (searching

resolution, tracking accuracy, tracking efficiency, and tracking

speed [6e9]) will be evaluated in the present study for the

proposed GMPPT algorithm.

The proposed GMPPT algorithm is compared with other

GMPPT algorithms reported in the literature [6e9] to show its

performance. Initially, the firmware-based GMPPT algorithms

that are analyzed in reviews [6e9] operate in two stages,

instead of the proposed GMPPT algorithm that may find the

GMPP in one stage. Secondly, the firmware-based GMPPT

* Corresponding author.
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algorithms use in first stage advanced algorithms based on

Fuzzy Logic Controller (FLC) [10], Artificial Neural Network

(ANN) [11], Genetic Algorithms (GAs) [12], Differential Evolu-

tion (DE) [13], Particle Swarm Optimization (PSO) [14], or Ant

Colony Systems (ACSs) [15]), and chaotic search [16]. However,

after the GMPP is located, the GMPPT is tracked in the second

stage using a classical MPPT algorithm such as Perturb and

Observe (P&O) [17], Incremental Conductance (IC) [18], and Hill

Climbing (HC) [19]. It is worth to mention that the classical

MPPT algorithm may fail in tracking of GMPP, if the shading

coefficient is over 30% or high variations appear on the irra-

diance profile [20,21]. So, the main objective of any GMPPT

algorithm should be to track the GMPP under dynamic irra-

diance profile as in reality, quickly and accurately in order to

increase the PV power generated with up to 45% in compari-

son with classical MPPT algorithms [22].

The main findings of this study are: (1) A systematic anal-

ysis of the aPESCH1 scheme is performed in order to estimate

the tracking accuracy and the searching resolution of the

GMPP onmultimodal patterns; (2) The robustness of the GMPP

searching on PV patterns under partially shaded conditions

was shown using dynamic sequences of shaded PV power

characteristics; (3) The tracking efficiency and tracking speed

was estimated based on these dynamic sequences; (4) The

robustness analysis to dither shape reveals that this is not

important and the performance remains almost the same.

Some performance obtained are mentioned as follows: (1)

Ability to discern the GMPP among the Local Maximum Power

Points (LMPPs) is 20 times lower that 5% resolution reported by

other GMPPT algorithms [6e9], (2) the average value of the

tracking accuracy is of 99.97%, and (3) tracking speed is given

by about 23 dither periods. The performance will be validated

by the simulation results shown in sections below.

The paper is structured as follows: The PV characteristics

of 1Px3S and 1Px5S arrays are shown in Section 2 under PSCs.

The parameters of the solar cell and PV panel used in simu-

lation are also mentioned here. Thus, a generic PV pattern is

defined to be used in the simulation. In Section 3, the perfor-

mance indicators (the searching resolution, tracking accuracy,

tracking efficiency, and tracking speed) are defined. The re-

sults obtained for the performance indicators and robustness

to irradiance profile with dynamical change of the PSCs, PV

pattern with noise, and dither's shape are mentioned in Sec-

tion 4. Finally, last section concludes the paper.

The scheme of aPESCH1 and power
characteristics under partially shaded conditions

The robustness of the aPESCH1 scheme (see Fig. 1) are tested

for rapid change of the shading coefficients for the PV irradi-

ance profiles' sequences, noise on the PV irradiance profile,

and use of different shapes for the dither signal.

The power characteristics generated by PV panels in series

(S) and parallel (P) that are integrated into a large array of

pPxsS structure, where p and s represent the number of

panels that are connected in parallel and series, havemultiple

peaks if the panels are shaded. The power characteristics for

PV array having the structure 1Px3S (top) and 1Px5S (bottom)

are shown in Fig. 2 for different irradiance sequences.

The functions, variables and parameters used in aPESCH1

scheme are the as following:

- the multimodal pattern is defined by function y ¼ h(x),

Fig. 1 e The aPESCH1 scheme and their operation using

three shading patterns.
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y ¼ hðxÞ ¼ hðxeðpÞÞ ¼ hðpÞ; (1a)

- the equilibrium point is defined by the smooth function

xe,

fðx; gðx; pÞÞ ¼ 0 ⇔ x ¼ xeðpÞ; (1b)

where p is the searching signal;

- the smooth function f(x,u) defines the system dynamic;

- the control law is u(t)¼g(x(t),p).

The variables and parameters used in aPESCH1 scheme

and relations (2) below are as follows:

- the periodic dither sd has the amplitude set to 1, and the

frequency is fd ¼ 1/Td ¼ u/2p;

- the minimum dither has the amplitude Am;

- the cut-off frequencies for the Band Pass Filter (BPF),

fh ¼ bh,fd and fl ¼ bl,fd, where bh and bl parameters will be

set in range 0.1e0.9 and 1.5 to 5.5 in order to test the best

compromise to design the BPF for a good approximation of

the H1 harmonic and sufficient dither persistence on the

control loop as well;

- the normalization gains, kNy and kNp, are used to adapt the

input and output signals of aPESCH1 scheme to used

multimodal pattern without change the tuning

parameters;

- the tuning parameters are the loop and dither gains, k1 and

k2.

The relations (2) define the model of aPESCH1 scheme that

are shown in Fig. 1:

yN ¼ kNy,y; y ¼ fðx1; x2Þ (2a)

y
�
f ¼ �uh,yf þ uh,yN; yHPF ¼ yN � yf ; y

�
BPF ¼ �ul,yBPF þ ul,yHPF

(2b)

pDM ¼ yBPF,sd; sd ¼ sinðutÞ; (2c)

p
�
Int ¼ pDM (2d)

Gd ¼
��yMV

��; yMV ¼ 1
Td

,

Z
yBPFdt (2e)

p1 ¼ k1,pInt; k1 ¼ gsd,u (2f)

p2 ¼ k2,Gd,sd (2g)

p3 ¼ Am,sd; (2h)

p ¼ kNp,
�
p1 þ p2 þ p3

�þ p0; (2i)

where (2a) to (2i) represent the static map, normalization, BPF

filtering, demodulation, integration, computing of the gain

dither (Gd), and p1, p2, and p3 components of the searching

signal (p). Note that p and y denote the input and output var-

iables for the aPESCEH1 scheme, yf is an intermediate variable

related to HPF operating, pInt is the output of the integration

block, and the Mean Value (MV) block uses the Pade approxi-

mation to filter the ybpf signal. The initial value of the scanning

signal, p0, is used in closed loop to estimate the level of har-

monics in different points of the function y ¼ h(x) (the PV

power characteristic in case of Fig. 2).

In general, the large PV array operates under PSCs due to

real environment conditions, because parts from the PV array

installed on rooftop or/and facades of buildings or on ground

may be shaded by the clouds, neighboring buildings, snow or

dust [23]. Consequently, the power characteristics for such PV

arrays would exhibit multiple LMPPs (Fig. 2).

The PV array uses PV module of SX60 type that is built as

one column with 34 cells connected in series. Considering the

one-diodemodel and neglecting the parallel resistance, Rp, the

solar cell model is given by (3) [24]:

IPVðcellÞ ¼ KIGðcellÞ,G� I0R,

�
exp

�
VPVðcellÞ þ RsIPVðcellÞ

nVT

�
� 1

�
(3)

where:

- VPV(cell) is the solar cell voltage;

- IPV(cell): the solar cell current;

- Rs: the series resistance of the solar cell;

- KIG(cell) ¼ Isc(cell)/GR: the irradiation to short-circuit current

gain;

Fig. 2 e The power characteristics for PV array having the

structure 1Px3S (top) and 1Px5S (bottom), and panels under

different irradiance sequences.
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- IL(cell)¼Isc(cell),G/GR: the light-generated current;

- G: the irradiance's level;

- n: Diode ideality factor;

- I0R: Reverse saturation current at reference temperature TR;

- VT: Thermic voltage;

- other parameters are defined in Table 1.

If the parameters of solar cell model and standard test

conditions mentioned in Table 1 are used, then the open-

circuit voltage, Voc, and the short-circuit current, Isc, of the

SX60 panel will be about 21 V and 7.8 A. The MPP value will be

about PMPP ¼ 51,2 W (obtained for VMPP ¼ 14.63 V and IMPP ¼ 3.5

A). If the irradiance level decreases at 500 W/m2, then the

power generated will decrease as well. Thus, the power

generated depends by the irradiance level. The power gener-

ated by the PV panels can be increased if these are integrated

in series (S) and parallel (P) into a large array of type pPxsS,

where p and s represent the number of panels that are con-

nected in parallel and series, respectively. The power char-

acteristics for a PV array of 1Px3S and 1Px5S types are shown

in Fig. 2. The irradiance sequences are mentioned in each

case. It can be observed that multiple LMPPs appear on power

characteristics. The PV pattern depends by the topology type

used to implement the PV array, use or not of the bypass di-

odes for the PV panels, and the PSCs that may occur [25].

Different PV patternswill be obtained based onmultimodal

pattern (4) (three are shown in Fig. 1):

y ¼ sat
	
L� ðp� 1Þ2



þ sat

	
M� ðp� 2:5Þ2



þ sat

	
R� ðp� 4Þ2




(4)

where the saturation function (sat) has the lower and upper

limits set to zero and infinite and the (L, M, R) triplet set the

position of the GMPP (in the left (1.5, 2, 1), middle (1, 2, 1), and

right (1, 2, 1.5) side of the respectivemultimodal pattern shape

of the multimodal pattern, see Fig. 1 e top).

Performance indicators

The performance indicators used to compare the GMPPT al-

gorithms are the searching resolution, tracking accuracy,

tracking efficiency, and tracking speed.

The searching resolution (SR) is defined by (5) [6]:

SR ¼
min

i

��yGMPP � yLMPPi

��
yGMPP

,100½%� (5)

The tracking accuracy (Tacc) is defined by (6):

Tacc ¼ yGMPP

y*
GMPP

,100½%� (6)

where yGMPP is the global extreme and y*GMPP is the tracked

value using a GMPPT algorithm.

So, the searching resolution is bonded by the tracking ac-

curacy that can be obtained using a GMPPT algorithm:

SR > 100�Tacc (7)

The tracking efficiency (Teff) is given by (8):

Teff ¼

Z t

0

ydt
Z t

0

y*dt

,100½%� (8)

where y is the output of the multimodal pattern, and y* is the

current value tracked by a GMPPT algorithm.

The Teff value is mainly dependent by the transitory accu-

racy during the searching phase, because the stationary ac-

curacy is higher than 98% formost of GMPPT algorithms [6e9].

Thus, a short searching time may improve the tracking

efficiency.

The tracking speed is defined by number of iterations until

the global extreme is tracked with the imposed stationary

accuracy. It is obvious that an iteration for the aPESC1 scheme

means a dither period, but this can be defined for all GMPPT

algorithms as the time to compute a specific function [9].

Simulation results

The values of the parameters used in simulation are the

following: fd ¼ 100 Hz, k1 ¼ 100p, k2 ¼ 3, p0 ¼ 0, kNy ¼ 1, and

kNp ¼ 3. The cut-off frequency parameters of the BPF are set to

bh ¼ 0.5 and bl ¼ 5.5. If it is not else mentioned, a sinusoidal

dither with the amplitude of 1 V is used and the minimum

dither amplitude, Am, is set to 0.001 V.

Table 1 e Parameters of solar cell model.

Parameter Description Value [unit]

GR Reference irradiation 1000 [W/m2]

TR Reference temperature 298 [K]

Q Electron charge 1.6e�19 [C]

kB Boltzmann's constant 1.38e�23 [JK�1]

N Diode ideality factor 1.3 [-]

VG Silicon band-gap energy 1.12 [eV]

VT ¼ kBTR/q Thermic voltage 26 [mV]

I0R Reverse saturation current at T ¼ TR 2e�9 [A]

a Short-circuit current temperature coefficient 0.0025 [AK�1]

Rs Cell series resistor 3 [mU]

Rp Cell shunt resistor 10 [U]

Voc(cell) Cell open-circuit voltage 0.61 [V]

Isc(cell) Cell short-circuit current 3.8 [A]
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Tracking accuracy and searching resolution of the GMPP on
static multimodal patterns

The simulation results for the proposed aPESCH1 scheme is

shown in Figs 3e5 for the multimodal patterns that has the

GMPP located in the left, middle, and right side of the

respective multimodal pattern (see the top of Figs. 3e5). The

structure of these Figures is the following: the PV pattern is

shown on top; the output (y) is shown in the first plot; the

asymptotic function (Gd) in the second plot; the searching

signal (p) in third plot. The output of the aPESC scheme pro-

posed in Ref. [2], yaPESC, is also shown in the first plot. It can be

observed that yaPESC remains blocked in first LMPP located

from the starting point p0 ¼ 0. Some zooms are shown to

evaluate the performance indicators or validate the discus-

sion above.

The tracking speed is about 12e15 iterations. The p signal

scans the searching range of about 6 times to locate the GMPP

and then this is accurately found during the next 6e9

iterations. Note that the average value of the tracking speed

reported in Ref. [9] is in range 21 [26] to 473 [27]. The searching

resolution is SRy 15.78% (¼0.375/2.375) for the pattern L and R,

and SR y 6.25% (¼0.125/2) for the pattern M.

The tracking accuracy is of 99.99% for all patterns based on

the zooms shown for the y output. Considering (7), the

searching resolution is higher than 0.01%. Also, note that the

maximum value of the tracking accuracy reported in Ref. [9]

for the PSO-based GMPPT algorithms is of 99.96%.

It is important to evaluate the SR(100%hit) value, which is the

resolution for 100% hit count. The value of hit count is defined

as ratio of positive results of GMPP finding (instead of a LMPP)

to total number of tests performed [9]. The SR(100%hit) value is

close to 100% for the PSO-based GMPPT algorithm [28] using

PV pattern with SR y 4.36%. Note that 100% hit countmay also

be obtained the aPESCH1-based GMPPT algorithm using PV

pattern with SR lower that 6.25%. The simulation shown that

100% hit count may also be obtained for lower SR that 6.25%,

but higher than 0.25%.

Fig. 3 e Tracking of the GMPP on the pattern L: (L, M,

R) ¼ (1.5, 2, 1).

Fig. 4 e Tracking of the GMPP on the pattern M: (L, M,

R) ¼ (1, 2, 1).
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The robustness of the GMPP searching

Robustness to irradiance profile with dynamical change of the
PSCs
The robustness of the GMPP searching will be tested for a PV

patterns' sequencewith dynamical change of the PSCs defined

by the combination of three PV patternsmentioned above (see

Fig. 6).

The PV patterns (1.5, 2, 1), (1, 2, 1.5) and (1, 2, 1) are

dynamically changed at each 0.2 s. The structure of the Fig. 6 is

the following: the output (y) is shown in the top plot; the dither

gain (Gd) is shown in the middle plot, and the searching signal

(p) is shown in the bottom plot. The passing from one pattern

to other is made dynamically at each 0.2 s. The dither gain (Gd)

increases at each change to increase the searching gradient. It

is observed that tracking of the GMPP is obtained in less or

more iterations, depending by the order of the PV patterns in

sequence.

Robustness to PV pattern with noise
If noise is added for example to the PV pattern R (1, 2, 1.5), then

the GMPPswill be dependent by this level. The GMPP is located

at (p, y)¼ (3.25, 2.375) for PV pattern R without noise, and close

LMPP is located at (p, y)¼ (2.5, 2). Thus, the difference between

the levels of GMPP and LMPP is of 0.373 (¼2.375e2). If the level

of noise is lower than 0.373, then yGMPP > yLMPP and the current

position of GMPP (yGMPP) will be tracked (Fig. 7a).

If the level of noise is higher than 0.373, then yGMPP may

decrease to yLMPP during some periods, when the current po-

sition of LMPP (yLMPP y 2) will be tracked (Fig. 7c).

If the level of noise is around 0.373, then both cases may

occur (Fig. 7b). It is worth to mention that global extreme is

tracked in a few iterations. Note that noise is changed at each

10 ms (the sampling period of noise), so the current GMPP can

be effectively tracked only if the dither frequency is set higher

than 1000 Hz. Thus the dither frequency is important in

setting the tracking search, but high frequency for the dither

may interfere with the system dynamic. This aspect must be

further analyzed. In this paper, only the effect of dither's
shape will be analyzed in next section. Note that the output of

the aPESC scheme proposed in Ref. [2], yaPESC, is also shown in

the first plot. It can be observed in Fig. 7a that yaPESC remains

blocked in first LMPP located from the starting point p0¼ 0, but

for higher noise the aPESC scheme fails to track even this

LMPP (see Fig. 7b and c).

Robustness to dither's shape
The robustness of the GMPP searching for dither with the

period of 10 ms, but different shape is analyzed in this section

(see Fig. 8). Note that this aspect was investigated in Ref. [29]

for the aPESC scheme proposed in Ref. [2], and the

Fig. 5 e Tracking of the GMPP on the pattern R: (L, M, R)¼ (1,

2, 1.5).

Fig. 6 e The robustness of the GMPP searching for the PV

patterns' sequence: (1.5, 2, 1), (1, 2, 1.5) and (1, 2, 1).
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conclusion was that the shape of the dither is not important

and the performance remains almost the same.

The following shape for the dither will be considered to

validate this conclusion for aPESCH1 scheme proposed here as

GMPPT algorithm: sinusoidal, rectangular, combination of si-

nusoidal and rectangular signals, saw-tooth, and random

noise with sampling period of 10 ms.

It can be observed in Fig. 8 that the number of iterations

necessary to find the GMPP of the PV pattern R (1, 2, 1.5), which

is located at (p, y) ¼ (3.25, 2.375), is in range of 12e15. Thus the

searching time is in range of 120e150 ms.

If the dither is randomnoise with sampling period of 10ms

(see Fig. 8e), then the GMPP is also found. So, the proposed

aPSCH1 schememay use the inherent ripple from the inverter

inputs (voltage or current). The dither gain (Gd) and p1 and p2

components (mentioned in Fig. 1) are also shown in Fig. 8. The

average value of the p1 component (p1av) over a sampling

period is shown in Fig. 8e e last plot in order to highlight the

searching of GMPP after passing through the LMPPs.

Discussion

The aPESC scheme is tested here to evaluate the performance

of locating, searching and tracking of the Global Maximum

Power Point (GMPP). So, the PV applications are the main field

of use [30,31], but this aPESC scheme can be also used for Fuel

Cell (FC) applications [32] because will reduce the FC power

ripple [33] that may damage the FCmembrane and reduce the

efficiency as well [34].

If two aPESC schemeswill be used, one for the PV panel and

second for the FC stack, then high energy efficiency can be

obtained for Hybrid Power Sources (HPS) [35,36] by harvesting

the available energy from both energy sources [37].

Fig. 7 e The robustness of the GMPP searching for the PV pattern R with random noise added on PV power. a. ±0.1 W

random noise. b. ±0.3 W random noise. c. ±0.5 W random noise.
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Fig. 8 e Robustness to dither's shape. a. Sinusoidal dither. b. Rectangular dither (50% duty cycle). c. Combination of

sinusoidal and rectangular dither. d. Saw-tooth dither. e. Random noise (sampling period of 10 ms).
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So, the performance and robustness of the aPESC scheme

may be further analyzed for different energy sources used in

HPS for mobile and stationary applications [37] or in distrib-

uted generation [33].

Conclusions

In this paper the performance indicators used to compare the

GMPPT algorithms (searching resolution, tracking accuracy,

tracking efficiency, and tracking speed) are evaluated for the

aPESCH1 scheme proposed here. The performance obtained is

given by 100% hit count for 6.25% searching resolution or

lower, 99.99% tracking accuracy for stationary regime,

tracking speed of maximum 15 iterations, and about 99.96%

tracking efficiency.

The simulation shown that 100% hit count may also be

obtained for lower RS that 6.25%, but higher than 0.25%.

The robustness of the aPESCH1 schemewas shown using a

dynamic sequence of three PV patterns, where the GMPP is

located in right, middle and left side of these patterns. The

GMPP of noiselessly PV patterns was accurately tracked. The

robustness of the GMPP searching for noisy PV patterns is also

shown. The GMPP with random noise added is continuously

tracked.

The robustness analysis to dither shape reveals that the

shape of the dither is not important and the performance re-

mains almost the same. Besides the shape of sinusoidal,

rectangular, combination of sinusoidal and rectangular sig-

nals, and saw-tooth, the random noise with sampling period

of 10ms is used as dither. So, the inherent ripple on theDC bus

of the inverter may be used as dither as well.
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a b s t r a c t

In this study, we propose an optimization scheme for the control of a piezoelectric wind

energy harvester. The harvester is constructed by a blade in front and a magnet in the rear

in order to sustain a magnetic repulsion by another magnet located on the stable harvester

body in a contactless manner. For such a new harvester, the control scheme is missing in

the literature in the sense that the harvester is new and an overall optimization study is

required for such a device. In that context, the optimization has been realized by using a

new current control law based on the harvester piezoelectric terminal voltage and the layer

bending. The proposed control law can impose a second order linear dynamics although

the magnetic effects can yield to nonlinear magnetic force relation. In order to improve the

new control strategy, a Particle Swarm Optimization algorithm (PSO) has been applied,

since there is a nonlinear dependency among the control parameters, the collected energy

and the bending force mean values. According to results, the captured electrical power has

a high increasing trend with respect to the only-voltage-based (OVB) control as the current

study proves. On the contrary, the artifact of the method is that the obtained power is too

low to increase the mean bending forces and it requires much complicated control system.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

In order to supply the increased demand of energy caused by the

population growth and greater power consumption, invention of

new energy harvester systems and their optimization have

become key points for a few decades. Indeed, when the issue is

to construct optimized energy harvester systems, the balance

between demand and supply is also vital problem to deal from a

multidisciplinary view. It is desirable to obtain sustainable, safe

and world-wide applicable methods [1e3]. Before 2000's, the

most of energy supply was based on fossil fuels working in so-

called conventional energy systems. However, both the limita-

tions in the supply and the globally inhomogeneous distribution

make the usage of those fuels inefficient.

The combination of solar and wind energy systems has

become an alternative research and practice area [4]. Simi-

larly, a study made by Ref. [5] proposed an energy generation

model that includes factors such as emissions reduction,

minimization of imported energy and social acceptance.
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In the frame of low power systems, a significant increase

has been experimented; indeed energy harvesting systems in

that power scale allows energy supplies for low power elec-

tronic equipment such as wireless sensors, pacemakers and

health monitoring systems. In the last decades, these low

power systems have been invented or improved to be oper-

ated even without any battery. In addition, harvesters have

served as an auxiliary power device, which enhances the life

time of the batteries with suitable maximal power point

tracking mechanisms [6e9].

In principle, all harvester systems are designed to obtain

electrical power from ambient and they transform it into a

utilizable form of energy for low power devices. Several energy

harvesting methods such as vibration, solar, thermal gradient,

etc. have been developed during the last years [6,10,11]. There

are many ambient vibrations such as human and machine

motions, wind or seismic actions in the environment.

Energy harvesting could be a feasible alternative for micro

powering with the main advantage of no need to replace

batteries. Power sources could be find in photons (light,

infrared, radio frequencies), kinetics schemes (vibrations,

human motion, wind power, hydropower) and thermal sys-

tems using the temperature gradients [12]. The most impor-

tant benefits of energy harvesting are based on long lasting

operability, cost effective, usually free of maintenance and no

need of charging points. Additionally, these systems are very

useful in applications for hard natural conditions.

Vibrations can be converted into energy by several tech-

niques: electromagnetic, electrostatic/capacitive and piezoelec-

tric [13]. Among the aforementioned techniques, piezoelectric

have some advantages: high power density and voltage.

Furthermore, the piezoelectrics are suitable to be optimized for a

certain excitation frequencies and that can help to increase the

system efficiency drastically [14,15]. The materials used for

piezoelectric conversion are naturally-occurring ones as crystals

(Quartz, Rochelle salt), ceramics and polymers [16e18].

The main objective of the paper is to show how a novel

optimization system has been used in order to increase the

captured energy by energy harvesting. Due to this objective, a

new piezoelectric control law has been designed using swarm

optimization algorithms. In the literature, there are a number

of control algorithms which try to increase the captured

power like [19]. In our study, we have introduced the voltage

and the deflection of piezoelectric beam which highly en-

hances the mean power captured by the energy harvester.

The paper is structured as follows: the second section pre-

sents the main objectives and the general schema of the wind

energy harvester. In the third section the energy harvester

model has been explained and the proposed control law in this

analyzed. The fourth section is devoted to design the optimi-

zation algorithm, describing the general steps and the cost

function, while the obtained results are discussed in the fifth

section. Finally, the last section gives our main conclusions.

The wind energy harvester

The energy harvester used in this work has been developed by

the Alternative Energy Researches Group of Gazi University

and some preliminary findings and features of the device have

been reported in previous papers [20,21]. This system shown

in Fig. 1 has a wind turbine that collects the energy from the

wind and induces a bending deflection by the help of two

permanent magnets (one in the rotor side and other in the

piezoelectric beam).

The tests of the system can be easily realized by using a

small wind tunnel, an anemometer, the harvester, a data

acquisition card (DAQ) and a laptop. The system enables us to

record the data (i.e., harvested voltage, deflection, velocity and

acceleration) with high precision.

This set of permanentmagnets let us to build a contactless

energy transfer between the wind turbine axis and the

piezoelectric system, eliminating the physical damages due to

any contact with a shaft. In thiswork, the control lawhas been

proposed in order to improve the bending and the collected

power. The control law has mainly two inputs: the piezo-

electric terminal voltage and the bending deflection.

In comparison with previous works [21], the control law

can completely impose the second order dynamics. Therefore,

the control law parameters have been optimized by a Particle

Swarm Optimization (PSO) algorithm, because there is a

nonlinear dependency between the control law parameters

and the cost function. The cost function takes into account the

mean power harvested and the mean bending force obtained

in different wind turbine regimes.

Problem statement

The main problem to solve in this paper is to increase the

mean power captured by changing the control law and to

optimize the control parameters by using a Particle Swarm

Optimization algorithm (PSO). Within that frame, initially the

block diagram of the present work is presented in Fig. 2.

Here, the inputs and outputs are defined in Tables 1 and 2.

The main problem is to choose an appropriate cost function,

since it should be strongly linked to the objective that is pur-

sued. In this case, the objective is to increase the power

captured by the harvester as the first step. In addition to that

energy increasing objective, we should keep the bending force

less enough. That is also important to prevent the piezoelec-

tric layer from any damage.

In the optimization cost function, we have proposed a

proportionally inverse value to themean captured power. The

mean bending force have been applied as the inequality re-

striction. If a certain upper bound is found, the cost function is

highly increased; otherwise the cost function is proportionally

decreased by considering the mean captured power. The

Fig. 1 e The harvester and the wind tunnel test setup.
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proposed cost function has no direct analytic expression

because of two main reasons: First, the nonlinearity due to

magnetic forces in Eqs. (1)e(6). Second, the wind speed has

high stochastic behavior. In the present case, we have used a

wind speed simulator called Turbsim [22], with a Normal

Turbulence Model in order to form the wind regime.

Wind energy harvester modeling

The harvester model used in this work is based on the

modeling proposed in Ref. [21]. The main variables are the

wind speed (Vwind), the wind turbine rotor speed (u), the

electrical current (i) and the voltage for the piezoelectric

element (V). The first two variables are the most important

inputs of the system, while the rest are the most important

outputs. The harvester model is described by equations from

Eqs. (1)e(7):

LrA
d2r
dt2

¼ �k
r

Ktrans
� aV þ Fmd

�
q� qp

�
(1)

i ¼ a

Ktrans

dr
dt

� C
dV
dt

(2)

Jwt
du
dt

¼ Taero � Tm � fu (3)

Taero ¼ 1
2
prairR

2
wt

V3
wind

u
CpðlÞ (4)

l ¼ u Rwt

Vwind
(5)

Tm ¼ Fmd
�
q� qp

�
Rwtdisc sin

�
q� qp

�
(6)

dq

dt
¼ u (7)

d
�
q� qp

� ¼
�
1 : when q ¼ qp
0 : else

(8)

Here, the model parameters and system variables are

defined in Tables 1 and 2, respectively. The Eq. (8) is a Kro-

necker like function and it is 1, when q ¼ qp otherwise it is 0.

The deflection is given by the radial distance from the equi-

librium and denoted by r. The layer piezoelectric length is

given by L and can be changed by the manufacturer. The

magnetic force exerted by the repulsion of the magnets is

represented by Fm. This model can present a complicated

time-dependent behavior due to the stochastic nature of the

wind. According to literature, some piezoelectric-based en-

ergy harvesters indicate a rich chaotic behavior, and that is

more intrinsic than in the present case, since the systemhas a

hard sensibility to some mechanics parts like in Ref. [23]. For

instance, in Ref. [24], there is a remarkable study about the

wind turbine tower dynamics and its control in order to

reduce the fore-after tower dynamics induced by the electrical

generator.

When a complicated system is to be analyzed, a parameter

sensibility analysis can be interesting in order to quantify the

parameter error effect. In the following works [25e27], there

are some parameter sensibility analysis which have been

applied to energy harvesters. But in the case of the current

study, the system has no chaotic behavior. The chaotic

Table 1 e Model parameters.

Name Definition Value Units

r Material density 5319 kg m�3

rair Air density 1.225 kg m�3

A Section of piezoelectric 0.0001645 m2

k Piezoelectric stiffness 123 N m�1

Ktrans Transduction gain 0.006 rad m�1

Piezoelectric force factor

Fm Magnetic force strength 0.2460 N

C Piezoelectric capacitance 232 nF

qp Angular position of magnet 0 rad

Cp(l) Wind turbine power coefficient See Fig. 4 e

f Frictional coefficient 10 Nms rad�1

Rwt Wind turbine radius 0.0850 M

Rwtdisc Piezoelectric radial position 0.01 M

a Voltage induced bending factor 0.0001 N rad�1

Jwt Rotor inertia 0.1 g m3

Table 2 e Model variables.

Name Definition Units

r Propeller deflection angle rad

V Piezoelectric voltage Volts

q Wind turbine rotor angle rad

Vwind Wind speed m s�1

u Rotor speed rad s�1

Tm permanent magnet torque Nm

Taero Aerodynamic torque t Nm

l Tip Speed Ratio (TSR) e

i Piezoelectric current Amp

Fig. 2 e System block diagram.
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behavior appears due to the stochastic nature of wind. Hence,

this systemdoes not need a parameter sensibility analysis. Eq.

(12) shows a second order linear dynamics, which in com-

parison the Duffing equation, the first one has not a high order

or third order term. Indeed, this term induces a chaotic

behavior in the literature, which does not exist in our system

such as [28,29].

The system variablesmainly consist of themechanical and

wind-related terms and form the relation between the pro-

peller and the harvested electrical energy.

The wind turbine used in this paper has been modeled

following [30], and its more relevant parameters and variables

are shown in Figs. 3 and 4.

According to Fig. 3, the aerodynamic power increases

rapidly for a wind speed range and beyond a wind speed of

26 ms�1, it is fixed to P ¼ 6.800 W. According to that model,

Fig. 4 shows that the turbine power coefficient increases up

from 26% to 28.9% (peak value) and decreases rapidly to 23.5%

with respect to the Tip Speed Ratio (l).

In this work four different wind speed regimes have been

used. The wind speed sequences have been simulated by Turb-

sim, an NREL designed tool [22], using the IECKAI model (Kaimal

Turbulence Model), with a C class (12%) and Normal Turbulence

Model level. The wind speed realizations have been simulated

with the following parameters: time step and span are adjusted

to 0.01 s and 400 s respectively. We have carried out different

simulations with different wind mean speed values (i.e., vw ¼ 5,

10, 20 and 25 ms�1) in order to assess the suitability of the

reached results for a wide range of wind speed values.

This harvester is capable to extractmuchmore power from

the wind than the load needs. Usually the rotor friction slows

down the rotor speed. Themain objective is to gain asmuch as

possible of energy. The counterpart of a high energy capture is

the increasing of the bending force applied to piezoelectric

beam by the permanent magnet.

Voltage and deflection based current control

In the previous works [14,22], the piezoelectric current

adjustment is imposed by a piezoelectric voltage based

proportional control. We introduce a much more general

control law, because the control dynamics is not completely

imposed trough OVB control as proposed in Ref. [21]. The new

control algorithm of the control law is more general and lets

us to impose Eq. (9):

i ¼ KpvV � Kprr; (9)

where Kpv and Kpr are the control parameters that we can

tune.

This control law has been proposed since it is simple

enough and at the same time the closed loop dynamics can be

completely imposed (see Eqs. (10)e(13)). On one hand, the

voltage term lets us to change the damping factor, while on

the other hand the bending deflection term lets us to impose

the natural frequency. Therefore, the control law is summa-

rized in Fig. 5. This control law determines the current

depending on the voltage in order to detect when the energy

can be acquired from wind turbines axis, and the position

term let to the control imposes certain natural frequency

value. Due to the fact that the power is depending on voltage

and current product, it looks reasonable to propose a current

control law that depends on voltage.

Closed loop dynamic analysis

The equivalent closed loop is a second order system. The first

approximation can be written as indicated by Eqs. (10) and

(11), because the voltage time constant is much faster than

the mechanical dynamics.

iz
a

Ktrans

dr
dt

(10)

KpvV � Kprr ¼ a

Ktrans

dr
dt

(11)

Eq. (11) can be combinedwith Eq. (1), andwe can also see in

Eq. (12).

Fig. 3 e Wind turbine mechanical power vs wind speed.

Fig. 4 e Wind turbine power coefficient vs Tip Speed Ratio (l).

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 8 1 3 4e1 8 1 4 4 18137

http://dx.doi.org/10.1016/j.ijhydene.2017.01.180
http://dx.doi.org/10.1016/j.ijhydene.2017.01.180


L1rA€rþ a2

Kpv$Ktrans

_rþ
�

k
Ktrans

þ aKpr

Kpv

�
r ¼ u; (12)

where the input signal u is defined as follows by Eq. (13) in

terms of magnetic force:

u ¼ Fmd
�
q� qp

�
(13)

Eq. (12) is a second order linear differential equation, whose

coefficients can be imposed by a correct set of parameters

values. The relationship between the mean power captured by

the harvester and the control parameters is obvious. Other

important problem is to define the relationship between the

bending force and it is addressed in the next section.

Swarm optimization of the energy harvester
control

The control law introduced in this paper is based on two pa-

rameters: Kpv and Kpr, as stated in Eq. (9). These two param-

eters have become the dynamics between the magnetic force

and the piezoelectric beamdeflection in a linear form. Besides,

the relationship between the mean captured power and these

control parameters are not known. So, when one has to

choose the control parameters values pursuing the optimal

solution, one should try a number of solutions and evaluate

the results. However, this procedure can be done a number of

times, i.e., only if the parametric space is very small.

In the present case, we have two parameters and a lot of

pair values can be possible, so an algorithm is required in

order to optimize this problem. These considerations have

been widely taken into account in other studies [31e34].

We have applied the PSO algorithm instead of a gradient

descendent algorithm, since the cost function has not

analytical expression depending directly on the Kpv and Kpr
control parameters as shown in Fig. 6.

There is no analytical expression for the cost function that

shows the dependences between the mean captured power

and the control parameters. There exist many other intelli-

gent optimization algorithms like differential evolution [35],

back search tracking searching algorithm [36] or neural ap-

proaches [37], that could fit well to the current problem. We

have tried to solve the problem using them, but they took too

much time to converge to an optimal value due to the fact that

these algorithms search solutions in a much random fashion.

In this problem the cost function is a smooth surface as it will

be plotted in Fig. 7.

Another important issue is related to the constraints defi-

nition. In this problemwe have only one constraint, the mean

value of bending force that can be hold by the piezoelectric

beam. In this case, the constraint is an inequality.

Optimization problem

Any optimization algorithm has several general issues that

must be considered:

a) The stop conditions, for example, maximum iterations, the

maximum acceptable goal value, the minimum acceptable

goal change between two consecutive iterations, etc. In

Fig. 6 e PSO algorithm parameter space.

Fig. 5 e Proposed control law.

Fig. 7 e Particle trajectories generated through the

proposed cost function.
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this optimization problem we have used only a maximum

number of iterations.

b) The cost function and its constrains. In this case, as we

have commented before, the cost function is the propor-

tionally inverse value of themean captured value.We have

an inequality constrain that fixes the maximum bending

force.

c) The optimization procedure of the control parameters

following these steps:

1. Initialization step: Generation of the possible solutions set.

Each solution has two values (The control parameter set:

Kpv and Kpr). This value set is the position vector of each

solution. Each solution in PSO algorithm is called particle.

After particle position generation, each particle is evalu-

ated by simulations in a very high mean wind speed.

Because if the possible solution gives a goodmean power at

a high speed, the system gives good mean power values

(obviously the captured values are less when the wind

speed is lower). The bending maximum values are evalu-

ated, and if the maximum value is reached the cost is

highly increased.

2. We proposed different solutions taking into account the

positions and the cost values of each particle. These all

new positions are evaluated by a simulation. The new so-

lutions are proposed using from Eqs. (14)e(16).

3. The step number two is repeated until a stop conditions is

reached. Here, we have applied a maximum number of it-

erations only.

Special questions should be explained related to the

simulation. The dynamical model has been simulated with a

10 s time span when we have executed the optimization

procedure, because PSO is a complex algorithm demanding

many simulation executions. Thereby, in order to limit the

time to achieve a good optimization, we have limited the time

span to 10 s. When we have obtained the optimal values given

by the optimizer, we have made the simulations with 400 s

time span, because it is sufficiently long time to see the sta-

tionary response of harvester.

Particle Swarm Optimization introduction

The PSO is a well known algorithm and it has been applied

successfully inmany control problems and other optimization

domains since PSO was proposed in Ref. [38], like [39e44].

However, we have not found that this algorithm has been

applied to so low power energy harvester for the sake of the

control optimization.

The PSO algorithm optimizes a cost function defining a set

of particles. Each particle has a position vector and a cost

value associated to this position. The position vector compo-

nents are the values of the optimized variables.

In our case, the control parameters Kpv and Kpr are the

position components. The cost function is explained in the

following section. Each particle stores the best position that

has achieved and the cost achieved. Each iteration all particles

actualize their speed and positions in the parametric space

with the following equations.

Viðtþ 1Þ ¼ Ii ViðtÞ þ 41

�
Xi;bestðtÞ � XiðtÞ

�þ 42 ðXbestðtÞ � XiðtÞÞ
(14)

Xiðtþ 1Þ ¼ XiðtÞ þ dt ViðtÞ (15)

In Tables 3 and 4, the PSO algorithm parameters and vari-

ables are defined. Note that the vector form of the position of a

particle can be described by Eq. (16):

XiðtÞ ¼
�
Kpv ;Kpr

�
i

(16)

The sub-index i refers to the particle or solution and the

evolution of the optimal solution searching algorithm is

shown in Fig. 7.

Proposal for cost function and constraints

The cost function is defined as follows by Eq. (17):

Cost ¼

8>>><
>>>:

1
T

ZT

0

V$i$dt Fb < Fb;max

∞ Fb;max � Fb

(17)

where Fb is the mean bending force applied by the permanent

magnet and exerted to the piezoelectric beam.

Fb ¼ 1
T

ZT

0

Fmd
�
q� qp

�
$dt (18)

Table 5 gives the PSO optimization algorithm details of the

cost function parameters.

Table 3 e PSO optimization algorithm parameters.

Name Definition Value Units

Ii ith particle inertia 0.9 e

41,max Maximum value for exploration

term

1 e

42,max Maximum value for exploitation

term

2 e

dt Position actualization term 0.01 e

N iter Maximum number of iterations 20 e

N particles Number of particles 50 e

Table 4 e PSO optimization algorithm variables.

Name Definition Units

Vi(t) ith particle speed at iteration t e

Xi(t) ith particle position at iteration t e

Xbest(t) The best position at iteration t e

Xi,best(t) ith particle best position e

41 Uniform random value between

0 and 41,max

e

42 Uniform random value between

0 and 42,max

e

Table 5 e PSO optimization algorithm cost function
parameters.

Name Definition Value Units

T Time span 10 s

Fb,max Maximum mean bending force 0.038 N
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Optimization and simulation parameter values

The optimization algorithm has been executed with different

parameters such as the number of particles and maximum

number of iterations. We have used different values for the

mean captured power and the mean bending force to the algo-

rithm. We have limited the simulations to the first 10 s; other-

wise they could take too much time. We have chosen only 20

iterations and 50 particles in order to find optimized parameters

as good solution. The cost function result is shown in Fig. 7.

Fig. 8 e Energy harvester response at 5 ms¡1 wind speed.

Fig. 9 e Energy harvester response at 10 ms¡1 wind speed.
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Fig. 10 e Energy harvester response at 20 ms¡1 wind speed.

Fig. 11 e Energy harvester response at 25 ms¡1 wind speed.
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Results and discussion

After applying the optimization algorithm to the control sys-

tem, we have obtained the following optimal values given by

Eq. (19):

Xglobal optimal ¼
�
Kpv ¼ 5:9� 10�4

Kpr ¼ �6:8� 10�5 (19)

These two values of the parameters have been applied to

the model with 400 s of time span in the simulations. Besides,

we havemade some simulations to showhow the new control

law introduces improvements compared with the control law

proposed in Ref. [21]. We have made the comparisons with

Normal Turbulence Model (NTM) having the mean wind

speeds of 5 ms�1, 10 ms�1, 20 ms�1 and 25 ms�1.

The system has a low power production at 5 ms�1 mean

wind speed, but in comparison with the control law proposed

in Ref. [21], the harvester mean power increases of 422%. On

the other hand, the mean bending force increases with a low

rate of 1.79%. The results are shown in Figs. 8, 12 and 13. In

Fig. 8 we can verify that the harvester has good response in

long time span (400 s).

The power production increases at 10 ms�1 mean wind

speed and if we compare with the control law proposed in

Ref. [21], the harvester mean power increases a 116.9%, while

themean bending force increases a rate of 5.71%, as show Figs.

9, 12 and 13. In Fig. 9 we can also verify that the harvester has

good response in long time span (400 s).

The power increases up to very high levels at 20ms�1mean

wind speed in comparison with the control law proposed in

Ref. [21]. Besides, the harvester mean power increases a

164.15% at 20ms�1 meanwind speed, while themean bending

force increases only a 0.118%, as detailed in Figs. 10, 12 and 13.

In Fig. 10, we can assess that the harvester has good response

in long time span (400 s) as in the previous cases.

A great power gain is achieved at the mean wind speed of

25 ms�1. The harvester mean power increases a rate of 93.85%

and the mean bending force decreases with a very low rate of

0.26%, as shown in Figs. 11e13. It is proven that the harvester

has also a good response in long time span (400 s) through

Fig. 11.

In Figs. 12 and 13 the results of the present exploration are

summarized. The mean captured power has a really good in-

crease in all wind speeds. Besides, themean bending force has

very low increase too up to a specific wind speed, being that

result reasonable, since the piezoelectric layer has its own

natural frequency and if the rotation rate of the harvester

shaft (i.e., wind speed) differs too much from that natural

frequency, the bending force cannot be so effective. Thus, as a

general rule, the bending force will decrease by the magnetic

force for some wind speed values. That also proves that the

model is accurate enough and even for much higher wind

speeds one can have lower power from the system as a result

of that bending characteristics.

Conclusions

In this paper we have introduced a new control law with two

inputs (i.e., voltage and bending deflection), and we have

carried out a swarm optimization procedure for these pa-

rameters. This algorithm has been applied because there is no

analytic relationship between the mean captured power and

the control parameters. Furthermore, another important

aspect in this study is to keep the bending force as low as

possible in order not to break down the piezoelectric beam. It

has been proven that these objectives have been achieved and

the harvester power has been explored for a number of wind

Fig. 12 e Comparison between the mean power captured

with the control proposed in Eq. (9) (red) and the control

proposed in Ref. [21], that depends only on voltage (blue). (For

interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Fig. 13 e Comparison between the mean bending force with

the control proposed in Eq. (9) (red) and the control proposed

in Ref. [21], that depends only on voltage (blue). (For

interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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mean speeds due to the new control law and optimization

scheme. The wind speed has been performed by Turbsim tool

and the current optimization and control strategies can be

applied in other wind realizations or profiles. So, the main

findings of the paper are the following: On one hand, a new

control law based on both bending deflection and piezoelec-

tric voltage has been designed; on the other hand, the tuning

of the control parameters has been performed through a PSO

optimizer.
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a b s t r a c t

The great advances in efficiency and performance of photovoltaic modules would not be

very useful if they do not work close to their maximum power point (MPP). In this paper a

novel Sliding Mode Control (SMC) based algorithm is proposed to be implemented in a DC/

DC converter in order to make an autonomous photovoltaic system to work at the MPP.

Once that the design of the novel algorithm has been detailed (especially the novel part

relative to the current reference signal) and its stability has been demonstrated, its per-

formance has been compared with two of the most commonly used algorithms in this

scope, i.e., Perturbation & Observation (P&O) and Incremental Conductance (IC) algorithms,

in addition to a PI controller because it is one of the preferred controllers in industrial

applications. This comparison has been carried out taking into account both simulated and

experimental tests. The first focused on their behavior when sudden changes in irradiance

and temperature, while the lasts analyzed them when the load resistance was varying

arbitrarily in actual facilities (composed of a photovoltaic module Mitsubishi PV-

TD185MF5, a Boost converter, a variable load and a real-time data acquisition card

dSPACE DSP1104 used as the interface between the control algorithm implemented in

Simulink/Matlab and the real photovoltaic module). After completing tests under different

conditions, we found that the proposed SMC based algorithm outperforms the PI controller

and the P&O and IC algorithms, especially in experiments carried out using actual facilities.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Photovoltaic industry continues showing a steady and sus-

tained growth worldwide. This is possible thanks to the fast

cost reduction and to the increased efficiency of commercial

photovoltaic modules. The world photovoltaic market has

grown in recent years around 20% approximately. The dy-

namics of prices of modules and other basic components of

the facilities has followed a descending trend since 2010, and
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the same trend is continuing nowadays. This circumstance is

allowing photovoltaic energy to become one of the best al-

ternatives to deal with the growing demand for energy. One of

its advantages is to mitigate the rising concern about CO2

emissions and global warming. The null pollution of this en-

ergy processing makes it very interesting for facilities within

cities [15], avoiding emissions from primary energy resources.

During operation of an actual photovoltaic system, i.e.,

non-experimental or carried out in a laboratory, there are

some variables onwhich it is difficult to influence, such as real

irradiance or temperature because these variables are

imposed by the weather conditions that exist at that time.

However, there are variables onwhich it will be easier to act in

order to vary the operation of photovoltaic module and make

it to work in a more controlled situation, such as the output

resistance at the photovoltaic module (RPV). In order to ach-

ieve the purpose of keeping the PV module at a specific

working point, it is mandatory to design a suitable converter.

The characteristic curves are one of the best suited tools to

analyze the behavior of photovoltaic modules. There are three

types of these curves: CurrenteVoltage (IeV), Power-Voltage

(PeV) and Power-Current (PeI). Obviously, IeV curve shows

the values of the points (V, I), and the same is applied to the

remaining curves. Regarding their construction, there are two

possibilities: on one hand, they could be the result of mathe-

matical expressions that describe the behavior of the photo-

voltaic module at constant temperature and irradiance (as the

manufacturers usually provide), and if the irradiance or tem-

perature varies, the obtained curves will be different. On the

other hand, it is possible to measure actual data from photo-

voltaic modules and draw the gathered data, probably with

changing weather conditions (temperature and irradiance).

Usually, increased irradiance obtains more current and

power, while increased temperature implies a decrease of

current and power. Fig. 1 shows the characteristic curves IeV

(black), PeV (blue), and PeI (magenta) of a photovoltaic mod-

ule obtained at a given temperature and irradiance. The bot-

tom horizontal axis represents the working voltage (V) of the

photovoltaic module, while the above one represents the ob-

tained current (A), which is also on the ordinate axis on the

left side. Finally, the power output (W) is on the right ordinate

axis.

The improvement of the performance of DC/DC converters

used in photovoltaic systems is a very relevant topic for the

academia [17,24], being the chosen algorithm for its control a

key election for the operation of the converter in order to track

the maximum power point depicted in Fig. 1. In this paper the

chosen algorithm is the slidingmode control (SMC), due to the

number of advantages which it involves [3,16]. This algorithm

is one of the most widely used in many fields like Robotics [5]

or in photovoltaic energy field [34] because of its high perfor-

mance, robustness and simplicity of implementation. We

have studied this algorithm from both simulation and exper-

imentation point of view, while other authors study the con-

trol algorithms to analyze their behavior only from the

simulation point of view [9,23,24,27].

Two of the most commonly used control algorithms by the

researchers up to date for this purpose are the Perturbation

and Observation (P&O) [31,33] and the Incremental Conduc-

tance (IC) algorithms [21,28]. Some authors usually compare

their new algorithms with one of them [10,30], while other

authors make the comparison between them [14,7]. For

example, in Ref. [8] a new algorithm is proposed and

compared with both P&O and IC algorithms. The process fol-

lowed in this work is very similar: a novel control algorithm is

developed for a DC/DC converter and it is compared with

these two standard algorithms. In addition, we have also

validated experimentally the results.

The PI controller is generally preferred in industrial appli-

cations due to its efficiency, simplicity and low cost [32]. The

basic term is the proportional one (P), which generates a

corrective control action proportional to the error. The inte-

gral term (I) generates a correction that is proportional to the

integral of the error. This ensures that if a sufficient control

effort is applied, the tracking error is reduced to zero [6].

There are some authors who mix different types of control

algorithms. In Ref. [12] two controllers are proposed: a Fuzzy-

PI controller for three-phase VSI of Proton Exchange Mem-

brane Fuel Cell, and a Fuzzy-PI controller in companionwith a

small supercapacitor for three-phase VSI of Solid Oxide Fuel

Fig. 1 e Characteristic curves of a photovoltaic module.
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Cell DG. Numerical results demonstrate the efficacy of the

proposed controller in comparison with PI controller for both

Distributed Generations. On the other hand, in Ref. [22] the

proposed converter consists of two cascade stages non iso-

lated DC/DC converters. The control of the converters is

ensured by a dual loop control that contains for the first stage

a voltage loop with a linear PI controller and a fast-current

loop using a non-linear sliding controller for both converters.

Another method that can be used to improve the MPP

tracking in photovoltaic systems is Fuzzy Logic Control (FLC)

[1,2,29]. In these works, some fuzzy rules are proposed using

an input error that is based on the increment of the power

versus the increment of the current. In addition, in these

works there is a demonstration of the stability of the system in

closed loop. This method may be unsuitable if the current

measurements contain noise and the system is in the

segment of the IeV characteristic curve where the current

values are practically constant. Another usual drawback of the

FLC is the configuration and tuning of a high number of rules,

which requires a large amount of operations on the plant [4].

In Ref. [10] the authors of this paper proposed a fuzzy

controller with a single input (SIFLC) to track the MPP of a

photovoltaic system. To achieve this, the voltage produced by

the photovoltaic module is compared with the reference

voltage that the photovoltaic system should have if it were

working in the MPP and this error is taken as input from the

FLC. The output of the FLC is responsible for continuously

adjusting the duty cycle of the DC/DC converter, so that the

photovoltaic system always works in the MPP.

The work was carried out in the same facilities and with

the same devices used in thiswork, with the unique difference

of the photovoltaic modules. The SIFLC systems do not pre-

sent a high computational load because they usually have a

lower number of rules and in addition these rules are usually

simple, so that the calculation time of the control signal can be

reduced [11]. This method has been applied, among others, to

the control of a first order system with dead time, the control

of orbital tracking of a system and the identification of

nonlinear functions [13].

The control loop with a DCeDC converter and the photo-

voltaicmodule can be carried out through the interface shown

in Fig. 2. The MPPT block contains the maximum power point

tracking algorithm, which is responsible for generating the

reference value IREF (or VREF) from the measurement of the

current IPV (or voltage VPV) which is being provided at that

moment by the photovoltaic module. The Controller Block

(which generates the Duty Cycle d as shown in Fig. 2) receives

the reference value IREF (or VREF) from the MPPT block corre-

sponding to the value of the adequate current (or voltage) at

which the photovoltaicmodule should work in order to obtain

the maximum power. With this reference value and taking

into account the load, the converter duty cycle (d) is modified.

Our system consists of three main elements, i.e., the

photovoltaicmodule, the DC/DC converter and a variable load.

In this paper we include studies on some elements belonging

to the autonomous photovoltaic system:

� Authors toke measures during 20 months with an

approximate average of 10 min per each measurement

process. These measures attempt to cover the largest

possible number of different weather situations, so

approximately 63,000 samples (with IPV, VPV, Temperature

and Irradiance) were obtained. Using these data (sorted by

temperatures and irradiances) characteristic curves PeI

are generated and the maximum power point of each one

of them is calculated.

� Four control algorithms are designed and implemented in

Matlab/Simulink, i.e., Perturbation and Observation (P&O),

Incremental Conductance (IC), PI controller and Sliding

Mode Control (SMC). Their behaviors are simulated in two

different experiments: the first one at constant irradiance

and variable temperature, while the second one at con-

stant temperature and variable irradiance.

� With the previously obtained data a reference current

generator is designed to provide the control signal so that

the DC/DC converter makes the photovoltaic module to

work at the maximum power point, when the PI controller

and SMC algorithm are used.

� And as last part of our work, we discuss the operation of

the four control algorithms in the real photovoltaic

installation that is on the roof of the Faculty of Engineering

Vitoria-Gasteiz when have to deal with sudden changes in

the value of the load resistance. This facility operates in

real time with RTI Matlab/Simulink and the data acquisi-

tion card dSPACE DSP1104 for real validation of our results.

This way of validation is appropriate due to its ease of use

and the possibility of storing the results in real time [19,21

and 25].

The photovoltaic panel with which we have worked during

both simulated and real tests is the Mitsubishi Electric PV-

TD185MF5. In order to carry out the simulations we have

used an artificial neural network based model developed by

authors in Ref. [18], whosemain characteristic is the precision

predicting the electrical behavior of the photovoltaic module.

To develop such model the main variables which influence

the photovoltaic module have been taken into account, i.e.,

three input variables (Temperature, Irradiance and the output

voltage of the photovoltaic module VPV) and a single output

variable (the current to the output of the photovoltaic module

IPV). This neural network was trained with the same data that

have been used in the current generator of this paper,

obtaining a root mean squared error (RMSE) accuracy of 0.042

A, i.e., larger than the accuracy of the measuring devices.

Fig. 2 e Control interface between DCeDC converter and

photovoltaic module.
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On the other hand, during the real experimental test of the

P&O, IC, PI and the SMC based algorithm proposed in this

paper, we found that the best results in order to MPP tracking

by the photovoltaic module were reached by the last one.

The paper is structured as follows: in Section Background

an overview of basic concepts used in this work is given

(DC/DC Boost converters, a number of control algorithms as

P&O, IC and SMC, the dSPACE DSP1104 controller card and the

process of acquiring the necessary data for the design of

reference current generator). Section Sliding mode control

design describes the design of the sliding mode control

based algorithm introduced in this paper and the modeling

process of the reference current generator. Section Simulation

results of the algorithms and Section Real world tests discuss

both the simulated and the real experimental results respec-

tively. Finally, our conclusions are given in Section

Conclusion.

Background

This section gives a basic background on relevant topics for

the scope of this paper. Besides, the last two subsections are

devoted to partially explain the use of the DSP board that has

been used for the real-world tests of the introduced algorithm,

as well as the procedure that has been used to record the

necessary data to obtain the characteristic curves of the

photovoltaic panels.

Boost converter

DC/DC converters are switching systems that control the

average value of the voltage (or current) at the output (load)

varying the switching times between the input (DC source)

and the output, allowing adjust the uncontrolled voltage

supplied by the photovoltaic modules to a regulated DC

voltage at its output.

Converters switching is carried out by semiconductor de-

vices which are usually controlled through pulse width mod-

ulation (PWM), varying the nature of these “switches”

depending on the power and frequency of the used operation.

This method has a constant switching time (T), which is

defined as the sum of driving time (TON) and lock time (TOFF).

Varying the driving time (TON), it is possible to control the

output average voltage.

The energy supplied to the load depends on the duty cycle

(d), defined as the ratio between the time in which the con-

verter is driving (TON) and the switching time (T ¼ TON þ TOFF),

i.e., d ¼ TON/T.

DC/DC converters can operate in two different modes with

respect to the current of the coil (IL). If this current never rea-

ches the zero value, the converter will be working in Contin-

uous Conduction Mode (CCM), while if the output current is

lowor theworking frequencydecreases, the coil currentwill be

zero during part of the period working in the Discontinuous

Conduction Mode (DCM). The CCM mode is preferred as a

means to maximize the performance and operation of the

semiconductors and passive components of the converter.

The converter chosen for the experimental part of the

paper is of Boost type. In Fig. 3(a) we can see its typical to-

pology. This type of converter has a higher output continuous

voltage than the input voltage, while its output current is

lower than the input one. The configuration of this type of

converter is composed of at least two semiconductor

switches, an energy storage element and an output filter. The

order of the converter is determined by the number of energy

storage elements that it contains.

This type of converter is a non-linear or variable-structure

system, since the structure varies depending on the two states

of the switch:

1) When the switch (S) is driving (TON), Fig. 3(b), the diode (D)

is reverse biased isolating the input and output stages. The

result is a voltage VL ¼ VS positive and constant in the coil

(L), which makes the current through the coil (IL) grow

linearly. In this state, all the voltage is applied to the coil,

therefore the power supplied by the photovoltaic modules

is stored in the coil (L) while the capacitor (C) transfers its

energy to the load.

2) When the switch (S) is opened (TOFF), it does not conduct as

shown inFig. 3(c), so thediode (D) is polarized indirectmode

and the output stage is connected to the input one. The

Fig. 3 e Boost DCeDC converter topology and working modes.
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voltage of the coil (L) is added to the voltage of the photo-

voltaic modules obtaining in this way always an output

voltage higher than of the source and of same polarity. The

energy supplied by the photovoltaic modules is transferred

to the load through the coil (L) and of the diode (D). In this

state, thevoltageof the coil isVL¼VS�VO.Aswehavestated,

this is a Boost converter VO > VS, so the intensity decreases

linearly following the slope m ¼ (VS�VO)/L.

As it a matter of fact that during a complete cycle the

voltage at the terminals of an inductor is zero, we can state

that the volts-second received are equal to the volts-second

delivered so that the total volts-second that the inductor re-

ceives in a switching period are given by Eq. (1):

ZT

0

VLdt ¼ VSdTþ ðVS � VOÞð1� dÞT (1)

If we set to zero and solve the equation, we obtain Eq. (2)

relating the output voltage to the input voltage [20]:

VS � VOð1� dÞ ¼ 0 (2)

VO ¼ VS

ð1� dÞ (3)

In Eq. (3) it is demonstrated that the output voltage is

greater than the input for 0 < d < 1, and that the output voltage

at the load is proportional to the duty cycle (d) for a given

supply voltage.

Assuming no losses in the circuit elements, the power

supplied by the photovoltaic module should be equal to the

power delivered to the load as expressed in Eq. (4):

PS ¼ PO0VSIS ¼ VOIO (4)

Substituting Eq. (4) in Eq. (3) we obtain:

IO ¼ ISð1� dÞ (5)

If we consider that the resistance of the load is R ¼ VO/IO, it

can be expressed by Eq. (6):

RO ¼ RS

ð1� dÞ2 (6)

This implies that the resistance from the point of view of

the photovoltaic module it is directly proportional to the

resistance RS connected to the output of the converter and

inversely to the square of the complement of the duty cycle (d),

being its value within the range [0, R).

Analyzing Eqs. (3), (5) and (6), it can be seen that if d2 (0, 1],

the current is reduced because the converter voltage

increases.

The dynamic model of the converter is determined by the

two equations system given by Eq. (7) [25]:

L
dIL
dt

¼ �ð1� uÞVC þ VS

C
dVC

dt
¼ ð1� uÞIL � VO

R

(7)

being IL the current through the coil and VC the output voltage

(equal to VO) between the capacitor terminals. The control

input u represents the switch position (S), which is a binary

signal taking values in the set u 2 {0, 1}, corresponding to the

operating mode of the circuit when u ¼ 1 (Fig. 3(b)) or when

u ¼ 0 (Fig. 3(c)). The system consists of the inductance L of the

input circuit, the output filter capacitance C and the load

resistance R at the output, taking into account that the voltage

of the photovoltaic module takes the value VS.

Making some rearrangements of the factors we obtain Eq.

(8):

dIL
dt

¼ VS

L
þ 1

L
ðuþ 1ÞVO

dVO

dt
¼ 1

C
ðIL � IOÞ � 1

C
uIL

(8)

It allows expressing the dynamics of system through Eqs.

(9) and (10):

_x ¼ fðxÞ þ gðxÞu (9)

where:

x ¼
"
IL

VO

#
;

fðxÞ ¼

2
66664

VS

L

1
C

�
IL � VO

R

�
3
77775;

gðxÞ ¼

2
6664
�VO

L

�IL
C

3
7775;

(10)

Perturbation & Observation algorithm (P&O)

The Perturbation and Observation (P&O) algorithm is one of

the most widely used for control of DC/DC converters, mainly

due to its easy implementation since it has a simple structure

and it requires to measure only few variables.

The main idea guiding the algorithm is that when the

photovoltaic module is working at any non-MPP point, the

operating voltage of the module is disturbed (varied) periodi-

cally (increased or decreased) in a small voltage V though the

converter duty cycle. Then the change on the output power DP

of the photovoltaic module is measured. If DP > 0, the oper-

ating point is closer to the MPP and the next disturbance will

occur in the same direction as the previous one (with the same

algebraic sign). However, if DP < 0, the system has moved

away fromMPP and the next disturbance will take place in the

opposite direction (opposite algebraic sign). This disturbance

is achieved by the unique variable to which the access control

system has access, i.e., the duty cycle (d). An increment in the

duty cycle (d) implies a decrement in input resistance of the

DC/DC converter, and therefore a decrement in the operating

voltage of the photovoltaic module (and vice versa). Once the

MPP has been reached, the P&O algorithm makes the point of

operation of the photovoltaic module to work around it. The

disturbance could also be done on the photovoltaic module

current instead of on voltage.

There are four possible situations in which the photovol-

taic module can work and in the following paragraphs we will
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analyze its behavior in order to track the MPP [31]. Actually, it

is based on calculating the power and voltage increase on the

IeV curve of the photovoltaic module of Fig. 4:

� DP ¼ P(k)�P(k�1)>0 and DV ¼ V(k)�V(k�1)>0

The power change at time k is denoted as DP and named

power increase. This is the result of the current power minus

the power at the previous sample, and in this case, it is posi-

tive. The second condition to fulfill is that the output DV (also

defined as the difference between the existing voltage minus

voltage at the previous sample) of the photovoltaic module is

also positive. Given these two conditions, the algorithm will

decrease the duty cycle (d) in such a way that the output

voltage of the photovoltaic module continues to rise until

reaching the MPP.

� DP ¼ P(k)�P(k�1)>0 and DV ¼ V(k)�V(k�1)<0

In this case the increase of power DP is positive while the

increase of output voltageDV is negative. The control action to

make in this situation is to increase the duty cycle (d) so that

further decrements of the output voltage of the photovoltaic

module will take place until the MPP is reached.

� DP ¼ P(k)�P(k�1)<0 and DV ¼ V(k)�V(k�1)<0

In this third case the increment of power DP and output

voltage DV are negative. The control action to be performed in

this case is to decrease the duty cycle (d) to increase the output

voltage of the photovoltaic module until the MPP is reached.

� DP ¼ P(k)�P(k�1)<0 and DV ¼ V(k)�V(k�1)>0

In this last case, the increment of power DP is negative

while the increment of output voltage DV is positive. The

control action to perform in these circumstances is to increase

the duty cycle (d) so that further decrements of the output

voltage of the photovoltaic module continue until the MPP is

reached.

The summary of the behavior of this algorithm is shown in

Table 1.

In Fig. 5 the flowchart of operation of this algorithm is

shown, where I(k), V(k) and P(k) are the current, the voltage

and the power of the photovoltaic module measures at time

(k) [14]. I(k�1), V(k�1) and P(k�1) are the current, the voltage

and the power of the photovoltaicmodule at the previous time

(k�1). The algorithm compares the existing power with the

previous one and based on this result it determines whether

the same disturbance is still applied or its sign should be

inverted at the next control cycle.

Its main drawback is that its efficiency depends on the

speed updating the variable values, which will depend on the

sampling frequency. A slow sampling can cause instability in

the system to reach the MPP because the algorithm can

sometimes take a lot of time to find the MPP and there would

be significant energy looses. It cannot determine when it has

exactly reached the MPP, so that it remains oscillating at the

working point around the MPP. It also has errors in fast

changing weather conditions because the algorithm does not

perceive changes in the environmental conditions, for

example, in partially cloudy days. The reason is that the al-

gorithm does not difference between power variations due to

variations caused by changes in the duty cycle or those caused

by climate changes.

Incremental conductance algorithm (IC)

The electrical conductance (G) is the ease of a material to be

crossed by an electric current, i.e., it is the inverse property of

electrical resistance as Eq. (11) shows.

G ¼ 1
R
¼ I

V
(11)

A higher conductance decreases the electrical resistance,

and vice versa, so they are inversely proportional. It is denoted

by the symbol G and is measured in Siemens (S).

Incremental Conductance (IC) algorithm is very similar to

P&O algorithm. This algorithm is based on that the slope in the

characteristic power-voltage (PeV) curve of the photovoltaic

module is equal to zero at the MPP, i.e., the derivative of the

output power of the photovoltaic module is equal to zero at

that point. As shown in Fig. 6, the derivative is positive to the

left and negative to the right of the MPP. Thus, the voltage of

the photovoltaic module can be regulated close to the voltage

value at the MPP tracking its incremental conductance (dI/dV)

and its conductance (I/V).

This algorithm is based on the measurement of existing

voltage and current (VF and IF) and on the voltage and current

of the previous sample (VI and II). Using them current incre-

ment is analyzed, i.e., dI ¼ IF�II and the same concept is

applied to the voltage (dV¼ VF�VI). These parameters give the

initial point to the algorithm and define the incrementalFig. 4 e Evolution of the MPP tracking by P&O Algorithm.

Table 1 e Summary of the behavior of P&O Algorithm.

Measurements Duty cycle (d) Voltage

DP > 0 and DV > 0 Decrease Increase

DP > 0 and DV < 0 Increase Decrease

DP < 0 and DV > 0 Decrease Increase

DP < 0 and DV < 0 Increase Decrease
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conductance as dI/dV. It is possible to express this idea

through Eq. (12).

dP
dV

����
MPP

¼ 0

dP
dV

¼ dðI : VÞ
dV

¼ Iþ V
dI
dV

¼ 0zIþ V
DI
DV

V
dI
dV

¼ �I

dI
dV

¼ � I
V

(12)

When these conditions are not met, the points around the

maximum value are analyzed as follows [9]:

� dI/dV ¼ eI/V, then dP/dV ¼ 0; and the working point is at

the MPP

� dI/dV>eI/V, then dP/dV> 0; and theworking point is to the

left of the MPP

� dI/dV<eI/V, then dP/dV< 0; and theworking point is to the

right of the MPP

The flowchart of Fig. 7 shows theMPP tracking algorithm to

calculate it comparing the instantaneous conductance (I/V)

and its increase. The voltage VRef value is the reference voltage

to which the photovoltaic module is required to operate.

When the IC algorithm reaches the MPP, the voltage VREF is

equal to the voltage VMPP. The photovoltaic module will

continue operating at this point until there is a change in

current, which will be due to variations in weather conditions,

moment in which the algorithmwill start again the search for

the MPP. The summary of the behavior of this algorithm is

shown in Table 2:

This algorithm has advantages such as its high precision

reaching the MPP, little swing around the MPP and higher ef-

ficiency to deal with changes and disturbances generated by

environmental conditions. The main advantage of the IC al-

gorithm over the P&O algorithm is that it can calculate at any

time the direction in which to change the operating point of

the photovoltaic generator to take it closer to the MPP, and it

can also determine when it has been reached. That is why

under fast weather changes it will not take the wrong direc-

tion and in addition, once the MPP has been reached, the

working point does not oscillate around it.

However, its main disadvantage that this algorithm has a

more complex design. A quick MPP tracking can be achieved if

large changes of the operating point are carried out increasing

the size of the duty cycle (d), but we could make the system to

work at points away from the MPP. On the other hand, if such

variations are small, the algorithm can work closer to the MPP

but the variations due to weather changeswill be slower. So, it

is mandatory to reach a balance between speed and accuracy.

Sliding mode control (SMC)

In this subsection, we recall the basics of slidingmode control

(SMC), and its specific utilization will be explained later in the

appropriate section of the paper.

SMC is defined as the control strategy that assigns a control

signal to the converter that switches at high frequency and

takes the system state to a scalar field S(x) named sliding

surface. This surface is designed to meet the desired specifi-

cations and it could be any function of the state x that reduces

Fig. 5 e Flowchart of the P&O algorithm.

Fig. 6 e Evolution of the MPP tracking following the IC

Algorithm. Fig. 7 e Flowchart of the MPPT IC algorithm.
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to zero the regulation or tracking error in steady state. When

the trajectory of the system evolves over the surface, it is said

that the system is in sliding mode.

Focusing in our specific case, the used Boost Converter is a

system with a single control input, linear with respect to the

control signal and can be defined in the following way:

_x ¼ fðxÞ þ gðxÞu
x2<n u2< (13)

where x is its state vector and the functions f and g are two

smooth vector fields with g(x) s 0 for all x, and u is the

discontinuous control signal taking the values zero or one.

The discontinuities are corresponding to the changes of

behavior of the converter, so converters are variable structure

systems.

We have the control law or variable structure switching

logic of Eq. (14), whichmakes the control action (u) to take one

of the two feasible values depending onwhether the reference

current is higher or lower than the current at the output of the

photovoltaic module.

u ¼
�
1 for sðxÞ> 0
0 for sðxÞ< 0

(14)

Under the action of the control law of Eq. (14), the balance

point of the substructure corresponding to u ¼ 1 is located in

the region corresponding to u ¼ 0, so the system state trajec-

tory crosses the line of sliding and vice versa.

The function s(x) is called switching function and de-

termines the surface of dimension (n�1) given by Eq. (15).

S ¼ fx2<n=sðxÞ ¼ 0g (15)

The surface S is called discontinuity surface or switching

surface, and it is any function of the state x that reduces to

zero the regulation error or the steady state tracking. In this

case, the surfaces correspond to changes of the converter

structure. We say that the converter is controlled in sliding

mode when the used control law is described by Eq. (14).

The switching function s(x) and its time derivative must

have opposite signs in order to make the trajectories to tend

towards S. The conditions of existence of sliding mode can be

expressed by Eq. (16):

ds
dt

<0 for sðxÞ>0

ds
dt

>0 for sðxÞ<0

(16)

When the system is out of the surface, the movement of

the system with respect to time dS(x)/dt is directed towards

the surface. A sliding region is the set of points of S, where Eq.

(16) is satisfied.

dSPACE DSP1104 R&D controller board

Digital signal processors (DSP) in real time (for example, the

device dSPACE DSP1104) are widely used in industry and

research because they allow reducing the time between simu-

lation and development of the real model. dSPACE DSP1104

controller board allows the development ofmultivariable high-

speed digital controllers and prototyping in real time [25].

The DSP1104 has amain processor MPC8240 (PowerPC 603e

core at 250 MHz), with an internal cache of 32 Kbytes and a

slave DSP subsystem DSP TMS320F240 of the Texas In-

struments company.

The working process is as follows:

1) Create a Simulink model with the control strategies using

basic blocks or toolboxes. The process to create the model

is the same than to create any Simulink scheme, but it is

mandatory to install the library RTI1104.

2) Compile themodel and generate specific code for real-time

dSPACE (Tools>CodeGeneration>BuildModel in Simulink).

3) Generate the interface using simple elements of the

graphical user interface (GUI) as buttons, displays, radio

buttons, etc. or even more elements as plotters, photo-

realism, etc. in the ControlDesk 5.1 software, as shown in

Fig. 8, specifying which is file contains the real-time code

obtained from the compilation in Simulink.

4) Enable real-time process that allows displaying, handling

and recording system variables in real time through the

screen and graphical user interface.

Data acquisition

In order to model the reference current generator (part of the

SMC based algorithm proposed in this paper) authors have

used experimental data acquired from measurements made

from theMitsubishi PV-TD185-MF5 photovoltaic modules that

are placed on the roof of the Faculty of Engineering Vitoria-

Gasteiz (Spain). The model is made from experimental data,

approximately 63,000 samples obtained during more than

twenty months. These measurements are made in an arbi-

trary fashion with an average duration of 10min. Each sample

is composed of four variables: temperature, irradiance, in-

tensity supplied by the module (IPV) and the voltage between

the output terminals of themodule (VPV) for different values of

load resistance.

In Fig. 9 a scheme with the arrangement of the devices

involved in the capturing process of rawdata (T, G, VPV and IPV)

is shown.Modifying the variable resistance authors varied the

load value obtaining different pairs of voltageecurrent points

for the irradiance and temperature that was at that time ac-

cording to the weather conditions.

The measuring elements that have been used in the

experimental part of the paper are the following:

� Irradiance and Temperature Sensor (Si-420TC-T-K): This

element is a pattern cell that is composed of a mono-

crystalline solar cell (50 � 33 mm) and a temperature

Table 2 e Summary of the behavior of the IC Algorithm.

Measurements Duty cycle (d) Voltage

dV s 0 and dI/dV ¼ eI/V Keep Keep

dV s 0 and dI/dV > eI/V

0dP/dV > 0

Decrease Increase

dV s 0 and dI/dV < eI/V

0dP/dV < 0

Increase Decrease

dV ¼ 0 and dI ¼ 0 Keep Keep

dV ¼ 0 and dI > 0 Decrease Increase

dV ¼ 0 and dI < 0 Increase Decrease
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sensor (from �20 to 70 �C). It provides the values of irra-

diance (W/m2) and temperature (�C) in the place of the

photovoltaic modules during the data acquisition process.

The accuracy of the device is ±5% when the irradiance is

measured and ±1.5 �C when dealing with temperature.

� ClampCurrent Chauvin Arnoux PAC 12: This current clamp

allows measuring the direct current supplied by the

photovoltaic modulewithout opening the circuit. The scale

of work ranges from 0.4 to 60 A in direct current, with an

accuracy of ±1.5%. The value of the maximum error is

approximately ±150 mA. This device provides a voltage

proportional to the direct current measured. Therefore, we

need another element (TV809) that converts the measured

voltage to its current proportional value.

� Programmable Amplifier with Insulation SINEAX TV809:

The function of this device is to isolate electrically signals

of input/output and amplify/convert the level of the input

direct current signal from current to voltage or vice versa,

using its configuration set up with a personal computer

using the TV800plus V1.11 software. Since both the

voltage of the photovoltaic module and the measured

current are provided in volts, two TV809 devices are

needed to convert these tensions to a proportional current

(4e20 mA). It is due to the fact that the used data logger

(SINEAX CAM) supports only measures provided in values

of current. The accuracy of this device is ±0.2% of the

maximum value of the input.

� SINEAX CAM Data Logger: This device is designed to make

long-term measurements in industrial installations or

electrical distribution networks. It allows a continuous

measurement and its recording. The I/O interface can be

arbitrarily configured. In our case, the parameters selected

for recording are irradiance, temperature, voltage and

current. The configuration of the device is quick and easy

using the CB-Manager software. The CB-Manager takes a

measurement every 2 s. The accuracy of this device is

±0.1% of the maximum value of the input configuration

that is 20 mA, so the measurement error is negligible.

Sliding mode control design

This section is devoted to describe the sliding mode control

(SMC) based algorithm which is introduced in this paper.

Fig. 8 e Screenshot of the ControlDesk 5.1 software.

Fig. 9 e Scheme of measurement elements for data logging.
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As was explained in Subsection Sliding mode control

(SMC), the function of the SMC is to calculate a reference

current to be compared with the current that is provided by

the photovoltaic module and then to generate the value of the

duty cycle (d), so that the photovoltaic module works in MPP.

In order to obtain the reference current, we have used the

PeI characteristic curves provided by the acquired experi-

mental data following the procedure explained in Subsection

Data acquisition. Knowing these curves, we know their

points of maximum power, and with them we can form

different straight lines for each temperature, in such a way

that with them, we create a plane that will give the value of

the reference current at any power and temperature value.

Reference current generator

The reference signal generator has been designed using data

obtained from real experimental measurements. The data

acquisition process was explained in Subsection Data

acquisition.

For modeling the generator of reference current IREF we rely

on the characteristic curve PeI. We can see the PeI curves

corresponding to a number of irradiances ranging from 100 to

1000W/m2 in Fig. 10. In each one of them, its maximum power

point (MPP) is marked through a red circle, in such a way that

the values of the maximum power points form straight line in

blue instead of a parable that would be the result if we would

use the PeVcharacteristic curve.Once that this line is obtained,

it is possible to know which is the value of the current at the

maximum power point, i.e., the necessary reference current,

for any power at which the photovoltaic module is working.

Given that the power generated by themodule depends on the

temperature, it is mandatory to obtain all straight lines for the

different values of temperature at which it can work.

Experimental reference current generator

The obtained data were divided into groups characterized by a

temperature amplitude of 5 �C, from 5 �C to 50 �C. The data of

these groups are divided again into groups paying attention to

their irradiance values, from 100 to 1000 W/m2, with a step of

25 W/m2.

We have taken the data regarding current and power

samples and using the tool cftool of Matlab, we got an equation

which defines the PeI characteristic curve for each irradiance.

In this way, we got a group of PeI curves corresponding to

different irradiances for each temperature. From these

equations-curves it is possible to obtain their maximum

power points in order to get a set of straight lines similar to the

blue line shown in Fig. 10 for each temperature. To illustrate

the obtained results, Fig. 11 shows the different straight lines

obtained for the groups of temperatures corresponding to 5 �C,
15 �C, 25 �C, 35 �C and 45 �C.

For each temperature we obtained a straight line

IMPP ¼ f(PMPP) in such a way that we found an equation that

relates power and intensity of the maximum power points for

each group of temperatures. Using these equations, we ob-

tained sample vectors containing (PMPP, T, IMPP), which relate

the value of the current in the MPP with given values of power

and temperature in MPP.

From these (PMPP, T, IMPP) data and using the tool cftool of

Matlab, a surface that gives the reference current from PMPP

and T, (IMPP ¼ f(PMPP, T)) is obtained, as shown in Fig. 12.

Knowing the power generated by the photovoltaicmodule and

the operating temperature, the surface gives the reference

current (IREF), i.e., the current in theMPP (IMPP). In this way, it is

not necessary to know the value of the irradiance to get the

values of the maximum power points.

In order to obtain the function of IMPP ¼ f(PMPP, T), different

methods such as polynomial equations, Fourier, Gauss, etc.

were used. Using for the curve fitting tool of Matlab, i.e., cftool,

the function that best fits all the points of maximum power

and temperature was polynomial function defined as shown

in Fig. 13.

Stability demonstration

The designed converter should regulate its output current (IO)

at a reference value (IREF). We have a control law in the same

Fig. 10 e P-I characteristic curves of the module at different

irradiance conditions.

Fig. 11 e Lines of MPP for different temperatures (ºC).
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way as Eq. (14)with the following switching function [26] of Eq.

(17).

S ¼ IREF � IPV (17)

The corresponding switching surface is defined by Eq. (18)

as follows:

S ¼ fx2<n=IREF ¼ IPVg (18)

being S a sliding region and the trajectory that reaches is the

same sliding surface. An ideal regulation of system has been

achieved because from now on it will evolve in sliding mode

achieving always that IREF ¼ IPV.

The polynomial calculated in the previous subsection gives

the reference currents required by the system at all times.

Using that value, the converter makes the photovoltaic mod-

ule to follow it and towork in the area of themaximumpower.

We define the switching function and the control law of Eq.

(19) [26]:

S ¼ e ¼ IREF � IPV

u ¼
Z t

0

k:signðSðtÞÞdt (19)

If S is a sliding region and the trajectory reaches the sliding

surface, then a system ideal regulation has been achieved

because from that moment it will evolve in sliding mode

ensuring that always IREF ¼ IPV. For best performance is

behavior of the control signal of the proposed DC/DC con-

verter, the integral of the control signal works in a range be-

tween 0.1 and 0.9.

The demonstration of the stability of the proposed

controller is based on the theory of Lyapunov stability, so the

following Lyapunov function is defined by Eq. (20):

V ¼ 1
2
S2 >0 (20)

The derivative with respect to time of this function is given

by Eq. (21):

_V ¼ S
dS
dt

¼ S: _S< 0 (21)

Adjusting Eq. (19) to our switching function we obtain Eq.

(22):

S ¼ e ¼ I*MPP � IPV
_S ¼ _e ¼ � _IPV

(22)

where e is the tracking error. Applying the Lyapunov stability

theory, it can be shown that if _V < 0, the value of the

switching function (S) tends to zero and therefore the system

state converges to MPP.

� When S > 0: This implies that the current IREF provided by

the reference generator is larger than the current supplied

by the module, i.e., IREF > IPV or IMPP > IPV. Then, in order to

get a zero-tracking error (S ¼ 0), IPV must increase and VPV

should decrease, which means that RPV has to decrease,

achieving this by increasing the duty cycle (d) as can be

deduced from Eq. (6). In Fig. 14 it is shown the behavior of

the RPV. It can be seen that the system is stable since if IPV
increases, then _S will be negative and also the product

S: _S<0, which implies that the system is stable and con-

verges to the maximum power point.

� When S < 0: In this case, IPV > IREF or IPV > IMPP. Then, in

order to get a zero-tracking error (S ¼ 0), IPV has to decrease

VPV should increase, whichmeans that RPV has to increase,

achieving this by decreasing the duty cycle (d) as it can be

deduced from Eq. (6). In Fig. 14 it is shown the behavior of

the RPV. It can be seen that the system is stable since if IPV
decreases, then _S will be negative and also the product

Fig. 12 e P-T-I characteristic surface of the MPPs.

Fig. 13 e Results of the cftools tool of Matlab.
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S: _S<0, which implies that the system is stable and con-

verges to the maximum power point.

Simulation results of the algorithms

In this section the computer models that simulate our

photovoltaic system and have been developed in Matlab/

Simulink are introduced. In the simulatedmodels, it is easy to

impose arbitrary weather conditions for any experiment. For

this reason, in these simulation experiments we will work

with four different models, one for each controller, observing

their behavior when dealing with sudden variations of tem-

perature and irradiance and analyzing whether they are able

to make the photovoltaic module to work at MPP. For this

purpose, there are two possibilities: a simulation at constant

temperature and variable irradiance, and a simulation at

variable temperature and constant irradiance.

In order to know which is the value of the power at the

MPP, PeI characteristic curves are obtained from the

simulated model [18] of the photovoltaic module and the

algorithms have run at the temperature and irradiance

required for each case. The values obtained are shown in

Table 3.

Simulation at constant temperature

The first test is performed at a constant temperature value of

25 �C and with values of irradiance of 600, 700 and 900 W/m2

(see Figs. 15).

It is noted that once the output of the four algorithms is

stable, they get the same output power than the photovoltaic

module (PPV) and that it is the same power value that obtained

by the PeI characteristic curve of the PVmodule. There is only

a slight variation for the first value of 600 W/m2 which can be

considered negligible, as shown in Table 3.

The behavior of the four designed control algorithms is very

similar, especially for irradiancevaluesof 600and700W/m2. In

the case of an irradiance of 900 W/m2 their behavior is

different. Thecontroller thatneedsmore time to stabilize is the

implemented through the P&O algorithm as shown in Fig. 17.

The second one is the IC algorithmshown in Fig. 16. In the case

of the PI controller, it is in thefirst segmentwhen it needsmore

time to stabilize, as shown in Fig. 18. The algorithm with the

best performance is the slidingmode control, shown in Fig. 19.

Analyzing the behavior of each controller at the converter

output, in other words, observing the power that it delivers to

the load, it is possible to notice that the behavior of the three

controllers is very similar. All of them are able to follow the

power of the photovoltaic module with a small power loss due

to the converter itself.

Fig. 14 e Influence of the RPV in the I-V characteristic curve.

Fig. 15 e Temperature (constant) and irradiance (variable) input values.

Table 3 e PPV values obtained at constant temperature
and different irradiances.

Temperature 25 �C

600 W/m2 700 W/m2 900 W/m2

PeI Curve 79 W 90 W 105 W

Models 78 W 90 W 105 W
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Fig. 16 e Power output when sudden irradiance changes using IC algorithm.

Fig. 17 e Power output when sudden irradiance changes using PO algorithm.

Fig. 18 e Power output when sudden irradiance changes using PI controller.
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Simulation at constant irradiance

In this second test the performance of the algorithms has been

analyzed with weather conditions of constant irradiance of

1000 W/m2 and temperature values of 45 �C and 10 �C (see

Fig. 20).

It is noted that once the outputs are stable, the algorithms

achieved an output power of the photovoltaic module (PPV)

slightly lower than that obtained using the PeI curves, and

even lower for the case of PI controller and the lower tem-

perature, as it is shown in Table 4.

The behavior of the four implemented algorithms is very

similar, especially at the higher temperature value. However,

in the case of the lower temperature the behavior is different.

The algorithm that needs more time to stabilize is the PI

controller (as shown in Fig. 23) followed by P&O (as shown in

Fig. 22), and by the IC algorithm (Fig. 21), while the SMC al-

gorithm (Fig. 24) shows a faster stabilization time. So, at the

lower temperature the best performance is reached by SMC

because is stabilized before, although as was previously

mentioned, obtaining less power.

Analyzing the behavior that each algorithm imposes to the

converter output, i.e., observing the power delivered to the

load, it is noted that the behavior of all of them is very similar

in these simulations because they are able to follow the power

delivered by the photovoltaic module with a small loss of

power due to converter itself, being also in this case the SMC

the algorithm that stabilizes the output power in shorter time,

while the model based on the PI controller shows the worst

behavior.

Real world tests

This section is devoted to assess the performance of the pro-

posed SMC algorithm comparing it with the P&O, IC, PI well

known algorithms in real facilities.

Fig. 19 e Power output when sudden irradiance changes using SMC.

Fig. 20 e Temperature (variable) and irradiance (constant) input values.

Table 4 e PPV values obtained at constant irradiance and
different temperatures.

Irradiance 1000 W/m2

45 �C 10 �C

PeI Curve 90 120

P&O/IC/SMC 88 117

PI 85 111
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Fig. 21 e Power output when sudden temperature changes using IC Algorithm.

Fig. 22 e Power output when sudden temperature changes using PO Algorithm.

Fig. 23 e Power output when sudden temperature changes using PI Controller.
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Experimental setup

The experiments were carried out in one of the laboratories of

the Faculty of Engineering Vitoria-Gasteiz (Spain) because the

Mitsubishi PV-TD185MF5 photovoltaic modules are located on

its roof. The more relevant equipment that has been used

during the experiments is the following [10]:

� A boost converter, whose characteristics are shown in

Table 5. It has been designed and manufactured by the

TEP 192 Research Group of the University of Huelva

(Spain).

� A dSPACE DS1104 real-time controller board.

� A variable load from 0 to 400 U.

� A PC for storing the measured data.

In Fig. 25 it is shown a diagram with the most relevant

equipment for the experiments and their connections, while

Fig. 26 shows the actual elements and the photovoltaic mod-

ules used in the real-world tests.

This real-time system allows obtaining values of the sys-

tem while the control algorithm is running in Matlab/Simu-

link, as shows Fig. 27. This DSP card is very popular due to its

integration capability with Matlab/Simulink through its

toolbox in order to work in real time with its real-time

interface.

Since these are real world experiments and we need to test

the introduced SMC algorithm with real photovoltaic mod-

ules, its implementation in Simulink needs to include the

following library elements in order to communicate with the

DSP board:

� DS1104MUX_ADC: This element is devoted to read up to 4

A/D channels of the converter. Our algorithm needs only to

read the irradiance (G) and the temperature (T) at each

sampling time.

� DS1104ADC_CX: It is used to read a single channel of the 4

parallel channels of the A/D converter and it is necessary to

configure the channel in which we want to read data (from

channel ADCH5 to channel ADCH8). In our case ADCH5

reads the photovoltaic generator voltage (Vg ¼ VPV), ADCH6

the photovoltaic generator current (Ig ¼ IPV), ADCH7 the

converter output voltage (Vo ¼ VLOAD) and finally, ADCH8

reads the converter output current (Io ¼ ILOAD).

� DS1104SL_DSP_PWM: It is used to generate standard PWM

signals with variable duty cycles and to enable a PWM stop

during runtime if needed.

The experiments of the four control algorithms have been

carried out in same way: the behavior of the system has been

analyzed while controlled by the different control algorithms

Fig. 24 e Power output when sudden temperature changes using SMC.

Table 5 e Boost converter parameters.

Boost converter

Schottky diode 2xMURF1560GT 600 V, 15 A, 0.4 V 10 A/150 �C
IGBT 1xHGT40N60B3 600 V, 40 A, 1.5 V, 150 �C
L 6xPCV-2-564-08 560 m, 7 A, 42 mU

C 2xTK Series 1500 mF, 250 V

Fig. 25 e Main elements of the experimental system and

their connections.
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when sudden variations in the load between arbitrary values.

Besides, we calculated which was the maximum power that

should be obtained from the photovoltaic module through its

characteristic curves, given the specific weather conditions.

For obtaining the characteristic curves we had several op-

tions depending on the used equipment:

� Using the method and equipment as explained in Section

Data acquisition: The problem of this method is that there

are common elements such as irradiance-temperature

sensor and photovoltaic modules that should be discon-

nected from the scheme of Fig. 9 to be connected to the

experimental scheme shown in Fig. 25 spending time in

Fig. 26 e Actual facilities (laboratory and photovoltaic modules).

Fig. 27 e SMC control algorithm running in Simulink and interacting with the actual photovoltaic module through the DSP.
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this unproductive operation. Besides, when the control

measures start again the weather conditions may have

changed and the previously obtained characteristics

curves would not be useful.

� Using the same equipment of Fig. 25: The first operation to

do is to send to DSP a command to make that duty cycle is

zero (d ¼ 0) in such a way that the system works without

control. The second one is to vary the load from one

extreme to the other, i.e., from 0 to 400 U, in such a way

that the system goes from the short circuit current (ISC)

with R ¼ 0 to close to the open circuit voltage (VOC) with

maximum resistance value.

� Using the same equipment of Fig. 25: But in this case the

first operation is to send a command to theDSP tomake the

duty cycle (d) to vary from 0 to 1. The objective is to obtain

tuples of current and voltage values to obtain the charac-

teristic curves, along with the existing irradiance and

temperature that are also stored. Since it is the fastest

method, it is the method that has been used.

Given that these experiments are carried out actual facil-

ities, it is obvious that irradiance and temperature cannot be

adjusted to desired values. We have had to adapt to the

weather conditions of the days when the experiments were

performed. So, we analyze the behavior of the control algo-

rithms with sudden variations in the load values, varying the

value of the load resistance placed at the output of converter

in an arbitrary way.

Incremental conductance model

The value of the maximum power point of the PeI charac-

teristic curve before to be controlled by IC algorithm is 75W as

shown in Fig. 28.

The experiment was carried out with sudden changes in

the value of the load resistance RLoad: it started with a value of

176 U increasing the value to 307 U, then it is decreased to

139 U and increasing again to 310 U, finishing with a value of

180 U, as shown in Fig. 29.

Regarding the weather conditions during the experiment,

it was performed with a temperature of 43 �C and an irradi-

ance of 794 W/m2.

The converter makes the photovoltaic module to work

supplying a power of approximately 59W, as shown in Fig. 30.

Fig. 28 e P-I characteristic curve from experimental data without any control.

Fig. 29 e Changes in the load resistance RLoad during the IC control real experiment.
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This implies that the control algorithm cannot reach the MPP

shown by the characteristic curve. So, we have assessed that

although the behavior of this algorithm is globally correct, it

does not exhibit a good performance in power terms.

Perturbation and observation algorithm

The value of the maximum power point of the PeI charac-

teristic curve before to be controlled by P&O algorithm is

67.77 W, as shown in Fig. 31.

The experiment was carried out with sudden changes in

the value of the load resistance RLoad: it started with a value of

319 U decreasing the value to 220 U, then it was increased to

339 U and decreased again to 276 U, and finally it was

increased to 350U and finishedwith a value of 277U, as shown

in Fig. 32.

This second experiment was carried out with weather

conditions of temperature of 45 �C and irradiance of approx-

imately 700 W/m2.

The converter is able of make the photovoltaic module to

work at a power of 69 W, i.e., very close to the maximum

power value indicated by the characteristic curve, assuming

that the weather conditions during the experiment vary

somewhat because it takes a while since the values of the

characteristic curve are obtained until the control behavior is

analyzed, as shown in Fig. 33.

The behavior of the output power of the panel (PPV) could

be acceptable if the load resistance would be at values supe-

rior to 220 U. We see that when the load has this value the

power decreases. The module is not able to work well at that

power. The algorithm shows slight oscillations but it main-

tains the output power of the module at a power close to

maximum power point.

PI controller algorithm

The value of the maximum power point of the PeI charac-

teristic curve before to be controlled by PI controller is 41.74W,

as shown in Fig. 34.

The experiment was carried out with sudden changes in

the value of the load resistance RLoad: it started with a value of

161 U increasing it up to 325 U, then it was decreased to 85 U to

Fig. 30 e Real behavior of PPV and PLoad when using IC algorithm.

Fig. 31 e P-I characteristic curve from experimental data without any control.
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Fig. 32 e Changes in the load resistance RLoad during the PO control real experiment.

Fig. 33 e Real behavior of PPV and PLoad when using P&O algorithm.

Fig. 34 e P-I characteristic curve from experimental data without any control.
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finish the experiment with a value of the load resistance of

325 U, as we can see in Fig. 35.

The behavior of the voltage and current at the output of the

photovoltaic module is shown in Fig. 36. In the case of the

voltage it is observed that it has a very oscillating behavior,

especially with the values of smaller resistances.

After analyzing the behavior of the voltage and of the

current at the output of the photovoltaic module (VPV and IPV),

it is observed that the behavior of the output power PPV at

module terminals is acceptable. Although it is observed that

the voltage has noise, it is not transferred to the power signal

because when it is multiplied by the current that noise is

compensated, as seen in Fig. 37.

Sliding mode control algorithm

The value of the maximum power point of the PeI charac-

teristic curve before to be controlled by SMC based algorithm

is 72.47 W, as shown in Fig. 38.

As in previous ones, this experiment was carried out

applying sudden changes in the value of the load resistance.

The experiment started with a value of RLoad equal to 260 U

increasing it up to 347 U, then it is decreased until 226 U to

finish the experiment with a value of the load resistance of

333 U, as we can see in Fig. 39.

This last experiment was carried out with weather condi-

tions of 57 �C of temperature and an irradiance of approxi-

mately 890 W/m2.

In Fig. 40 we can analyze the behavior of the reference

current (IS*) which is given by the current reference generator

and the current at the output of the photovoltaic module (IPV),

obtaining mean values of 4.5137 A for IREF and 4.5112 A for IPV.

The photovoltaic module current follows continuously the

reference current even when the load resistance has sudden

variations.

Fig. 41 shows the behavior of the voltage (in blue) and the

current (in red) at the output of the photovoltaicmodule, being

both magnitudes very stable. The current (IPV) obtained a

mean value of 4.5137 A, while the voltage (VPV) obtained a

mean value of 16.40 V.

We can see in Fig. 42 that the PV module has been working

at a power (73.9 W) very close to the maximum power value

that indicates the corresponding characteristic curve, given

that the weather conditions may vary somewhat because it

takes a while since the values of the characteristic curve are

obtained until the control behavior is analyzed.

Fig. 35 e Changes in the load resistance RLoad during the PI control real experiment.

Fig. 36 e Real behavior of VPV and IPV when using PI controller.
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Fig. 37 e Real behavior of PPV and PLoad when using PI controller.

Fig. 38 e P-I characteristic curve from experimental data without any control.

Fig. 39 e Changes in the load resistance RLoad during the SMC control real experiment.
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Fig. 40 e Real behavior of IS* and IPV when using SMC based algorithm.

Fig. 41 e Real behavior of VPV and IPV when using SMC algorithm.

Fig. 42 e Real behavior of PPV and PLoad when using SMC algorithm.
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In this case, the power obtained from the module photo-

voltaic is much more linear that in the other three experi-

ments because the changes of the load resistance have no

influence. So, we state that this one is the best of the four

control algorithms because it makes the photovoltaic module

to work in the MPP regardless of load variations.

Conclusion

In this paper authors introduce a novel sliding mode control

for maximum power point tracking (MPPT). As part of that

novel SMC algorithm, a reference current generator is

designed based on a set of data collected during 20 months by

the authors.

The first part of the paper describes the problem addressed

in this paper and gives a complete background on some topics

related to the problem to solve. Then the novel design of the

SMC control is described in detail.

In order to assess its design, the novel control is compared

with three of the most commonly used control algorithms in

the scope of MPP tracking in photovoltaic energy and in in-

dustry. The purpose of the comparison of these four control

algorithms is to test the improvement of the performance of

the photovoltaic module, paying attention to the generated

output power and its similarity to the MPP.

The first part of the comparison is carried out in a simu-

lated environment, were the four controls have shown a very

similarly performance when dealing with sudden variations

of irradiance and constant temperature and vice versa, i.e.,

with constant irradiance values and abrupt temperature

variations.

In the second part of the comparison, the four algorithms

are compared when working in real time in a facility located

at the Faculty of Engineering Vitoria-Gasteiz. In this case

their response is analyzed when there are sudden variations

in the value of the load resistance placed at the output of the

DC/DC converter. The four control algorithms have been

developed in the Matlab-Simulink environment with a

dSPACE DS1104 card for real-time interaction with the real

photovoltaic module. In this case the best results have been

obtained by the proposed SMC based algorithm. One of its

more outstanding advantages is that it has a simple imple-

mentation but it can obtain very good results, with a high

precision in the MPP tracking task. Besides, the proposed

SMC algorithm ensures the stability of the installation as

well as its efficiency, improving the behavior of the photo-

voltaic module when compared to the other three control

algorithms.
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a b s t r a c t

The deep insight into the different elements that compose photovoltaic (PV) systems is

capital to boost the optimization of each one of them and consequently, increment of the

overall performance of the whole PV systems. In this paper we address the open problem of

obtaining empirical accurate models of monocrystalline PV modules in a systematic and

unattended fashion. In order to tackle this issue, we used a dual model oriented modeling

approach based on artificial neural networks (ANN) due to their advantages, being the

generalization capability the most outstanding one. We tried two different model ap-

proaches with different input/outputs specifications to learn the electrical behavior of a

monocrystalline PV module Atersa A-55 placed on the roof of the Faculty of Engineering of

Vitoria-Gasteiz (Basque Country University, Spain). Following these approaches we found

two season oriented models of IPV with a RMSE accuracy of 0.20 mA and 0.26 mA respec-

tively, which is better than the precision of the measurement devices. After comparing

these results with the state-of-art ones, we conclude that we have outperformed the

previously existing results.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Nowadays photovoltaic energy [1] is becoming increasingly

important. It is very suitable to be used in urban centers due

to its accommodation possibilities and because it pre-

vents the emission of contaminant subproducts [2]. The deep

knowledge of all the elements of which it is composed of,

would boost the optimization of each one of them and,

consequently, there could be an increment of the overall

performance of photovoltaic (PV) cells, modules and farms.

With regard to this issue, the accurate modeling of the elec-

trical behavior (mainly the supplied current and voltage, i.e.,

IPH and VPH) of PV elements (e.g., cells or modules) under

different working conditions is an open issue. We can find in

the literature several models which try to explain or predict

the electrical behavior of PV elements. If we generate a

* Corresponding author.
E-mail address: jm.lopez@ehu.es (J.M. Lopez-Guede).
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taxonomy in order to provide insight into this issue, the more

obvious division at high level is to split them into theoretical

and empirical models.

The common characteristic of theoretical models is that

they use a characteristic equation [3] (see subsection Ideal

photovoltaic cell) with a number of degrees of freedom. The

main difference among them is the number of parameters

that are used by each model, i.e., some authors keep all of the

degrees of freedom, while other authors use approximate

values for some of them.

The first group ofmodels is composed by thosewhich use a

double diode equivalent circuit with 7 parameters (a1, a2, RS,

RSH, I01 , I02 and IPH). This approach was used by Ref. [4], who

used NewtoneRaphson and LevenbergeMarquardt to

approximate the parameters. A new procedure based on an

explicit rational form in order to calculate the IeV character-

istic curve of thin-film photovoltaic modules was introduced

by Ref. [5], showing that its procedure was suitable for

modeling five different PV modules. In the literature this 7

parametersmodel has been also usedwith polycrystalline and

amorphous PV cells, as in Ref. [6], where authors used an

iterative algorithm which used theoretical values provided by

the manufacturers of the PV elements. They gave graphical

results (no numerical accuracies), but in any case, the com-

parison was with theoretical values. Finally, there are authors

as [7] who carried out the estimation of the 7 parameters

through an evolutionary algorithm and validated it using

experimental data obtained from a polycrystalline PVmodule.

A number of simplifications can be carried out on that

complete model, obtaining a 5 parameters model based on a

single diode equivalent circuit, being the parameters a, RS, RSH,

I0 and IPH. Some authors as [8] got an estimation of their value

by means of genetic algorithms, using several parameters

given by the manufacturer. In this case a monocrystalline PV

panel was used, but no RMSE values were given, only a com-

parison with five data of the theoretical data sheet of the PV

module was provided. Authors as [9] used an approach based

on modifying the value of RS and RSH using an iterative algo-

rithm in order to fit the theoretical curve to experimental data

in the maximum power point. Finally, some authors as [10]

tackled the parameters estimation problem in 3 different

ways, going from a more basic and rough model with two

direct approximations of the five magnitudes to a more

complex model where they were calculated. The results ob-

tained by these models were compared by the authors to

those of an actual facility provided by other authors, but this

approach was still a theoretic one.

Following this simplification way, some authors approxi-

mate characteristic parameters, being the most usual as-

sumptions that RSH ¼ ∞ in such a way that ISH ¼ 0 and it is

possible to discard the third term of the characteristic equa-

tion, obtaining a 4 parameters model, as in Ref. [11].

There are even simpler theoretical approaches making

more assumptions considering that RS ¼ 0 U or IPH ¼ ISC,

obtaining a model with only 3 parameters. In Ref. [12] authors

used the Rauschenbach model and the results obtained were

compared with the behavior of an actual photovoltaic farm.

Authors of [13] presented a model defining the magnitude

equations using the Simulink/Matlab environment. In fact

they built two different models: the one was implemented

using Simulink tags, while the other through the realization of

the equivalent circuit using electrical discrete components as

diode, resistances, etc., using the characteristic circuit instead

of the characteristic equation, considering that IPH x ISC.

Regarding the othermain type ofmodels, i.e., the empirical

models, theirmore outstanding common characteristic is that

they learn the electrical behavior of the PVmodules fromdata,

which does not mean exactly that these data should have

been gathered from real devices because they could be

generated from the characteristic equation once the charac-

teristic parameters have taken specific arbitrary values [14].

Although themost used is the first data obtentionmethod, it is

clear that the main advantages of one possibility are the main

inconvenients of the other and vice versa, i.e., it is more

feasible to obtain accurate models using experimentally ob-

tained data but it is necessary to have the real devices and to

spend time in long measuring processes, while using data

obtained from theoretical models it is feasible to obtain data

to learn the behavior of a number of PV modules changing

only the characteristic parameters with large time savings.

One of the possibilities of working with real data is to use

polynomial interpolation as in Ref. [3], where authors used

this method which was suited for only a limited range of ir-

radiances and temperatures.

Other authors have used the learning capabilities of the

artificial neural networks to obtain empirical accuratemodels.

Nomenclature

IPV Current provided by the PV module

VPV Voltage provided by the PV module

PPV Power provided by the PV module

IPH Photocurrent

VPH Photovoltage

a1, a2 Ideality factor of the diode(s)

RS Series resistance

RSH Shunt resistance

ISH Shunt current

I01 ; I02 Saturation current of the diode(s)

ID Diode current

T Cell temperature

K Boltzmann's constant

q Charge of the electron

G Irradiance

T Temperature

VOC Open Circuit Voltage

ISC Short circuit Current

VMPP Voltage at MPP

IMPP Current at MPP

noisew Weighting value of the noise

r Random value in [�1, 1]

h1 Number of nodes of the 1st layer

h2 Number of nodes of the 2nd layer

M Set of model formulations

R Set of normalizations

N Set of noises

H1 Number of nodes of the 1st layer

H2 Number of nodes of the 2nd layer

F Set of activation functions
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In Ref. [15] a model is obtained using ANNs but only for very

narrow amplitudes of temperature and irradiance. Authors of

[16,17] broadened those limits of both irradiance and tem-

perature obtaining two IPV models suited for different seasons

for polycrystalline and monocrystalline PV modules respec-

tively, but the obtention method was absolutely manual and

the accuracy was improvable. It is also possible to obtain

different models paying attention to different aspects of the

electrical behavior, for example in Ref. [18] two radial basis

function neural networks were used to generate two different

models: one obtaining IPV from voltage and irradiance, while

the second one obtaining PPV from the same input data.

Relative MSE errors of 2% and 1% were reported respectively,

but since the test was carried out only with training data,

authors have actually reported only the training accuracy. In

Ref. [19] again, two different models were generated, but both

of themused irradiance and temperature to predict the power.

The specific characteristic of that work is that each one of the

models is devoted to deal with cloudy and sunny days

respectively, being the border at 400 W/m2/day. After the

training processes, authors reported that the test RMSE of the

first model was 0.115%, while it was 0.11% for the second one.

Another work that also got models to predict power (and so is

neither comparable with this paper) from the relative hu-

midity, irradiance and temperature is [20], where neuronal

models were obtained for both monocrystalline and flexible

organic PV modules from experimental data. The reported

correlation coefficient of both models is around 0.85, which is

clearly improvable. Finally, there are authors who tried to

model not a PV module, but entire plants [21,22].

Once that the literature has been reviewed, we notice that

empirical models are more faithful to the real behavior of the

PV elements, that authors typically use custom procedures

and that there is also a lack of high accuracy, even more for

monocrystalline PV elements. So, the main objective

addressed in this paper is to obtain in a systematic way and

without specialists intervention artificial neural network

based dual models of monocrystalline photovoltaic modules

to predict their electrical behavior with very high accuracy. In

order to tackle this problem and demonstrate how it can be

solved, we have used as proof of concept the task of modeling

the Atersa A-55 (55 W) photovoltaic module. We have solved

the addressed problem obtaining a neuronal dual model

(season oriented) with an IPV test accuracy (Root Mean Square

Error, RMSE) of 0.201 � 10�3 A and 0.265 � 10�3 A (0.005% and

0.007% of the ISC respectively), and a maximum test error of

35.554 � 10�3 A and 7.512 � 10�3 A respectively. So, we

reached better accuracy than the measuring instruments of

the actual facilities (described in subsection Original dataset

recording procedure) and the state-of-the-art results have

been improved (where they are comparable), as discussed in

Section Comparison with the state-of-the-art results.

The paper is structured as follows. Section Backgroundgives

abasicbackgroundonphotovoltaicelementsmodeling,artificial

neural networks and on a systematic procedure used to model

theelectricalbehaviorofphotovoltaicmodulesinanunattended

way. The specification of two feasible model approaches is

formulated in Section PVmodule models specification. Section

Experimental setup gives a detailed description of the experi-

mental setup which has been designed in order to validate the

systematic procedure, while the obtained results for different

season oriented models are discussed in Section Experimental

results. These results have been compared with previous

worksofthestate-of-the-artofthisscopeinSectionComparison

with the state-of-the-art results. Finally, our more outstanding

conclusions are given in Section Conclusions.

Background

Ideal photovoltaic cell

In order to model an ideal photovoltaic cell, the most basic

approach is to use a current sourcewith an anti-parallel diode,

in such a way that the direct current generated by the expo-

sition of the photovoltaic cell to light changes in a linear

fashion under the effect of the solar radiation (part inside the

dotted line on the left part of Fig. 1). Amore complex approach

is to take into account the effect of a resistor in series and a

shunt resistor, which leads to an improved modeling. The

implied electrical magnitudes are the series resistance (RS [U]),

the shunt resistance (RSH [U]), the current of the diode (ID [A])

and the photogenerated current or photocurrent (IPH [A]).

Each PV module is composed of a number of cells, and this

model can be used to explain the behavior of an individual

cell, a PV module or of a matrix with a number of PVmodules.

Taking into account the schematic of Fig. 1, it is possible to

relate the current IPV and the voltage VPV provided by the PV

cell through Eq. (1) [4], which is expanded in Eq. (2) [13]:

IPV ¼ IPH � ID � ISH; (1)

IPV ¼ IPH � I0

0
@e

qðVPVþIPVRSÞ
aKT � 1

1
A� VPH þ IPHRS

RSH
; (2)

where T is the cell temperature [�C], K is the Boltzmann's
constant (1.38 � 10�23 [J/K]), a is the diode ideality factor, q is

the charge of the electron (1.6 � 10�19 [C]) and I0 is the satu-

ration current of the diode [A].

A number of manufacturing structural parameters of the

PV cell are involved in Eq. (2), i.e., RSH, RS, a, ID and IPH. Given

that it is a theoretical model and these last parameters are the

standard ones for a PV module model, it is only possible to

obtain approximate values when dealing with a specific and

real PV module. These individual small errors for one PV cell

can become relevant when dealing with large PV modules or

even worst, with large PV installations.

Artificial neural networks

One of the more outstanding utilities Artificial Neural Net-

works (ANN) [23] is the modeling of dynamic systems [24],

which could be arbitrary complex. There are several types of

ANNs, each one with different characteristics that make

them more suitable for solving specific problems. Anyway,

independently of their type all ANNs have several relevant

properties in order to face the problem that is being addressed

in this paper. The first one is the learning capability, i.e., they

can learn complex non-linear black boxmodels if suchmodels

are adequately designed with appropriate inputs and output
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and the adequate training algorithm is used. The second

property is relative to their generalization capabilities, which

in short means that if the training algorithm and the training

patterns have been carefully chosen, the behavior of the ANNs

in new situations probably will be adequate. The last property

is with regard to their calculation capacity, which confers

them real time capabilities since they have an inherent par-

allel internal structure. Due to these main properties and to

otherminor ones, ANNs have found a wide field of application

in a number of areas [25e27].

General systematic procedure for PV module model learning

In this subsection we recall a general systematic modeling

procedure forobtainingdifferentaccurateANNbasedmodelsof

electrical behavior of PV modules introduced by the authors in

Ref. [28]. Such procedure is detailed in Algorithm 1 (see

Appendix). Basically it starts gathering enough raw samples of

the relevant magnitudes for the models learning, then these

data are suited to the input/output specification of each model

and besides, they undergo a normalization and noise addition

process, leadingto thefinaldatasets. Eachdataset isdivided into

tree datasets, i.e., for training, for validation (in order to prevent

the overfitting effect) and for test (to assess the quality of the

model analyzing its capability to infer the electrical behavior of

the PV panel fromwhich the data have been obtained).

The last two steps of the Algorithm 1, i.e., 2(d) and 2(e) are

the most complex ones and Algorithm 2 (see Appendix) gives

further insight into them. This algorithm is still generic

enough to give a number of degrees of freedomwhich confers

him flexibility, but thatmust be instantiatedwhen it is used as

we do in subsection General systematic model learning

procedure instantiation.

PV module models specification

This section is devoted to describe the specification of the

models that are considered more suitable to predict the

electrical behavior of a PV module. As the purpose of this

paper is to build such models based on ANNs, the task can be

formulated as training ANNs to predict the IPV supplied by the

PV module taking into account specific combinations of in-

puts. The following are the two more feasible model

specifications:

� Approximation by M1 ¼ (VPV � IPV) model: The aim of the

design that guides this model is the simplicity. In order to

build a model as simple as possible, we can take irradiance

G and temperature T as almost constant magnitudes and

discard them as meaningful variables. This approach is

supported by the fact that the registered values for creating

the data set to train the ANN based models reported in

Table 1 show that the standard deviations of these mag-

nitudes are very small compared to the mean. Taking into

account that consideration, the ANNs implementing this

model have one real valued input (VPV) and one real valued

output (IPV) associated with each input value.

� Approximation byM2¼ (TGVPV� IPV) model: In this case the

objective that is pursued is to get the most accurate result

even taking into account magnitudes that could seem

valueless. So, in opposition to the previous model irradi-

ance G as well as temperature T along with VPV are used as

inputs in order to obtain IPV. Under these considerations,

the ANNs implementing this model have three real valued

Fig. 1 e Schematic of an ideal photovoltaic cell.

Table 1 e Mean and standard deviation of temperature
and irradiance of the registered data during the datasets
creation.

Summer
(August 2013)

Winter
(December 2012)

Temperature

[�C]
Mean 56.19 8.15

Standard

deviation

0.62 0.06

Irradiance

[W/m2]

Mean 920.21 51.14

Standard

deviation

1.37 0.71
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inputs (VPV, T,G) and one real valued output (IPV) associated

with each input combination of values.

As was stated in Section Introduction, given that the PV

modules of the experimental facility are placed on the roof of

the Faculty of Engineering of Vitoria (in the north part of the

tableland of Spain) they suffer a continental climate, which

leads to two well differentiated seasons along the year, i.e.,

summer and winter. So in this paper we will focus on the

obtention of two specific models following each of the above

introduced approaches: one summer oriented and the other

one winter oriented.

Finally, both one and two layers ANN models will be ob-

tained in order to analyze neuronal models of different in-

ternal complexities, betting on accurate models but as simple

as possible.

Experimental setup

In this section we give a detailed description of the different

elements and steps that we have taken into account during

the experimental part of the work described in this paper.

Subsection Photovoltaic module description gives the most

outstanding specifications of the PV module that has been

used to obtain an accurate model. The description of all de-

vices involved in the data gathering process for the PVmodule

model learning is given in subsection Original dataset

recording procedure, while subsection General systematic

model learning procedure instantiation is devoted to the

parametrization of the Algorithm 2, leading to its executed

instantiation.

Photovoltaic module description

In this subsection we give a very brief introduction on the

monocrystalline PV module that we have used in the experi-

mental section of the paper to obtain accurate models based

on ANN approximations. The PV module has been manufac-

tured by Atersa (Elecnor Group). The specificmodel which has

been used is A-55 (55 W) and the 4 individual modules of the

facility can be observed in Fig. 2, placed on the roof of the

Faculty of Engineering of Vitoria-Gasteiz (Basque Country

University, Spain). The state of the PV modules in summer is

shown in Fig. 2(a), while Fig. 2(b) shows the winter one. Each

one of the modules is composed of 36 series connected

monocrystalline cells, and the most relevant characteristics

are described in Table 2, which are usually evaluated under

the standard test condition (STC), i.e., with an average solar

spectrum of AM 1.5, an irradiance normalized to 1000 W/m2

and the cell temperature taken as 25 �C.

Original dataset recording procedure

This subsection is devoted to provide further insight into the

step 1 of the Algorithm 1. The general arrangement of all

involved devices to obtain the relevant magnitudes for model

learning is given, as well as their electrical specifications and

models. This data gathering procedure was carried out during

December of 2012 for the winter oriented model and during

August 2013 for the summer oriented model. A large number

of data were recorded, but after studying them authors

decided to simplify the dataset considering only 100 samples

of a typical day of December 2012 and 256 samples of a typical

day of August 2013 due to its higher variability.

The general arrangement of the elements that have been

used is shown in Fig. 3. First, a conceptual schematic con-

taining the placement of all devices used to register the

magnitudes used for data gathering is shown in Fig. 3(a). We

can see that the voltmeter is placed in parallel with the PV

panel in order to obtain VPH while the amperemeter placed in

series obtaining IPH. The remaining magnitudes are irradiance

G and temperature T (obviously weather dependent). The last

element of the conceptual schematic is a variable resistance

to be used as a varying load (at the convenience of the prac-

titioner) in order to obtain combinations of current and

voltage at a given temperature and irradiance. Moreover,

Fig. 3(b) shows the really used devices in the laboratory.

Fig. 2 e Atersa A-55 photovoltaic modules.

Table 2 e Atersa A-55 PV module more relevant
characteristics.

Attribute Value

Model Atersa A-55

Cell type Monocrystalline

Maximum power [W] 55

Open Circuit Voltage Voc [V] 20.5

Short circuit Current Isc [A] 3.7

Voltage, max power Vmpp [V] 16.2

Current, max power Impp [A] 3.4

Number of cells in series 36

Temp. Coeff. of Isc [mA/�C] 1.66

Temp. Coeff. of Voc [mV/�C] �84.08

Nominal operation cell temp. [�C] 47.5
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The sensor used to obtain the temperature (�C) and the

irradiance (W/m2) around the PV module during the data

gathering process is the Si-420TC-T-K device, giving its values

expressed in mA. The accuracy of such sensor is ±1.5 �C for

temperature and ±5% for irradiance.

Regarding the measurement of the direct current of the PV

module, the current clamp Chauvin Arnoux PAC12 device has

been used, which gives current expressed in mV. Such device

has two working modes: one with a broad input range from

0.5 A to 600 A DC (output precision of ±2%) and a second

working mode with a input range 0.4 Ae60 A DC (output

precision ±1.5%). Given that the IPV value of the Atersa A-55 PV

module is always under 5 A DCwe have used this last working

mode, obtaining a maximum error of ±75 mA.

The last relevant magnitude to be gathered is the VPV

supplied by the PV module, and in order to carry out that task

the programmable isolating amplifier Camille Bauer Sineax

TV80 has been used. This device is able to electrically isolate

its input and output signals and convert the signal level or

type (for example, from current to voltage or vice versa).

Actually, in the experimental part of this paper two different

devices have been used: the first one has been previously

explained, while the second one is used to translate the value

of IPV given by the current clamp Chauvin Arnoux PAC12 and

expressed in mV into mA, which is the magnitude that the

datalogger device is capable to read. The value of the VPV is

also directly converted into mA by the first device. The

parametrization of such translations is done through the

TV800plus software, where it is specified that the current and

voltage signals translation will be in the range of 4e20 mA.

The data sheet of this device states that its accuracy is ±0.2%
of the input maximum value, so regarding IPV the maximum

error is ±6.8 mA because its maximum value is 3.4 A, while in

the case of VPV the maximum error is ±32.4 mV because its

maximum value is 16.2 V.

Finally, as it was previously advanced, a datalogger device

is needed to gather the four relevant magnitudes (VPV, IPV,

temperature and irradiance) in order to build appropriate

models of the PV module. In this case a Camille Bauer Data-

logger Sineax CAM datalogger device has been used because it

is supplied with a software (CB-Manager) which eases the

work of configuring its I/O interface. The error introduced by

this device is negligible because its precision is ±0.1% of the

maximum input value, which is set to 20 mA.

General systematic model learning procedure instantiation

In this subsection we describe how the degrees of freedom of

Algorithm 1 and Algorithm 2 have been instantiated. First the

dataset modification is described, then the ANN basedmodels

training is detailed and finally, a formal instantiation of the

algorithms is provided.

Dataset adaptation
After recording the relevant magnitudes for models learning

(step 1 of Algorithm 1) using the electrical arrangement

described in subsection Original dataset recording procedure,

a complete dataset is obtained for PV module electrical

behavior modeling. The dataset adaptation to each model is

performed through the step 2(a), which is specific of each

model described in Section PV module models specification,

leading to different datasets, taking into account its input/

output specification. However, the steps 2(b) and 2(c) of the

Algorithm 1 also deal with the dataset adaptation.

During the step 2(b) a normalization and/or a noise addition

process could be done on input/output patterns of the dataset,

so the effect of the four feasible possibilities is explored:

� The normalization process of the input/output attributes of

the datasets translates them into the range [�1, 1].

Regarding this transformation, there are two versions of

each dataset, i.e., a raw unnormalized and a normalized

one.

� The noise addition process is intended to obtain a number

of dataset versions by the addition of noise to each attri-

bute based on uniformly distributed pseudo-random

numbers in the range r2[�1, 1], weighted by a parameter

noisew2[0, 100], as specified by Eq. (3). This modification

allows obtaining additive or subtractive noise modulated

by the noisew parameter. In the experiments carried out in

this paper the values noisew2{0, 1, 2, 5, 10} have been used

(note that noisew ¼ 0 means that the original value has not

changed).

attribute)attribute$f1þ ½noisew,ð2$r� 1Þ�g (3)

Regarding the step 2(c) of Algorithm 1, the partition of the

modified dataset into train, validation and test datasets is

somehow arbitrary. We state that we have partitioned the

Fig. 3 e Conceptual schematic and actually used devices during the data logging process.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 8 1 0 3e1 8 1 2 018108

http://dx.doi.org/10.1016/j.ijhydene.2017.02.062
http://dx.doi.org/10.1016/j.ijhydene.2017.02.062


samples of each dataset using interleaved indices, distributing

the 60% of the samples for training, the 20% for validation and

the last 20% for test.

Models training
As was previously stated, Algorithm 2 gives a detailed

description of the steps 2(d) and 2(e) of Algorithm 1, which

deals with the training issues of the ANN models.

In the experiments feed-forward ANNs with one and two

hidden layers have been trained. This circumstance is rele-

vant because it determines a number of structural charac-

teristics of the trained ANNs:

� Activation functions: We have trained and evaluated ANNs

using a number of activation functions in the nodes of the

hidden layers, depending indeed on its number:

e One hidden layer ANNs: tan-sigmoid, log-sigmoid and

purelin functions.

e Two hidden layers ANNs: tan-sigmoid, log-sigmoid and

purelin functions in the 1st hidden layer, while the

activation function of the 2nd hidden layer is linear.

� Hidden layers size: We have trained ANNs with different

combinations of nodes in each one of the one or two hidden

layers. Natural values spaced in a similar way to a linear dis-

tributionhavebeenusedasnodesnumber, dependingonthe

numberofhidden layers:Eq. (4) gives thesetof thenumberof

nodes in the case that the ANNhas one hidden layer (its car-

dinality leads to200values).Ontheotherhand,Eq. (6) defines

the set of the number of nodes of the 1st and the 2nd hidden

layers when the ANN has two hidden layers (its cardinality

leads to 36 values for each one of the hidden layers):

H1 ¼
�
h1

��h12ℕþ∧h12½1; 200�� (4)

H ¼
�
h

����h2ℕþ∧ h2

�
½1; 20� ∪ ∪

20

p¼5
5:p

��
(5)

H2 ¼
8<
:

h1jh12H if 1st layer

h2jh22H if 2st layer ∧ h2 � h1

(6)

Finally, there are other relevant aspects of the training

process that are not dependent on the number of hidden

layers, for example:

� Number of trials: we have performed 5 different training

trials for each resulting combination of number of hidden

layers, number of nodes in each hidden layer and activa-

tion function. For each one of these trials we have

measured different performance indexes in order to study

the behavior of each individual ANN and the behavior of

each generic ANN structure.

� Training algorithm: the LevenbergeMarquardt algorithm

has been chosen for training due to speed reasons. All the

input vectors are presented once per iteration in a batch.

Final formal instantiation
Finally, we provide the final formal instantiation of the

remaining degrees of freedom of Algorithm 2 defining the

following complete sets in order to formalize the algorithmic

description:

� M ¼ {M1, M2}: it is the set of the model formulations, with

M ¼ ∪j mj, being mj each model formulation described in

Section PV module models specification.

� R ¼ {true, false}: it is the set of the normalization possibil-

ities of the attributes of the datasets.

� N ¼ {0, 1, 2, 5, 10}: it is the set of noise percentage gains

feasible to be added to each attribute of the dataset, with

N ¼ ∪r nr, being nr each noise percentage possibility.

� H1: it is the set of number of available nodes of the hidden

layer if the ANNhas only one hidden layer, and it is defined

by Eq. (4).

� H2: it is the set of number of available nodes of the second

hidden layer if the ANN has such a second hidden layer,

and it is defined by Eq. (6).

� F ¼ {tan-sigmoid, log-sigmoid, purelin}: it is the set of all

available activation functions, with F ¼ ∪t ft, being ft the

activation function of the 1st hidden layer (the activation

function of the 2nd hidden layer is linear).

Experimental results

This section is devoted to discuss the results and findings that

have been achieved after carrying out the experimental setup

described in Experimental setup Section. Subsection Summer

specific model presents the results obtained for the summer

specific model, while subsectionWinter specific model for the

winter specific model.

Summer specific model

In this subsection the results achieved obtaining a summer

specific model are discussed according to the model specifi-

cation that has been used in each case.

In Table 3 the results obtained for the summer specific

modeling are shown for both model specifications

M1 ¼ (VPH � IPH) and M2 ¼ (TGVPH � IPH). In this table the best

ANN of both 1 and 2 layers is described for the previousmodel

specifications. In fact not only information about the best ANN

is provided, but about the best ANN structure too. The

descriptive information about each ANN includes:

� Norm: it indicates whether the dataset used for training has

been normalized or not

� Noise: it is the noise of the dataset used for training

� Nodes: it is the number of nodes of the 1st or the 1st/2nd

hidden layer(s)

� Funct: it is the activation function of the 1st hidden layer

� Perftrain
10�3

: it is the accuracy (RMSE) obtained with the

training dataset, in 10�3

� Perfval
10�3

: it is the accuracy (RMSE) obtained with the vali-

dation dataset, in 10�3

� Perftest
10�3

: it is the accuracy (RMSE) obtained with the test

dataset, in 10�3

� error testmax
10�3

: it is the accuracy (maximum error) ob-

tained with the test dataset, in 10�3
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On the other hand, Table 3 also provides the best ANN

structure, i.e., the ANN structure whose Perftest mean value

ðPerftest10
�3

Þ of all initializations is the best. The descriptive

information on this regards includes some data similar to the

explained before, adding some new fields:

� Perftest
10�3

: it is the mean accuracy (RMSE) obtained with the

test dataset including all the initializations of that struc-

ture, in 10�3

� s10�3: it is the standard deviation of the accuracy (RMSE)

obtained with the test dataset including all the initializa-

tions of that structure, in 10�3

� error testmax
10�3

: it is the mean accuracy (maximum error)

obtained with the test dataset including all the initializa-

tions of that structure, in 10�3.

M1 ¼ (VPV � IPV) model
Table 3 shows that the RMSE test accuracies for one and two

hidden layers were very similar, 0.414 mA and 0.402 mA

respectively. The same can be stated about themaximum test

error because the difference between the values of both

structures is less than 10 mA. In order to provide further

insight, Tables 4 and 5 give the accuracy of both the best in-

dividual ANN and the best ANN structure for all combinations

regarding normalization (Norm) and noise (Noise) for one and

two hidden layers ANN respectively. In this way it is possible

to inquire the effect of both the dataset used for training and

the structural parameters of the networks (number of layers,

nodes and activation function) on the reached accuracy. It is

remarkable that the best ANN structure does not contains

necessarily the best ANN.

In order to giver further insight into the reached accuracy

by the models that have been obtained, Fig. 4 shows the

learning capabilities of the best ANNs when tested using the

test dataset, more specifically Fig. 4(a) corresponds to the best

one hidden layer while Fig. 4(b) to the best two hidden layers

ANN. Therewe can see that the predicted value by the ANNs is

very accurate and the error even in the worst case is less than

0.05 A. Finally the correlation coefficients are shown in

Fig. 5(a) for the best one hidden layer ANN,while in Fig. 5(b) for

the best two hidden layers ANN. There we can see that the R

values for the two ANNs is over 0.999, which allows us to state

that the behavior of the PVmodule has been learnedwith high

accuracy.

Table 3 eAccuracy of 1 and 2 hidden layers ANNs for modelsM1 ¼ (VPH ¡ IPH) andM2 ¼ (TGVPH ¡ IPH) with summer dataset.
Results include all combinations regarding normalization, noise, hidden nodes and activation functions. Magnitudes
concerning accuracy are expressed in 10¡3.

ANN
structure

M1 ¼ (VPH � IPH) M2 ¼ (TGVPH � IPH)

1 layer 2 layers 1 layer 2 layers

Best ANN Norm Yes No Yes No

Noise 0 0 0 0

Nodes 12 3/3 7 19/12

Funct tansig logsig logsig tansig

Perftrain
10�3

0.716 0.978 0.601 0.326

Perfval
10�3

1.374 0.871 3.028 0.362

Perftest
10�3

0.414 0.402 0.385 0.201

error testmax
10�3

47.341 56.476 42.936 35.554

Best ANN structure Norm No Yes No No

Noise 0 0 0 0

Nodes 2 9/9 3 15/11

Funct tansig logsig tansig logsig

Perftest
10�3

0.756 0.719 0.791 0.347

s10
�3

0.086 0.136 0.261 0.036

error testmax
10�3

431.276 770.224 200.899 400.401

Bold values refer to Perftest for being the most relevant index.

Table 4 e Test performance results of summer specific modelM1 ¼ (VPV ¡ IPV) for each normalization and noise possibility,
taking all available combinations of hidden nodes and activation functions (ANN with 1 hidden layer).

Norm Noise BestANN Best ANN structure

Acc:10
�3

errormax
10�3

Nodes Funct Acc:
10�3

s10
�3

Nodes Funct

No 0 0.440 46.708 7 tansig 0.756 0.086 2 tansig

1 1.248 66.837 12 tansig 2.474 0,676 10 tansig

2 2.737 154.842 10 logsig 6.828 1.426 10 tansig

5 20.458 380.351 25 tansig 37.532 9.813 25 tansig

10 59.985 657.373 3 logsig 96.401 28.066 3 logsig

Yes 0 0.414 47.341 12 tansig 0.769 0.058 4 tansig

1 0.676 69.351 8 tansig 1.027 0.293 8 tansig

2 0.991 60.024 7 logsig 1.687 0.416 16 logsig

5 3.058 199.087 19 logsig 6.263 1.742 9 logsig

10 18.852 467.339 20 tansig 38.576 9.273 18 tansig

Bold values signify the best values.
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M2 ¼ (TGVPV � IPV) model
In Table 3we can see the RMSE test accuracies of the best ANNs

with one and two hidden layers learning this model are

0.385mA and 0.201mA respectively. In this case there is a clear

difference between them, being the second the half part of the

first one. These values indicate that obviously this approach is

better than the previous one since it has more inputs. On the

other hand, Tables 6 and 7 give the accuracy of both the best

individual ANN and the best ANN structure for all combina-

tions regarding normalization and noise for one and two

Table 5 e Test performance results of summer specific modelM1 ¼ (VPV ¡ IPV) for each normalization and noise possibility,
taking all available combinations of hidden nodes and activation functions (ANNwith 2 hidden layers) (Nodes 1/2: nodes of
the 1st and the 2nd hidden layer respectively).

Norm Noise BestANN Best ANN structure

Acc:10
�3

errormax
10�3

Nodes 1/2 Funct Acc:
10�3

s10
�3

Nodes 1/2 Funct

No 0 0.402 56.476 3/3 logsig 0.734 0.169 6/5 logsig

1 1.098 128.096 16/13 logsig 2.002 0.169 11/7 tansig

2 2.630 143.694 17/9 logsig 6.056 1.412 16/3 tansig

5 10.826 319.822 11/2 logsig 34.189 4.981 17/1 tansig

10 34.136 543.338 17/14 logsig 89.756 13.188 3/1 logsig

Yes 0 0.416 51.591 13/8 tansig 0.719 0.136 9/9 logsig

1 0.444 47.347 9/2 logsig 0.972 0.171 9/8 logsig

2 0.880 81.636 30/1 logsig 1.608 0.267 14/2 logsig

5 2.207 218.578 10/3 logsig 5.030 1.844 10/3 logsig

10 14.219 386.040 65/13 logsig 33.034 9.055 55/4 logsig

Bold values signify the best values.

Fig. 4 e Summer specific model accuracy under the specification M1 ¼ (VPV ¡ IPV).

Fig. 5 e Summer specific model correlation coefficient under the specification M1 ¼ (VPV ¡ IPV).
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hidden layers ANN respectively. Finally the correlation co-

efficients are shown in Fig. 6(a) for the best one hidden layer

ANN, while in Fig. 6(b) for the best two hidden layers ANN.

There we can see that although the first R coefficient indicates

a good learning, the second one is clearly improvable.

Winter specific model

In this subsection the results achieved obtaining a winter

specific model are discussed according to the model specifi-

cation that has been used in each case.

Table 6 e Test performance results of summer specific model M2 ¼ (TGVPV ¡ IPV) for each normalization and noise
possibility, taking all available combinations of hidden nodes and activation functions (ANN with 1 hidden layer).

Norm Noise Best ANN Best ANN structure

Acc:10
�3

errormax
10�3

Nodes Funct Acc:
10�3

s10
�3

Nodes Funct

No 0 0.462 44.169 3 tansig 0.791 0.261 3 tansig

1 1.855 69.766 2 logsig 3.147 0.792 8 logsig

2 2.810 124.030 1 tansig 5.241 1.644 1 tansig

5 4.169 143.854 2 tansig 18.655 1.712 1 logsig

10 11.272 343.993 1 logsig 22.282 9.318 2 tansig

Yes 0 0.385 42.936 7 logsig 0.987 0.276 4 tansig

1 0.575 37.455 3 logsig 1.272 0.552 7 tansig

2 0.591 60.970 25 logsig 1.480 0.415 10 tansig

5 0.730 54.557 13 logsig 2.564 1.075 7 logsig

10 1.783 51.467 18 logsig 5.082 2.600 2 tansig

Bold values signify the best values.

Table 7 e Test performance results of summer specific model M2 ¼ (TGVPH ¡ IPH) for each normalization and
noise possibility, taking all available combinations of hidden nodes and activation functions (ANN with 2 hidden layers)
(Nodes 1/2: nodes of the 1st and the 2nd hidden layer respectively).

Norm Noise Best ANN BestANNstructure

Acc:10
�3

errormax
10�3

Nodes1/2 Funct Acc:
10�3

s10
�3

Nodes1/2 Funct

No 0 0.201 35.554 19/12 tansig 0.347 0.036 15/11 logsig

1 1.515 142.488 4/2 logsig 2.645 0.691 3/1 tansig

2 3.465 179.741 1/1 logsig 9.865 1.418 9/6 logsig

5 17.028 3686.626 2/2 tansig 34.539 9.294 11/4 logsig

10 56.322 900.883 13/8 tansig 103.309 25.123 1/1 logsig

Yes 0 0.201 35.554 19/12 tansig 0.347 0.036 15/11 logsig

1 0.418 47.803 12/10 tansig 0.861 0.244 7/1 logsig

2 0.954 74.326 35/2 tansig 1.690 0.433 18/1 tansig

5 2.501 143.953 6/3 logsig 6.216 1.201 55/12 logsig

10 6.760 253.359 12/7 logsig 17.646 3.618 16/15 logsig

Bold values signify the best values.

Fig. 6 e Summer specific model correlation coefficient under the specification M2 ¼ (TGVPV ¡ IPV).
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In Table 8 the results obtained for the winter specific

modeling are shown, for both model specifications M1 ¼
(VPH� IPH) andM2¼ (TGVPH� IPH). All considerations taken into

account in subsection Summer specific model in order to

explain the structure of Table 3 are valid for Table 8.

M1 ¼ (VPV � IPV) model
In Table 8 we can see that the RMSE test accuracies for one

and two hidden layers ANN is relatively different in per-

centage, but in absolute value their are very similar (the

difference is less than 1 mA), and with the maximum test

error the situation is very similar, where the absolute dif-

ference between the two structures is less than 10 mA.

Tables 9 and 10 give the accuracies of the best individual

ANN and the best ANN structure for all combinations of

normalization and noise for one and two hidden layers ANNs

respectively, in order to study the effect of the dataset used

for training and the structural parameters of the ANN. As in

previous cases, it is not mandatory that the best ANN

structure contains the best ANN. In order to analyze the

performance of the learned ANNs, Fig. 7 shows the response

of the best one hidden layer ANN in Fig. 7(a) and the best two

hidden layers ANN in Fig. 7(b). Finally the correlation co-

efficients corresponding to these two best ANNs are shown,

more specifically in Fig. 8(a) for the best one hidden layer

ANN and in Fig. 8(b) for the best two hidden layers ANN.

There we can see that the R values for the two ANNs is over

0.97 in both cases, which indicates a high accuracy level of

the learning carried out.

M2 ¼ (TGVPV � IPV) model
In Table 8 the RMSE test accuracies of the best ANNs with

one and two hidden layers ANNs are reported. In this case

the best accuracies are 0.385 mA and 0.265 mA respectively.

In this case there is again a clear difference between them

in relative terms, but in absolute values it is less than

0.1 mA. These values indicate again that the approach M2 is

more accurate than approach M1 because it has more in-

puts to learn. On the other hand, Tables 11 and 12 give the

accuracy of both the best individual ANN and the best ANN

Table 8 e Accuracy of 1 and 2 hidden layers ANNs for models M1 ¼ (VPH ¡ IPH) and M2 ¼ (TGVPH ¡ IPH) with winter dataset.
Results include all combinations regarding normalization, noise, hidden nodes and activation functions. Magnitudes
concerning accuracy are expressed in 10¡3.

ANN structure M1 ¼ (VPH � IPH) M2 ¼ (TGVPH � IPH)

1 layer 2 layers 1 layer 2 layers

Best ANN Norm No No Yes Yes

Noise 1 0 0 0

Nodes 6 65/2 7 11/8

Funct logsig tansig logsig tansig

Perftrain
10�3

3.184 1.095 0.601 0.772

Perfval
10�3

2.748 7.105 3.028 3.393

Perftest
10�3

0.860 0.642 0.385 0.265

error testmax
10�3

75.496 69.705 42.936 75.123

Best ANN structure Norm Yes No No Yes

Noise 0 0 0 0

Nodes 6 2/1 3 5/3

Funct logsig logsig tansig logsig

Perftest
10�3

1.630 1.743 0.792 0.822

s10
�3

0.495 0.384 0.261 0.317

error testmax
10�3

556.667 208.613 200.898 361.9357

Bold values refer to Perftest for being the most relevant index.

Table 9 e Test performance results of winter specific model M1 ¼ (VPV ¡ IPV) for each normalization and noise possibility,
considering all available combinations of hidden nodes and activation functions (ANN with 1 hidden layer).

Norm Noise Best ANN Best ANN structure

Acc:10
�3

errormax
10�3

Nodes Funct Acc:
10�3

s10
�3

Nodes Funct

No 0 1.112 65.138 3 logsig 1.786 0.635 3 logsig

1 0.860 75.496 6 logsig 2.953 0.654 3 logsig

2 1.920 131.066 3 logsig 4.985 1.832 10 tansig

5 4.847 145.451 3 tansig 13.235 8.417 1 tansig

10 12.798 334.442 8 tansig 23.129 7.480 9 logsig

Yes 0 0.956 67.685 14 logsig 1.630 0.495 6 logsig

1 1.062 58.113 3 logsig 2.045 0.387 2 tansig

2 1.709 94.312 3 tansig 2.262 0.412 3 tansig

5 2.979 144.526 11 logsig 6.905 0.996 8 tansig

10 6.666 155.779 40 logsig 14.210 2.028 4 tansig

Bold values signify the best values.
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structure for all combinations regarding normalization and

noise for one and two hidden layers ANN respectively.

Finally the correlation coefficients are shown in Fig. 9(a) for

the best one hidden layer ANN, while in Fig. 9(b) for the

best two hidden layers ANN. There we can see that the R

values for the two ANNs is over 0.99 in both cases, which

indicates again a high accuracy level of the learning carried

out.

Table 10 e Test performance results of winter specific modelM1 ¼ (VPV ¡ IPV) for each normalization and noise possibility,
taking all available combinations of hidden nodes and activation functions (ANNwith 2 hidden layers) (Nodes 1/2: nodes of
the 1st and the 2nd hidden layer respectively).

Norm Noise Best ANN BestANNstructure

Acc:10
�3

errormax
10�3

Nodes 1/2 Funct Acc:
10�3

s10
�3

Nodes1/2 Funct

No 0 0.642 69.705 65/2 tansig 1.743 0.384 2/1 logsig

1 0.941 74.221 10/3 logsig 2.898 0.823 6/3 tansig

2 1.809 105.528 15/10 logsig 4.572 1.372 3/3 tansig

5 3.752 180.857 25/10 logsig 11.154 2.855 10/10 logsig

10 5.481 121.841 6/6 tansig 21.502 5.510 30/4 tansig

Yes 0 0.642 69.705 65/2 tansig 1.743 0.384 2/1 logsig

1 0.892 48.351 10/3 logsig 1.914 0.398 2/1 logsig

2 0.930 70.593 6/1 tansig 2.734 0.553 3/2 logsig

5 1.601 530.073 16/16 tansig 7.099 3.973 3/1 logsig

10 4.392 148.208 10/6 tansig 11.259 2.440 8/4 logsig

Bold values signify the best values.

Fig. 7 e Winter specific model accuracy under the specification M1 ¼ (VPV ¡ IPV).

Fig. 8 e Winter specific model correlation coefficient under the specification M1 ¼ (VPV ¡ IPV).
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Comparison with the state-of-the-art results

In this section we compare the state-of-the-art results on PV

modeling with ours in order to give more insight on our

achievements. In Table 13 we have summarized the most

accurate model results that we have reported in this paper

and in a previous study [17] carried out by the authors using

the same experimental facility, while in Table 14 there is a

summary of the best results reported by recent publications of

the literature of this scope. The researching methodology and

Table 11 e Test performance results of winter specific model M2 ¼ (TGVPV ¡ IPV) for each normalization and noise
possibility, taking all available combinations of hidden nodes and activation functions (ANN with 1 hidden layer).

Norm Noise Best ANN Best ANN structure

Acc:10
�3

errormax
10�3

Nodes Funct Acc:
10�3

s10
�3

Nodes Funct

No 0 0.461 44.169 3 tansig 0.792 0.261 3 tansig

1 1.855 69.766 2 logsig 3.147 0.792 8 logsig

2 2.810 124.030 1 tansig 5.241 1.644 1 tansig

5 4.169 143.854 2 tansig 18.655 1.712 1 tansig

10 11.272 343.993 1 tansig 22.282 9.318 2 tansig

Yes 0 0.385 42.936 7 logsig 0.987 0.276 4 tansig

1 0.575 37.456 3 logsig 1.272 0.552 7 tansig

2 0.591 60.970 25 logsig 1.480 0.415 10 tansig

5 0.730 54.557 13 logsig 2.564 1.075 7 logsig

10 1.783 51.467 18 logsig 5.082 2.600 2 logsig

Bold values signify the best values.

Table 12 e Test performance results of winter specific model M2 ¼ (TGVPH ¡ IPH) for each normalization and
noise possibility, taking all available combinations of hidden nodes and activation functions (ANN with 2 hidden layers)
(Nodes 1/2: nodes of the 1st and the 2nd hidden layer respectively).

Norm Noise Best ANN Best ANN structure

Acc:10
�3

errormax
10�3

Nodes1/2 Funct Acc:
10�3

s10
�3

Nodes1/2 Funct

No 0 0.301 21.323 3/3 logsig 0.838 0.216 9/8 logsig

1 0.815 73.329 10/8 logsig 2.934 0.780 5/2 logsig

2 1.929 87.772 7/1 tansig 5.017 1.387 6/5 tansig

5 6.491 215.930 8/4 tansig 17.750 10.297 3/1 logsig

10 8.333 229.116 9/2 tansig 24.845 6.083 2/2 logsig

Yes 0 0.265 75.123 11/8 tansig 0.822 0.317 5/3 logsig

1 0.411 41.519 9/8 logsig 0.948 0.352 7/3 tansig

2 0.362 37.482 7/5 tansig 1.446 0.390 11/1 logsig

5 0.840 78.422 8/3 tansig 1.844 0.355 7/4 logsig

10 1.159 72.279 13/5 tansig 3.829 2.209 19/1 logsig

Bold values signify the best values.

Fig. 9 e Winter specific model correlation coefficient under the specification M2 ¼ (TGVPV ¡ IPV).
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the aim of the most part of them is reviewed in Section

Introduction, so in this section only comments regarding their

results will be done. The composition of both tables is as

follows:

� Type: It is the type of the PV cells that compose the PV

modules used in each reference for modeling purposes

(mono: monocrystalline, poly: polycrystalline, thin: thin-

film, all: the model is applicable to any type of PV cell due

to its empirical basis and its no dependency on any specific

parameter/technology of the PV cell).

� Model: It denotes if the model is an empirical or a theo-

retical one.

� P: It is the maximum power of the PV panel [W].

� Mag: It indicates the variable or physical magnitude ob-

tained by the model.

� Metric: It is the metric or accuracy measurement that has

been used in order to evaluate the prediction ability of the

obtained model. It measures the discrepancy between the

real value of the magnitude and the predicted one. The

metrics are root mean square error (RMSE), mean square

error (MSE), mean error (ME), correlation coefficient (R) and

difference (Diff).

� Value: It gives the value of the metric when applied to the

real magnitude and the magnitude obtained by the model.

In the remaining of the section we provide a deeper

description and comparison of the findings of the works of

Tables 13 and 14 with the models reported in this paper:

� In Ref. [17] (Table 13) authors worked with the same PV

module, the same accuracy indexes and the same variable

to predict than in this paper. However, they did not used

the systematic procedure that has been applied in this

paper nor themore complexmodel approaches used in this

work, obtaining worse results that have been improved in

this paper as shown in Table 13 reducing the RMSE value

from 0.00241 to 0.0002, i.e., a reduction of 91.7%.

� In Ref. [28] authors introduced a systematic procedure to

obtain, in an unattended way, an accurate unified ANN

based model. The results were very accurate with their

best model (RMSE of 0.042) but they have been improved

in this work (RMSE of 0.0002). However, it is appropriate to

state that paper used an unified model while in this paper

two different season-oriented models have been ob-

tained, and besides, the maximum power of the PV

module used in this paper is minor than the maximum

power of the used in Ref. [28]. The last difference is that in

this reference the PV modules are polycrystalline, while

in this work are monocrystalline.

� In Ref. [5] authors introduced a procedure used to obtain

models of only thin-film PV modules, and besides to its

results, authors added the results of models of different

references of the literature. Results on the predicted

magnitude (IPV) are reported using a number of PV mod-

ules. If we roughly accept the equivalence betweenDiff and

RMSE, we can see clearly that even for PVmoduleswith less

maximum power, the accuracy obtained by some models

generated through our approach is better.

Table 13 e Comparison of the results reported in this paper with results of previous similar works.

Ref. Type Model P Mag. Metric Value Notes

This work Mono (all) ANN1 55 IPV R 0.99969 Summer oriented

“ “ “ RMSE 0.00041 M1 ¼ (VPH � IPH)

“ “ “ “ error testmax 0.04734 1 layer

“ ANN2 “ “ R 0.99973 Summer oriented

“ “ “ “ RMSE 0.00040 M1 ¼ (VPH � IPH)

“ “ “ “ error testmax 0.05647 2 layers

“ ANN3 “ “ R 0.99983 Summer oriented

“ “ “ “ RMSE 0.00038 M2 ¼ (TGVPH � IPH)

“ “ “ “ error testmax 0.04293 1 layer

“ ANN4 “ “ R 0.81057 Summer oriented

“ “ “ “ RMSE 0.00020 M2 ¼ (TGVPH � IPH)

“ “ “ “ error testmax 0.03555 2 layers

“ ANN5 “ “ R 0.99429 Winter oriented

“ “ “ “ RMSE 0.00086 M1 ¼ (VPH � IPH)

“ “ “ “ error testmax 0.07549 1 layer

“ ANN6 “ “ R 0.97825 Winter oriented

“ “ “ “ RMSE 0.00064 M1 ¼ (VPH � IPH)

“ “ “ “ error testmax 0.06970 2 layers

“ ANN7 “ “ R 0.99662 Winter oriented

“ “ “ “ RMSE 0.00038 M2 ¼ (TGVPH� IPH)

“ “ “ “ error testmax 0.04293 1 layer

“ ANN8 “ “ R 0.99375 Winter oriented

“ “ “ “ RMSE 0.00026 M2 ¼ (TGVPH � IPH)

“ “ “ “ error testmax 0.00751 2 layers

[16] Mono ANN1 55 IPV R 0.84664 Summer oriented

“ “ “ “ RMSE 0.00241 M1 ¼ (VPH � IPH)

“ “ “ “ error testmax 0.0737 1 layer

“ ANN2 “ IPV R 0.94011 Summer oriented

“ “ “ “ RMSE 0.0100 M1 ¼ (VPH � IPH)

“ “ “ “ error testmax 0.2475 1 layer

Bold values signify the best values.
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� In Ref. [7] authors used an evolutionary algorithm to

generate a theoretical model of a polycrystalline PVmodule

and the results of several works are reported. In this work

authors used the same metric to evaluate the prediction

quality of the relevantmagnitude (IPV), andweconclude that

our model is more accurate, but we also have to state that

their PVmodule isofmaximumpowerof120Wwhile oursof

only 55W. Anyway, the ratio between themaximum power

of the PVmodule and the RMSE value is better in our work.

� In Ref. [18] authors did not report the type nor the

maximum power of the used real PV module. They used

RFB neural networks to generate two models. The former

was devoted to obtain IPV from irradiance and voltage,

while the second one obtained PPV from the same magni-

tudes. Authors reported some numerical results using the

MSE accuracy index, but actually they have been obtained

with training data instead of with test patterns, so the ac-

curacy results are not comparable with ours since we have

carried out the test with test patterns. Moreover, the sec-

ondmagnitude nor themetric is the same of ours. Anyway,

our results improve the accuracy of 2% reported by authors

when testing the prediction ability on the IPV magnitude.

� In Ref. [19] authors obtained two different ANN based

models that were generated from a real PV panel. Both

models had temperature and irradiance as inputs while

power as output, which make them slightly different from

ours because the predicted magnitude is PPV instead of IPV.

However, these models are specialized in cloudy and

sunny days respectively, which is a coincidence with the

approach of this paper. Keeping in mind the slight differ-

ences, the can compare the RMSEs of themodels with ours:

the reported RMSEs are 0.115% and 0.110%, while our better

RMSE values are 0.0067% and 0.0208% respectively.

� In Ref. [20] authors reported the obtention of two ANN

based models from experimental data, each one for a

monocrystalline PV module while the other for a thin-film

PV module. The input of the ANNs are relative humidity,

irradiance and temperature, while the output is the gener-

ated power. In that work the predicted magnitude by the

model is again PPV instead of IPV and themetric isME instead

of RMSE, which makes that the results are not directly

comparable. However, the R coefficients reported in that

work is clearly worse than ours (0.849 versus 0.99983).

Conclusions

In this paper authors have addressed one of most outstanding

problemswhen control algorithms are designed to obtain best

feasible performance of PV modules, i.e., obtaining an accu-

rate model of the electrical behavior of photovoltaic modules.

In order to tackle this issue, we have used a systematic pro-

cedure to learn models of a monocrystalline PV module with

no expert intervention.

The paper has started giving a brief background on ideal

photovoltaic cell modeling and artificial neural networks

training. We have given the inputeoutput description of the

two more feasible model specifications to be used in order to

obtain an accurate prediction of the electrical behavior of the

monocrystalline PV module. With the aim of demonstrating

the feasibility of our approach, we have detailed the experi-

mental setup which has guided the validation part of the

paper, composed of the PV monocrystalline module Atersa A-

55, the measuring devices and the detailed description of the

general systematic procedure.

As a result of following that experimental setup we have

obtained very accurate models of both summer and winter

oriented models. The former behavior has been approached

with RMSE ¼ 0.201 mA and a maximum error of 33.554 mA for

a test dataset by an ANN with two hidden layers under the

model abstraction of M2 ¼ (TGVPH � IPH), while the more ac-

curate winter oriented model has a RMSE ¼ 0.26 mA and a

maximum error of 7.51 mA with a test dataset, in this case by

an ANN with one hidden layer under the model abstraction of

M2 ¼ (TGVPH � IPH). In the case of both learned models, we can

conclude that the proof of concept of the general systematic

procedure used to obtain different season oriented models of

a monocrystalline PV module has demonstrated that it is

adequate for that purpose, since in both cases the maximum

error is smaller than the precision of the measuring devices

Table 14 e Results of the models obtained by previous
relevant works of the scope.

Ref. Type Model P Mag. Metric Value Notes

[28] Poly (all) ANN1 185 IPV R 0.994 1 layer

“ “ “ “ RMSE 0.045

“ ANN2 “ “ R 0.994 2 layers

“ “ “ “ RMSE 0.042

[5] Thin Teor. 90 IPV Diff. 0.042 [5]

“ “ 130 “ “ 0.031

“ “ 42 “ “ 0.027

“ “ 125 “ “ 0.030

“ “ 128 “ “ 0.066

“ “ 90 “ “ 0.057 [29]

“ “ 130 “ “ 0.161

“ “ 42 “ “ 0.049

“ “ 125 “ “ 0.032

“ “ 128 “ “ 0.216

“ “ 90 “ “ 0.200 [30]

“ “ 130 “ “ 0.077

“ “ 42 “ “ 0.089

“ “ 125 “ “ 0.139

“ “ 128 “ “ 0.320

“ “ 90 “ “ 0.024 [31]

“ “ 130 “ “ 0.159

“ “ 42 “ “ 0.071

“ “ 125 “ “ 0.477

“ “ 128 “ “ 0.377

[7] Poly Teor. 120 IPV RMSE 0.061 [7]

“ “ “ “ “ 0.075 [32]

“ “ “ “ “ 0.072 [33]

“ “ “ “ “ 0.071 [34]

“ “ “ “ “ 1.257 [30]

“ “ “ “ “ 0.943 [9]

[18] - (all) ANN1 - IPV MSE 2% Training

- (all) ANN2 - PPV “ 1%

[19] Poly (all) ANN1 50 PPV RMSE 0.115%

“ ANN2 “ “ “ 0.110%

[20] Mono (all) ANN 55 PPV R 0.804

“ “ “ “ ME 0.056

Thin (all) ANN 12.4 “ R 0.849

“ “ “ “ ME 0.011

Bold values signify the best values.
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precision and our results outperform the state-of-the-art

ones.
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Appendix

This appendix section contains the two algorithms referenced

in subsection General systematic procedure for PV module

model learning.
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a b s t r a c t

The features of the new designed and constructed harvester are examined. The harvested

power of three piezoelectric layers having different masses (i.e. different natural fre-

quencies) has been explored. These layers have the same length around the harvester

body, whereas a permanent magnet (PM) attached to the shaft rotates by low speed wind

and this PM repels these three piezoelectric layers with a 120� phase shift. Since PM and the

PMs located to the tip of the layers do not contact, this system improves the lifetime of the

harvester. The measured harvested power in the low wind speeds (i.e. 1.75 m/s) is of the

order of 0.2 mW. The waveform includes many subharmonic and superharmonic compo-

nents, hence the total harmonic distortion (THD) is found around 130%, which is fairly high

due to nonlinear effects. Although the system shows an high THD, the 20% of the signal

can be rectified and stored in the capacitor for the use of harvested energy. A scenario has

also been created for a resistive load of RL ¼ 1 MU and 100 kU for various wind speeds and it

has been proven that the harvester can feed the load at even lower wind speeds. In

addition, extra power beyond the usage of the load can be stored into the capacitor. The

proposed harvester and its rectifying unit can be a good solution for the energy conversion

procedures of low-power required machines.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

There exist growing works on the long-life energy required

devices such as unmanned aerial vehicles, sensor nodes,

pacemakers, etc [1e3]. After the recent improvements in

nanotechnology, many piezoelectric materials and related

structures can be fabricated from micro to macro-scales in

various geometries upon the application needed [4,5]. In that

frame, macrostructures or devices such as bicycles, shoes,

arm and leg connected piezo-powered systems have also been

frequently studied in addition to micro structures [6e9].
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Nowadays, the literature has many harvester applications

[10]. As the main goal to generate energy, leaf type piezo-

electric generators [11], contacted windmills [12,13], two de-

grees of freedom beam type wind generators [14] and flow

induced self excited wind power generators [15] can be

mentioned. Many of them are operated with mechanically

contacting piezoelectric layers [16].

As the most compact harvester tool, piezoelectric mate-

rials are widely used for the wireless devices in nature, in-

dustry and human activities [17e20]. It is mainly due to their

easy installation and maintenance, compact structure and

high energy density [21]. According to last technological

achievements, it has become much cheaper relative to the

past years. For that reason, piezoelectric components start to

find good place among the other energy conversion systems

such as solar panels, thermoelectric generators, etc.

By considering the low energy requirements, the piezo-

electric generators give a power scale of mW or mW, which are

already sufficient for many engineering applications. On the

one hand, most of the electrical devices use batteries and that

creates the maintenance problems because of the either the

environmental issues or their complex recycling processes.

Besides, the lifetime of a battery is too limited and this lifetime

can be increased further by different external and

environmental-friendly resources [22,23]. In that context, an

additional piezoelectric harvester can be mounted to charge

the batteries in real time or feed the device itself, continuously.

The harvesters are such devices that can convert ambient

vibrations into a useful electrical energy. The main research

activity aiming at improving the harvesting performance is

into three main groups: the production of piezoelectric ma-

terials, the design of mechanical systems and the imple-

mentation of efficient conversion circuit. Although the

harvested energy per material volume of a piezoelectric is

higher than any conventional solar and wind energy appli-

cations, piezo-systems have some issues and should be

further improved for better energy solutions. For instance, the

wind speeds of our interest are in the range of 1.6 m/se3.2m/s

due to the fact that the generated force from small blades

(around 1.3 � 10�3e3.2 � 10�3 m2) is too small around 0.1 N at

those speeds. That condition makes the use of any type of

electromagnetic harvester or conventional turbines be

impossible, thereby the piezoelectric-based devices have

certain advantages for the feeding of small-scale devices in

that manner. However, the other task should be the solution

to the artifacts stated above by designing those.

The main objective of the present study is to show the

useful electrical power generation from the present compli-

cated voltage waveforms and characterize the output power

with a resistive load for various wind speeds. In addition, this

new harvester with triple piezoelectric layers is introduced for

a micro-range power generation without any mechanical

contact. Therefore it has certain advantages to increase the

mechanical durability of the system and piezoelectrics as

well. The proposed harvester can be used in low power ap-

plications being far away from any electrical grid and it can be

fed at lowwind speeds and an extension to the life-span of the

battery can be enabled. Besides, the energy range can be

increased further by using thicker piezoelectric layers in the

same harvester.

The paper is organized as follows: Section The

experimental setup of the harvester gives some introductory

information on the design and construction of new harvester

and the preliminary tests. Section Theoretical background

provides a brief explanation of the theory as the preparation

to the time-dependent simulations. Experimental results

carried out in wind tunnel along with power consumption

features of the weather station are presented in Section

Results and Discussion. Finally, the concluding remarks are

given in the Conclusions Section.

The experimental setup of the harvester

The wind energy harvester consists of four main parts (see in

Fig. 1(a)): A propeller which can rotate freely by the wind, a

shaft transferring the mechanical rotation to the magnet, a

piezoelectric unit including three layers and the electronic

part, which is responsible to regulate and store the harvested

electrical signal from the terminals of the piezoelectric layers.

The three layer structure of the harvester occurs due to

three separate piezoelectric layers, which are located with

120� angle to each other on a circular geometry. Each layer tip

having a small permanent magnet is oriented in such a way

that the magnet on the shaft can repel it when it comes to the

opposite. Although the device has three identical piezoelectric

layers, the magnet numbers at the tip of them differs. Indeed,

that affects the natural frequency of the layers due to the in-

crease at the magnet mass. The higher mass creates lower

frequency due to the buckling formation along the gravity.

Note that in order to provide the security of the layers, a cy-

lindrical polyethylene material has been fixed on the shaft. It

prevents the damage of the piezoelectric layers especially at

high wind speeds, since the nonlinear effects can attract the

layers into the shaft and that lead to damages on the layer.

When thewind flows through the blades as in thewind tunnel

tests (see in Fig. 1(b)), the shaft rotates about the shaft axis and

the permanentmagnet attached to themiddle of the shaft just

inside the polyethylene material is rotated. A more detailed

form of the setup is presented in Fig. 1(c and d) in order to

determine the units of harvester and its operational parts. The

blades are directly connected to the central shaft, which as

responsible to transfer the rotational movement to the per-

manent magnet housed in the polyethylene cylinder at the

right side (Fig. 1(d)). Note that the cylinder has certain lateral

regions in order to stop the tip of the layers, thereby prevent

them to be damaged. As shown in Fig. 1(c), the body part of the

harvester includes all the piezoelectrics, which are respon-

sible to generate electricity from the mechanical oscillations.

When the magnet gets closer to each layer tip, the layer has

been bent without any mechanic contact, since the poles of

the magnets have been adjusted same. Every wind speed

creates a vibration and that is then transferred into the elec-

trical potential on the layers.

This wind energy harvester has a novel structure due to its

contactless operation to the shaft. According to the literature,

we have another contactless harvester study, however it is a

single layer device and has much harmonics [24]. Indeed, the

optimal power generation is an important task for such sys-

tems, which has high harmonic waveforms. Within that
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study, we offer a suitable rectifier and storage circuit by

applying two different cases for different electrical resistive

loads RL. Each piezoelectric layer has the dimensions of

41.3 mm � 4.7 mm � 1.5 mm and the weight of 1.1 g. Besides,

its capacitance and stiffness values are 12 nF and 61 N/m,

respectively. In the experiments, a data acquisition system

with NI USB-6250 DAQ has been used. This card has 16 analog

inputs and it can make multiple records of displacement and

harvested voltages, synchronously.

The experimental setup is shown in Fig. 1(a). The harvester

operates in the wind tunnel tests. The experimental setup

includes an anemometer measuring the wind speed of the

tunnel. During these tests, wind speeds has been adjusted

between v ¼ 1.6 m/s to 3.2 m/s, which are fairly less than the

speeds for the conventional wind generators. The setup also

includes a laser displacement sensor, a laptop for data re-

cordings and resistive loads. Fig. 1(b) shows the detail of the

layers and the magnets.

In Fig. 2, the schematic representation of the rectifier-

storage circuit is given. The waveforms from the terminals

of three piezoelectric layers are given to the input of a three

phase full bridge rectifier. Here BAS70 type diodes with low

Shottky barriers have been used for the best performance.

From the output of the rectifier the rectified waveform has

been given to the capacitor C1 of capacitance equal to 100 mF.

Note also that different resistive loads have also been

attached at the output of the circuit in order to observe the

performance of the harvester. In the schematic of Fig. 2 a

100 kU resistor has been placed after the rectifier to evaluate

the performance of the generators under load condition.

The simulations have been carried on using a SPICE

simulator from Texas Instruments, TINA TI. As it can be seen

in Fig. 2, three voltage generators have been placed in the

simulator to represent each of the three piezoelectric har-

vesters. The model of the generator used in the simulator

corresponds to an arbitrary generator: it requires a definition

of the voltage waveform (a time series in WAV format), its

peak amplitude and the internal impedance.

The WAV time series and the peak amplitudes have been

obtained from real measurements of the harvesters with an

oscilloscope.

The maximum power extraction for a piezoelectric gener-

ator is achieved at the working point located at one half of

open circuit voltage Voc with a corresponding current equal to

one half of its closed circuit current Icc. Taking into account

these consideration, the internal impedance of the piezo-

electric energy harvester which is equal to the optimal load

can be obtained from the datasheet parameters [25,26] of the

piezoelectric element (Piezo Systems model D220-A4-503YB)

as follows.

Ropt ¼ Voc

Icc
x8:5 kU4Pmax ¼ 1

4
Voc

2

Ropt

Fig. 1 e (a) The proposed wind energy harvester and test setup, (b) piezoelectric layers and magnets. (c) The sketch of the

harvester with size. (d) The closed view of rotating components.

Fig. 2 e Three phase full bridge rectifier and storage circuit.
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Given this value, the results of the simulation are pre-

sented in Fig. 3. Since the piezoelectrics indicate mostly a

capacitivemedia due to its dielectric properties, Fig. 3 provides

a good solution on the energy storage feature of three piezo-

electrics. Note that the circuit in Fig. 2 is used to rectify the

waveforms in order to charge the capacitor.

As it can be seen, even with a 100 kU load connected to the

rectifier, the voltage across the capacitor reaches a value close

to 22 V in about 8 s. This is well visible in Fig. 4. Moreover, from

the same plot is possible to note how the three generators

produce different voltages rich of harmonics. This is mainly

due to different resonance frequencies of the three energy

harvesters.

Fig. 5 has been measured directly from the terminals of

three piezoelectric layers via an oscilloscope. Before the

rectifier has rectified the waveforms, all waveforms are seen

to be highly distorted.

Due to harmonics and distortions, an ordinary three phase

formation cannot be obtained, clearly for this new harvester.

The three harvesters have different behavior since themasses

placed on the tip are different and can be adjusted via adding a

different number of permanent magnets: That yields to

different natural frequencies and waveforms as a result.

Theoretical background

The theoretical expression of the proposed harvester can be

stated as follows:

dq
dt

¼ u; (1)

m1
d2r1
dt2

¼ �kr1 � g
dr1
dt

þ av1 þ fm dðq� q1Þ; (2)

m2
d2r2
dt2

¼ �kr2 � g
dr2
dt

þ av2 þ fm dðq� q2Þ; (3)

m3
d2r3
dt2

¼ �kr3 � g
dr3
dt

þ av3 þ fm dðq� q3Þ; (4)

I1 ¼ a
dr1
dt

� C
dv1

dt
; (5)

I2 ¼ a
dr2
dt

� C
dv2

dt
; (6)

I3 ¼ a
dr3
dt

� C
dv3

dt
; (7)

where, q, u, d, m, r, u, a, V, fm, qA, C, I and k indicate angular

position of the magnet, propeller speed, Kronecker delta

which gives “1” for q ¼ qi (i ¼ 1 … 3) else “0”, mass of the layer,

radial position to center of shaft, mass displacement of layer,

force factor of layer, voltage between the layer terminals,

magnetic force of magnet, angular position of layer, layer

capacitance, harvested current and stiffness constant of the

layer, respectively. For a similar formulation of a different

system, we refer to our earlier studies [27,28].

In order to obtain the dimensionless form, we introduce a

time constant t ¼ u0t into the derivatives in Eqs. (1)e(7). One

arrives at the following for the dimensionless equations:

dq
dt

¼ u

u0
; (8)

d2r1
dt2

¼ �r1

�
1þ f11SinðqÞ dðq� q1Þ

k

�
� G1

dr1
dt

� А1v1

þ F01 SinðqÞ dðq� q1Þ; (9)

d2r2
dt2

¼ �r2

�
m1

m2
þm1

m2

f12SinðqÞ dðq� q2Þ
k

�
� G2

dr2
dt

� А2v2

þ F02 SinðqÞ dðq� q2Þ; (10)

d2r3
dt2

¼ �r3

�
m1

m3
þm1

m3

f13SinðqÞ dðq� q3Þ
k

�
� G3

dr3
dt

� А3v3

þ F03 SinðqÞ dðq� q3Þ; (11)

I1 ¼ au0
dr1
dt

� Cu0
dv1

dt
; (12)

I2 ¼ au0
dr2
dt

� Cu0
dv2

dt
; (13)

Fig. 3 e Simulation of the charging of a 100 mF capacitor with the three piezoelectric energy harvesters.
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I3 ¼ au0
dr3
dt

� Cu0
dv3

dt
; (14)

where fmi ¼ Sin(q) (f0i þ (d� ri) f1i) is considered according to our

previous studies under themagnetic field,which has a rotation

effect [28,29] Here i denotes the piezoelectric index as before.

Since the magnetic force is a displacement-dependent func-

tion, the expression should include at least the linear depen-

dence to the position r. Since the higher order terms of the

magnetic force fm is out of the scope of the present study,we do

not consider it for now. However, if d as the distance from the

tip of the piezoelectric to the magnet located on the shaft is

closed, more contribution will be from f0 and f1 in that regard.

The systems parameters can be stated as follows after the

dimensionless forms:

(a) The magnetic force strengths:

F01 ¼
�
f0 þ d f1

k

�
; (15)

F02 ¼
�
f02 þ d f12
m2u

2
0

�
; (16)

F03 ¼
�
f03 þ d f13
m3u

2
0

�
; (17)

Fig. 4 e Detail of the simulation of the charging of a 100 mF capacitor with the three piezoelectric energy harvesters: the

voltage at the position of the marker “a” is equal to 22.4 V.

Fig. 5 e Oscilloscope view of the waveforms of three

piezoelectric layers for RL ¼ 800 kU. The wind speed is

3.2 m/s.

Fig. 6 e Three representative waveforms from three layers at the wind speed v ¼ 2.88 m/s.
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(b) The damping coefficients:

G1 ¼ g

k
(18)

G2 ¼ g

m2u0
(19)

G3 ¼ g

m3u0
(20)

(c) Force factors:

А1 ¼ a

k
(21)

А2 ¼ am1

m2k
(22)

А3 ¼ am1

m3k
(23)

(d) The natural angular frequency of a piezoelectric:

u0 ¼
ffiffiffiffiffiffiffi
k
m1

s
(24)

By considering the equations above, a numerical approach

can be used to determine the tip position, velocity, generated

current and voltage by using a RungeeKutta time integration

inMatLab. For this aim, we should transform the second order

differentiations to first order forms. If we denote the tip ve-

locity of the piezoelectrics with u, one arrives at the following:

dq
dt

¼ u

u0
; (25)

dr1
dt

¼ u1 (26)

du1

dt
¼ �r1

�
1þ f11SinðqÞ dðq� q1Þ

k

�
� G1u1 � А1v1

þ F01 SinðqÞ dðq� q1Þ; (27)

dr2
dt

¼ u2 (28)

du2

dt
¼ �r2

�
m1

m2
þm1

m2

f12SinðqÞ dðq� q2Þ
k

�
� G2u2 � А2v2

þ F02 SinðqÞ dðq� q2Þ; (29)

dr3
dt

¼ u3 (30)

du3

dt
¼ �r3

�
m1

m3
þm1

m3

f13SinðqÞ dðq� q3Þ
k

�
� G3u3 � А3v3

þ F03 SinðqÞ dðq� q3Þ; (31)

I1 ¼ au0
dr1
dt

� Cu0
dv1

dt
; (32)

I2 ¼ au0
dr2
dt

� Cu0
dv2

dt
; (33)

I3 ¼ au0
dr3
dt

� Cu0
dv3

dt
; (34)

The currents I can be determined by v/RL as usual, when

the electrical load is connected to each piezoelectrics. Note

that v denotes the harvested voltages as defined before. A

representative simulation result will be given in the next

section by introducing them into the MatLab as the first order

differential equations. Here the wind speed is introduced as

the angular velocity u to the equations.

Fig. 7 e FFT results of the waveforms in Fig. 6: (a) Layer A,

(b) Layer B and (c) Layer C.
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According to this formulation, when the propeller rotates

with an angular velocity u, that mechanical effect is trans-

mitted to the radial position r for the corresponding layer,

which are denoted by 1, 2 and 3 indice. Note that different tip

masses m1, m2 and m3 affect the natural frequencies of the

buckling layers, hence modifying the generated waveform.

When the radial distance changes via the buckling, the

piezoelectric layers generate currents at their terminals,

which are defined by Eqs. (32)e(34). Note that the electrical

current depends on the velocity and the potential change by

time. While the potential changes, the charge amount is

changed inside the piezo-material [30].

Results and discussion

After the construction of the setup in Fig. 1(a), we tested the

energy harvesting mechanism and the rectifying and storing

circuit at different wind speeds in thewind tunnel. Initially we

acquired the natural waveforms directly from the terminals of

the layers. The voltages of three piezoelectric layers are given

in Fig. 6. Each layer has been shown in different colors (in the

web version). The signal amplitudes can change due to

different tip masses of the harvester. This data were recorded

at the wind speed v ¼ 2.88 m/s. The system can produce

voltages up to 12 V depending on the wind speed.

According to these waveforms, the system produces high

degrees of harmonics which makes the rectification process a

complicated task. Here, we aim at exploring and implement-

ing an efficient rectifying circuit. Therefore, we first analyzed

the FFT of the waveforms of each layer. The FFT analysis re-

sults are presented in Fig. 7(aec).

The results prove that each layer has different frequency

combination. While Layer A has maximal frequencies up to

130 Hz, Layer B has 280 Hz and the last layer has 350 Hz. The

main frequencies of all layers have various values. Strictly

speaking, they are f ¼ 13 Hz, f ¼ 7 Hz and 5 Hz for Layers A, B

and C, respectively. Note that there are some frequency

clusters for each of them. A detailed analysis on thewaveform

of Layer A proves that 7 Hz, 105 Hz, 20 Hz, 35 Hz, 90 Hz, 98 Hz

and 42 Hz are key components of the frequency spectrum

(Fig. 7(b)). In the case of Layer B, the leading components can

be counted as 9Hz, 13 Hz, 60 Hz, 66 Hz and 78Hz. The last layer

has the leading components of 10 Hz, 53 Hz, 49 Hz and 58 Hz

(Fig. 7(c)). The high frequency components have the lowest

amplitudes and they do not contribute significantly to the

power generation from these waveforms. In terms of har-

monics analysis, we have also conducted a detailed analysis

on the total harmonic distortions (THDs).While the THD value

of Layer A is found as 101%, the THD values of Layer B and C

are found as 132% and 70%, respectively. As also clarified from

those values, the waveforms are highly distorted.

As the most important experimental exploration, we have

applied two variablewind speed regimes as in Fig. 8(a and b) in

order to test the new harvesting system in conditions similar

to the natural environment. In Fig. 8(a), the electrical load

RL ¼ 1 MU is used for the power extraction from the system.

The wind tunnel has started to rotate the propeller of the

harvester with v ¼ 2.23 m/s as in Fig. 8(a). At lower speed than

1.75 m/s, the capacitor does not store sufficient charges,

Fig. 8 e Wind tunnel tests under random wind speeds. (a) Resistive load is RL ¼ 1 MU and (b) RL ¼ 100 kU.
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therefore the voltage generated is directly spent on the load.

However, when the wind speed becomes v ¼ 2.79 m/s, the

voltage across the capacitance (i.e. resistive load at the same

time) increases dramatically. Even on the plateau between

70 s and 90 s, the capacitor charges up to nearly 0.6 V. On that

plateau, thewind speed gradually increases up to 2.88m/s and

the voltage increases at the storage circuit up to 0.82 V when

wind flows with 3.03 m/s. After suddenly decreasing the wind

speed down to 2.48 m/s, as encountered in nature, the energy

stored is spent into the load between 180 s and 230 s. However,

the speed 2.48m/s is still high enough to producemore energy

than the consumed. Another plateau occurs around 0.3 V be-

tween 230 m/s and 280 m/s. However, when the wind speed

decreases down to v ¼ 1.74 m/s, the power stored in the

capacitor is about to vanish. This cyclic behavior restarts after

350 s, when another flow with 2.75 m/s speeds up the gener-

ator and the voltage increases at 0.5 V. Note that the load

dissipated energy during all the time. In real applications, the

user systems usually have stand-by condition, which do not

spend much energy from the capacitor. Therefore, the pro-

duced energy can be sufficient for many applications even in

that wind speed range. For instance, the power value 1 mW

stands for the stand-by condition under 1 V with the current

amount 1 mA for many applications.

In Fig. 8(b), another scenario is tested. While the wind

regime resembles to the first case, the load is smaller (i.e.

RL ¼ 100 kU) for the second case. This load value does not

match the generator impedance, so that the harvested power

is reduced. . However, this test is important in order to see the

voltage levels, when the load is changed. An overview into

Fig. 8(b) proves that the maximal voltage 0.15 V is obtained at

v ¼ 3.16 m/s between 180 s and 200 s. However, a gradually

increasing trend occurs from the beginning to that value.

However, also in this case for wind speed higher than 2.4 m/s

the harvester can both drive the user system and store excess

energy in the capacitor.

The total harvester power is shown in Fig. 9. It has a

maximal value of 3.8 mW at 1.15 MU. Further optimizations of

such a system must be done. In particular, the maximum

power point tracking (MPPT) technique can be a useful to

improve the efficiency for variable loads.

When the load is adjusted around 200 kU, nearly the

quarter of the optimized power can be reached. There exists a

nearly linear power increase with the load. All these mea-

surements have been done without the rectifying and storage

circuit. Fig. 10 shows the rectified voltage and power with

respect to the wind speed.

The results indicate that the system still harvests energy at

v ¼ 1.75 m/s. When the speed increases, the harvested power

increases slowly.When the speed exceeds the value of 2.25m/

s, the power increases rapidly. After 2.85 m/s, the power in-

crease occurs slowly again. All these features can also be seen

in peak voltage in Fig. 6.

In order to provide a simulation result for the proposed

harvester model, Eqs. (25)e(34) have been solved with a time

integration. Since three of the layers have various mass

values, their voltages vary as in Fig. 11.

Fig. 9 e The total harvested power from the terminals of

piezoelectric layers at 3.03 m/s.

Fig. 10 e The dc voltage and power variation for different wind speeds at RL ¼ 1 MU.
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Conclusions

The output power characteristics and voltage waveforms of a

new type triple piezoelectric layer harvester have been

explored. The waveforms from three layers are observed to

have different nonlinear features. Although the device has

three identical layers, the magnet numbers at the tip of the

piezoelectric materials affect the natural frequencies of the

layers. The harvested power has beenmeasured as 0.2 mW in a

low wind speed such as 1.75 m/s. While the power amount

from directly piezoelectric terminals has been measured as

3.8 mW, the nonlinearities in the waveforms prevent to have

all of the power as a useful power. The waveforms consist of

many subharmonic and superharmonic components, hence

the total harmonic distortion (THD) has been found around

130%, which is fairly high due to nonlinear effects. Although

the system shows a high THD, the 20% of the signal can be

rectified and stored in the capacitor for the use of harvested

energy in accordance with the tests. Two scenarios have been

created for resistive loads of RL ¼ 1 MU and 100 kU for variable

wind speeds in order to test the performance of the harvester.

It has been proven that the harvester feeds the load at even

lower wind speeds such as 1.75 m/s. In addition, extra power

beyond the usage of the load can be stored into the capacitor

for the future usage. The harvester is considered to be a good

candidate for the power source of low-power required ma-

chines, however an efficient maximum power point tracking

scheme can be used to achieve better solutions for variable

electrical loads. In addition, thicker piezoelectrics can be

better to increase the harvested energy from the proposed

contactless harvester system.
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In the present study, experimental and theoretical explorations on the buckling
features of a wind energy harvester have been performed. The harvester con-
sists of a piezoelectric layer, which has a certain stiffness and voltage conversion
rate. A blade rotates on a shaft carrying a magnet and sweeps the tip of the layer
causing a serial buckling effect resulting in energy generation. Since the mod-
eling of the buckling under a magnetic strength includes nonlinear terms over
displacements, one requires a detailed study on the characteristics of buckling
phenomena. It has been proven that the piezoelectric beam having the magnet
at its tip can produce regular and chaotic dynamics for different frequencies (i.e.
the rotation speed). In addition, there exist a number of quasi-periodic regions
on the parameter space. The overall result indicates that the large area of
complicated dynamics requires a detailed study in order to stabilize the position
and velocity of the layer tip, thereby a much stabilized energy conversion from
mechanical to electrical can be obtained. The present survey on the dynamics of
the harvester is a new study and is considered as a two-parameter diagram [i.e.
the wind speed (frequency) and magnetic strength]. Mainly, single-, double-,
triple- and quadruple-type phase space portraits have been observed and the
ripples on the maximal and minimal values of the beam velocity have been
observed for certain rotation speeds. These results can be used in order to sta-
bilize the harvester in terms of the reduction of total harmonic distortion in the
generated waveform.

Key words: Piezoelectric, buckling, power, magnetic field, chaos

INTRODUCTION

Energy demand in the community is forcing
researchers to model and implement new and
efficient energy harvesting techniques. The har-
vesting techniques especially aim to cover the power
requirements of autonomous sensor nodes, alarm
systems, actuators and other micro- or milliwatt
consuming devices. While the harvesters enable the
enhancement of the lifetimes of the regenerative
systems and operations, they can also serve as a
unique source without a battery.1,2

Portable and wireless devices such as alarm
systems, mobile weather devices and sensors can
have longer battery lives, and thereby require less
recharging time by applying harvesting mecha-
nisms. Among all harvesting mechanisms, the con-
version of mechanical energy from background
vibrations into electrical energy via a piezoelectric
(PZT) layer has the highest power density.1–3 In
recent studies, the PZT systems can have longer
lifetime due to the contactless operation with the
help of magnetic repelling.4,5 However, parallel to
the literature, a PZT layer can be very effective
when it operates at its own resonance frequency.6,7

In that case, the main problem remains the conver-
sion of the surrounding excitation frequencies to the
resonance frequency, because a wide-band vibration(Received November 18, 2016; accepted February 18, 2017;
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character is encountered in nature and these lead to
random excitations of the harvester and cause a
vital decay in the power generation.

The discussions above take us to a point where
the importance of the frequency of the external
stress (i.e. mechanical vibration) exists. The reality
that the background vibrations lead to a wide-band
frequency spectrum motivates us to explore the
characteristics of the pendulum-like PZT layers. By
doing such an exploration, the contactless nature of
magnetic force can also be utilized in order to
determine the characteristic outputs of the system.
Thus, the lifetime of the PZT material is dramati-
cally increased.

Excitation by magnetic flux has been explored for
some decades in order to increase the efficiency of
different harvester systems in terms of wide-band
vibrations.8,9 A number of models and designs have
been proposed in the literature with that in
mind.8–10 For example, a harvester with four per-
manent magnets in a stable magnetic field was
proposed by Cottone et al.8 Their system operates as
an inverted pendulum, and the dynamics of stochas-
tically nonlinear vibrations and corresponding
energy outputs were examined. In another paper,
Ferrari et al.1 proved that the wide-band vibrations
exerted by the permanent magnets can improve the
output power up to 250%; indeed, the nonlinearity
in their field assists in enhancing the harvested
power. In addition, in one of our earlier studies,11,12

we have proven that, if a periodic magnetic field is
used in place of a stable field, the responses of the
PZT layer can entirely differ from the findings of
Ferrari et al.1 Strictly speaking, the harvested
power dramatically decreases. These two results
from different systems have motivated us to explore
the behavior of the buckling PZT layer. The char-
acteristics of the field can yield to different results
in different systems. The reason for such different
results is considered to be the bistable excitation of
the system in Ref. 1. If the system has two
equilibrium positions, it can yield to a better
harvesting mechanism. Such a system can be
constructed by either considering only the mechan-
ical aspects of the system or introducing an external
nonlinear force as in Ref. 13. Indeed, the bistability
drives the system from one state to the other by
resulting large amplitudes in position. The inter-
mediate regimes of the bistable mode survive for
appropriate parameter sets and yield to large
amplitude oscillations. That transition from the
monostable to the bistable state causes larger
displacements, thereby the amount of the obtained
energy increases dramatically as was also pointed
out by Ferrari et al.1 However, in the case of a
nonautonomous magnetic field, as in our earlier
papers,14,15 the complicated responses of the layer
have been observed experimentally and theoreti-
cally. The dynamic responses such as periodic and
chaotic states have been observed and even
bistable modes have also been encountered for

certain parameter ranges. Thus, further work on
the matter is required in order to clarify the results.
Similar analyses have proved that the nonlinear
systems can generate large-amplitude oscillations
over a wider frequency range with respect to the
linear case,16,17 and thus high amounts of power can
be generated under proper conditions. The charac-
teristic feature of an individual system needs to be
examined both theoretically and experimentally in
order to sketch out the overall dynamics and energy
conversion mechanism. The conversion mechanism
is essentially affected by electrical load, excitation
frequency and the distance to the excitation source,
and these have not yet been fully explored.

Energy harvesters can be electromagnetic or
electrostatic, whereas energy densities of PZT sys-
tems become much higher around 35 mJ/cm3 com-
pared to pure electromagnetic or electrostatic
systems.11,18 In addition, PZT systems can harvest
higher voltages up to 15 V compared to electromag-
netic energy converting systems for a small layer.19

Therefore, PZT harvesters become much promising
for various engineering applications. In addition to
their high energy densities, the compact nature
makes them suitable for many micro-electrome-
chanical systems (MEMS).19

In the present paper, we report further effects of
the periodic magnetic field excitation for a PZT layer
in order to carry out an optimization study on the
energy harvesting mechanism. Apart from the pre-
vious studies,5,12 the piezoelectric layer has been
mounted on a propeller via a shaft and a varying
higher magnetic force exerted on the tip of the layer
due to higher magnetic flux density of the permanent
magnet. In addition, a wide parametrical survey has
been performed for magnetic force (i.e. coil voltage
Uc) and rotation frequencyx. The dynamic responses
of the layer have been identified for these parame-
ters. The findings can be easily adapted to a harvester
system, positioned close to a generator, relay or
electric motor, which can exert a periodic magnetic
ambient (see, for instance, Refs. 20–22). The present
work also includes the description of the nonlinear
magnetic force inat the vicinity of the layer and
describes the estimated power from a layer by using
the system parameters. ‘‘Experimental’’ section gives
an experimental overview for the proposed wind
energy. A detailed analytical description of the
harvester is presented in ‘‘Theoretical Background’’
section. The main findings from the simulations
based on the analytical description and the experi-
ments are discussed in the next section. Finally, the
paper ends with concluding remarks.

EXPERIMENTAL

The Proposed New Wind Energy Harvester

The new wind harvester consists of four units as
shown in Fig. 1. The first unit is a propeller rotated
by the wind. The second unit is the shaft conveying
the mechanical rotation to the magnet and the third
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is the static piezoelectric unit generating the elec-
trical energy. Finally, the last unit is the electronic
part regulating the harvested electrical signal from
the output terminals of the PZT. In a previous
study,5 we proposed a design and implementation of
a low-field harvester model, since the magnets used
in this prototype were smaller, with 0.3 T magnetic
flux density in its air gap. In the present work, the
magnetic flux density has been increased to 0.45 T
in the air gap between the shaft magnet and the
layer one.

The harvester has a length of 30 cm from pro-
peller to the end of the tail. The PZT layer has the
dimensions of 70 mm 9 32 mm 9 1.5 mm and a
weight of 10 g. The diameter of the propeller is
16 cm and it can move easily with the help of a
small gear inside the body. The harvester body has
been made by a stainless steel material with 1 mm
thickness in a cylindrical shape and it has a
diameter of 2 cm. The shaft is made from an
aluminium rod with 5 mm thickness and is con-
nected to the center of the propeller from the front
and a cubic magnet has been located at the back.
The piezoelectric layer is in contact with the bottom
part of the harvester body and another magnet of
1 cm length and 4 mm thickness has been added to
the opposite end of the layer. Note that that part is
larger than the previous machine referred to in
Ref. 5. Thus, we measured higher flux density as
stated above. The air gap magnetic flux density has
been measured by a Bell-5170 gaussmeter. The
lowest distance between the two magnets is
2.5 mm when the machine operates.

The proposed harvester includes two permanent
magnets, which are located opposite to each other
while the shaft rotates. One PZT stands on the shaft
and the other stands on the stable body. The
magnets and their locations are shown in Fig. 1. A
Plexiglas light tail directs the propeller to the wind

flow. When the wind comes onto the blades, the
shaft can rotate freely about the shaft axis, which
helps to rotate the magnet on the shaft. The magnet
repels the tip of the PZT material, where the other
magnet has been positioned. When the magnet
comes closer to the magnet which is attached to the
tip of the PZT layer, the layer is bent downwards
without any mechanical contact, since the poles of
the magnets are the same. Thus, the mechanical
energy is converted to electricity. According to the
preliminary tests, a magnetic flux density of
150 Gauss can occur between the two magnets
when they become close to each other. Thus, this
becomes sufficient to repel the tip of the layer by
resulting oscillations.

Vibration Tests of the Piezoelectric Beam

The experimental setup for the test of the PZT
layer of the proposed harvester is presented in
Fig. 2. The setup consists of the following units: the
ferromagnetic beam with a piezoelectric layer
(PZT), the magnetic excitation unit, rectifier and
storage circuit, signal generator, laser displacement
sensor (LDS) and data acquisition and monitoring
units.

The moving part of the system is arranged as a
pendulum including a ferromagnetic cubic knob
having the dimensions 10 mm 9 10 mm 9 10 mm
(see inset of Fig. 2). The PZT layer is positioned at
the top of the pendulum connecting the non-ferro-
magnetic beam to the clamp.

The vibration test equipment can be used for
different parameters such as the distance between
the magnet and the electromagnet, different piezo-
electric materials and electrical loads, etc. The L-
shaped stainless steel piezoelectric holder has a
height of 21 cm. The horizontal length of the holder
is 10 cm, which enables the vibration of the layer
back and forth. The distances between the tip
magnet and the core tip of the electromagnet have
been adjusted from 3 cm to 2 mm by applying
several winding currents. This system has been
beneficial for examining the vibration of the piezo-
electric material for different magnetic effects. In
traditional shaker experiments, one can give a
mechanical thrust to the layer, whereas the aim
here is the determination of the vibration charac-
teristics under the magnetic force. Note that Eq. 7
in the next section gives a complete definition for
the mathematical statement of that magnetic force
applied from that system.

An external saw-teeth-like magnetic force (fm) is
exerted to the pendulum through the electromagnet
during the tests. An electromagnet is used to
produce certain frequency oscillations on the beam
and the output signal is observed experimentally.

The vibrations are mainly formed by the attract-
ing feature of the magnetic force and the elastic
force of the PZT layer. There also exist damping
effects, which can be measured during the

Fig. 1. The new piezoelectric wind harvester with increased mag-
netic force by magnets.
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experiments. A laser displacement sensor has been
located for the measurement of tip displacement.
Both the magnetic excitation data (i.e. waveform)
and the output signal of the PZT can be recorded
synchronously. Since the main parameters are the
amplitude and frequency of the excitation wave-
form, the dynamics of PZT can be explored for wide
ranges from 0.5 Hz to 50 Hz. If much suitable exci-
tation strength (i.e. Uc = 4–10 V) is adapted to the
electromagnet, the damping effects can be basically
ignored and the elastic forces can compete with the
field excitation.

In the experiments, a PZT layer made by Piezo
System has been used. It has the sizes of
70 mm 9 32 mm 9 1.5 mm and a weight of
0.01 kg. According to the manual, the capacitance
and stiffness of the PZT layer are 232 nF and 188 N/
m, respectively. The LDS has an IL-065-type head
controller IL-1000 which was made by Keyence. The
sensor head can measure the vibrations with the
sampling rate of t = 1 ms. In the experiments, a
rectifier, storage circuit, signal generating circuit
for step pulsed signals and an NI USB-6250 data
acquisition card have been used. The data acquisi-
tion card has 16 analog inputs and enables the
making of multiple recordings of quantities such as
the displacement of the layer tip and input/output
voltages.

The electromagnet has 1050 turns of 0.70-mm-
diameter copper wires. The dimension of its core is
120 mm 9 20 mm 9 20 mm and it has a relative
permeability of lr = 10,000. The step-pulsed voltage
is characterized by its amplitude U and frequency f.
All experimental outputs can be collected via the
LabVIEW software. To examine the PZT behavior at
different distances between the tip and the

electromagnet, the distance d can be adjusted with
an appropriate sliding mechanism. The terminals of
the PZT have been attached to an electrical load RL.

THEORETICAL BACKGROUND

The theoretical statement of the proposed har-
vester can be written as follows:

dh
dt

¼ x; ð1Þ

m
d2r

dt2
¼ kuðtÞ þ aVðtÞ þ fmdðh� h0Þ; ð2Þ

IðtÞ ¼ a
duðtÞ

dt
� C

dVðtÞ
dt

; ð3Þ

where, h, x, d, m, r, u, a, V, fm, h0, C, I and k indicate
the angular position of the magnet, the propeller
speed, Kronecker delta which gives 1 for h = h0 else
0, the mass of the layer, the radial position to the
center of the shaft, the mass displacement of the
layer, the force factor of the layer, the voltage
between the layer terminals, the magnetic force of
the magnet, the angular position of the layer, the
layer capacitance, the harvested current and the
stiffness constant of the layer, respectively. For a
more detailed expression, we refer to our previous
studies.5,6,11

In order to analyze the PZT layer which is
denoted in Eqs. 2 and 3, the layer can be modeled
as in Fig. 3. In the present model, an external
magnetic field obtained by an electromagnet is
considered to affect a ferromagnet knob attached
to a piezoelectric layer.

Fig. 2. The experimental test setup for the harvester PZT.
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The electromagnet generates a saw-teeth-like
magnetic force near the tip. The dynamics of the
pendulum-like beam consists of a certain elastic
force, gravitational force and magnetic force as in
Ref. 15. In the present model, the elastic force is
much higher than the gravitational force, thus the
gravitation can be neglected.14,15,21 The algebraic
modeling in Eqs. 1–3 can be clarified by considering
Fig. 4.

In that model, a mass-spring, a damper and a
capacitor are considered. Here, Fm, which is pro-
duced by the magnet with certain periods is mod-
eled by the excitation frequency of the oscillating
field. Here, the rigid mass mp and the stiffness
constant k determine the mechanical structure
under a damper c giving the mechanical losses. If
a mass displacement u occurs in the PZT layer, an
electrical current I and a voltage V are produced.

The relationship between the mechanical and elec-
trical units is given by the following equation
system:

FtotalðtÞ ¼ kuðtÞ þ aVðtÞ þ FmðtÞ;

IðtÞ ¼ a
duðtÞ

dt
� C

dVðtÞ
dt

:
ð4Þ

The equations include the backward piezoelectric
coupling. Here, C is the clamped capacitance and a
is the force factor. In addition, V denotes the
harvested voltage of the PZT and I gives the current
when an electric load RL is attached to the system.
Then, the total equation of motion for the displace-
ment of mass, u¢(t), as a result of the pendulum tip
displacement x¢(t) is given as,

ðmþmpÞ
d2x0ðtÞ

dt02
¼ �c

du0ðtÞ
dt0

�mp
d2u0ðtÞ

dt02

� ku0ðtÞ � aVðtÞ � FmðtÞ:
ð5Þ

Considering the electrical part and x¢, which has
been adjusted to 3 times the displacement u¢ of the
PZT layer, one defines u¢ = 0.33x¢. Then, the
dynamic equation can be stated as,

d2u0ðtÞ
dt02

¼ � c
3mþ 4mp

du0ðtÞ
dt0

� ku0ðtÞ
3mþ 4mp

� aVðtÞ
3mþ 4mp

� FmðtÞ
3mþ 4mp

;

dV 0ðtÞ
dt0

¼ a
C

du0ðtÞ
dt0

� IðtÞ
C

:

ð6Þ

The resulting equations describe the electrome-
chanical model of the harvester problem. The
magnetic force with changing frequency can be
described as in Ref. 11. The magnetic force has two
main quantities: the distance d from the electro-
magnet to the PZT tip and the winding current as
described below:

Fig. 3. The modeling of a PZT layer in the vicinity of an electromagnet.

Fig. 4. The energy harvesting procedure of the PZT layer under a
varying magnetic field due to the rotation.
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Here, Uc, Rc, and L represent voltage, resistance and
inductance of the electromagnet, respectively. For
clarity, he electromagnet force constants are defined
from the simulation as a = 8 9 10�8 and b = 10�9.

The dimensionless statement of Eq. 6 is found
when t¢ = st, y¢ = yd/s, u¢ = ud and V¢ = V0V are
introduced for the time, velocity, position and
voltage scaling, respectively. Note that s determines
the natural period of the layer. Then, one arrives at,

du

dt
¼ y;

dy

dt
¼ � cs

3mþ 4mp
y� ks2

3mþ 4mp
u

� ðmþmpÞs2FmðtÞ
ð3mþ 4mpÞd

� V
as2V0

ð3mþ 4mpÞd
;

dV

dt
¼ ad

CV0

du

dt
� sV
V0CRL

:

ð8Þ

These first-order equations can then be used in the
simulations and time integration via using the
Runge–Kutta method. Here, d transfers the coordi-
nate system into the equilibrium point of the
pendulum, since the amplitude of the piezoelectric
layer tip is represented by u. The preliminary
experimental studies have proven that the natural
frequency of the PZT layer is f0 = 4.76 Hz, the
damping constant c = 1.48, and the ratio of elastic
constant to mass k/m = 894. By introducing these
parameters and Eq. 8 to MatLab, the solutions have
been obtained after time integrations via the fourth-
order Runge–Kutta method.

In order to discover the averaged harvested
power, Eq. 8 is initially recalled in the frequency
domain. The voltage equation in Eq. 8 can be
solved as,

V ¼ jRLaxCu

1 þ jCRLxC
; ð9Þ

in the frequency domain and, by considering the
second equation in Eq. 8, we arrive at,

V ¼
uRLajxC ðmþmpÞx2

C � F0 < I2
c > þ F1 < Ic >

� �

�cjxC �mpx2
C � k

� �
ð1 þ RLCjxCÞ � a2RLjxC

þ h:o:t:; ð10Þ
after some arithmetic manipulation for the har-
vested voltage. The harvester is driven by the
field frequency xc, therefore the solution should
include xc. The linear terms of the piezoelectric
displacement function u is included in addition to
the field frequency. Note that <Ic> and <Ic

2>
indicate the time-averaged values of the electro-
magnet currents defined in Eq. 7 including a and
b parameters. The averaged values are as
follows:

< Ic > ¼ Uc

2Rc
þUcLxC

2pR2
c

2e
�Rcp

LxC � 1 � e
�Rc2p

LxC

� �
;

< I2
c > ¼ U2

c

2R2
c

þU2
c LxC

4pR3
c

1 � e
�Rc4p

LxC

� �
þ LxC

pRc
e
�Rcp

LxC � 1
� �

;

ð11Þ

during one period with a time integration. Above,
the electrical parameters belong to the electromag-
net when voltage Uc with an excitation frequency of
xc = 2pf is applied. Thus, power is calculated as
follows:

While using the linear part of Eq. 10 as function of u
and its complex conjugate divided by the resistive
load RL (i.e. Ph i ¼ VV�h i=RL), Eq. 12 gives a com-
plete relationship between the output power and

FmðxÞ ¼

fð1 � 0:7056=dÞ þ 0:0623ð1 � 3uÞ þ 28026dð1 � 3uÞ2 � 106d2ð1 � 3uÞ3g
a Uc

Rc
ð1 � e�Rct=LÞ

� �2
�bUc

Rc
ð1 � e�Rct=LÞ

� 	
0< t � T

2

fð1 � 0:7056=dÞ þ 0:0623ð1 � 3uÞ þ 28026dð1 � 3uÞ2 � 106d2ð1 � 3uÞ3g
a Uc

Rc
e�Rct=L

� �2
�b Uc

Rc
e�Rct=L

� 	
T
2 < t � T

8
>>>>>>><

>>>>>>>:

9
>>>>>>>=

>>>>>>>;

ð7Þ

<P>

¼
u2RLa2x2

c ðmþmpÞx2
c � F0 < I2

c > þ F1 < Ic >
� �2

k2 1 þ C2R2
Lx

2
c

� �
þ 2kx2

c mp þ a2CR2
L þ C2mpR2

Lx
2
c

� �
þ x2

c 2a2cRL þ a4R2
L þ 2a2CmpR2

Lx
2
c þ c2 1 þ C2R2

Lx
2
c

� �
þm2

px
2
c 1 þ C2R2

Lx
2
c

� �n o

ð12Þ
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both the electrical and mechanical parameters of
the system.

RESULTS AND DISCUSSION

Experimental Discussion

In Fig. 5a, b, and c, displacement, velocity and
voltage data are shown. These data have been
received from the harvester shown in Fig. 1. The
wind speed is 3.5 m/s for the wind tunnel. The
displacement waveform has certain peaks at
0.15 cm; however, there exist ripples around the
equilibrium point (Fig. 5a). The displacement
occurs at the positive part where the magnet shaft

always repels the tip of the piezoelectric and the
layer cannot find sufficient time to continue its
motion in the opposite displacement side. Such
behavior is common for some wind speeds and has
been encountered in many studies.1,11,12 Similarly,
the voltage waveform also has certain peaks, where
the displacement becomes maximum as in Fig. 5b.
Peak to peak, 1.2 V can be generated at that speed,
whereas the waveform includes harmonics, which
affect the output power of the system. The voltage
has been measured directly from the piezoelectric
terminals without any electrical load in order to see

Fig. 5. (a) Displacement of the harvester layer tip from the equilib-
rium point. (b) Voltage waveform from piezoelectric terminals. (c)
The attractor for the wind speed of 3.5 m/s. Fig. 6. (a) Displacement of the harvester layer tip from the equilib-

rium point. (b) Voltage waveform from piezoelectric terminals. (c)
The attractor for the wind speed of 8 m/s.
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the pure waveform. In order to show the dynamic
regime, the attractor is shown in Fig. 5c.

Another measurement is depicted in Fig. 6a, b,
and c for higher wind speed (i.e. 8 m/s). It is obvious
that displacement of the layer tip changes between
negative and positive values due to the high speed
(Fig. 6a). In addition, the waveform of displacement
and corresponding voltage also change. The peak to
peak value reaches to 6.5 V with a distorted form in
a long time period (Fig. 6b). The voltage has been
obtained directly from the piezoelectric terminals
without the electrical load. By considering Figs. 5
and 6, we aim to show the characteristic outputs of
the piezoelectric. This distortion can be seen clearly
from the attractor in Fig. 6c. The ripples of that
double scroll attractor are due to magnetic force as
also encountered at lower speeds. The similar
double scroll attractors have also been found from
the theory and are presented in the next section.

The attractors above prove that the proposed
model is sufficient for the determination of the
harvester dynamics and power relationships. In

order to test the vibrations at various frequencies,
some controlled experiments have been carried out
with the setup in Fig. 2. The results of displacement

Fig. 7. (a) The vibrational test of the layer tip at xc = xo = 4.76 Hz
and Uc = 6 V as in Ref. 12. (b) The attractor from the data in (a).

Fig. 8. (a) The vibrational test of the layer tip at
xc = 1.14xo = 5.43 Hz and Uc = 6 V. (b) The attractor from the data
in (a).

Fig. 9. Rectified output voltage and output power for the wind speed
3.5 m/s.
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and velocity are given in Fig. 7a and b at a natural
frequency (i.e. xo = 4.76 Hz) and Uc = 6 V.

The experimental displacement and velocity time
evolution in Fig. 7a have sinusoidal waveforms in
accordance with our earlier studies.12 As an indica-
tor of magnetic force, there exist high-frequency
ripples around the minimal and maximal values of
velocity. This kind of effect will also be shown in the
theory in the next section. In order to see the
attractor in the phase space, Fig. 7b is depicted.
Here, the ripples are much observable than at the

upper and lower regions, and they govern the
dynamics and enhance the irregularities of the
waveforms such as velocity and voltage.

Another displacement and velocity test result for
slightly higher excitation frequency is given in
Fig. 8. While the displacement is still in sinusoidal
waveform, the ripples in the velocity data increase
further for all waveforms (Fig. 8a). This effect can
be seen clearly from the attractor in Fig. 8b. The
chaos governs the phase space and the peak to peak
values decrease compared to the case in Fig. 7a and

Fig. 10. The attractors (i.e. phase space representations) from displacement versus velocity data from simulations (a) from the periodic regular
region in Fig. 11 at (Uc, xc) = (4 V, x0 Hz), (b) from the chaotic region in Fig. 11 at (Uc, xc) = (4.27 V, 6x0 Hz), (c) from the saw-teeth chaotic
region in Fig. 11 at (Uc, xc) = (7.21 V, 4x0 Hz), (d) from the double scroll chaotic region in Fig. 11 at (Uc, xc) = (5.61 V, 35x0 Hz), (e) from the
triple scroll chaotic region in Fig. 11 at (Uc, xc) = (3.74 V, 50x0 Hz), and (f) from the multiple scroll chaotic region at (Uc, xc) = (9.35 V, 10x0 Hz.
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b. Thus, that also causes a decrease in the harvested
voltage.

The harvested voltage and power, which have
been received from the terminals of the rectifier, are
shown in Fig. 9. Note that the generated voltage
and power strictly depend on the impedance balance
between the electrical load at the output and the
internal impedance. According to the technical
feature of the piezoelectric layer, the maximal
power can be obtained for RL = 10 MX. Beyond that
value, the power decreased as also proven in Ref. 11.
It has been proven that the proposed piezoelectric
harvester can be used for micro-watt consuming
systems such as sensor nodes, alarm devices, etc.

Theoretical Discussion

The vibration analysis of the PZT layer under the
saw-teeth-like force has been carried out mainly for
two parameters: the excitation frequency (xc) of the
field and the magnetic force strength (i.e. the
maximal voltage of electromagnet Uc). These
parameters have been explored in a wide region.
Strictly speaking, the frequency range changes from
xc = 0.1 to 240 Hz and the maximal voltage range
changes from Uc = 1.5 to 14 V. The buckling of the
layer produces many different dynamical behaviors
from periodic to chaotic. There also exist various
types of attractors for different parameters. Fig-
ure 10 presents sample attractors from these
simulations.

While Fig. 10a represents the periodic buckling of
the layer resulting from a simple elliptical trajectory
at (Uc, xc) = (4 V, 119 Hz), Fig. 10b shows the
trajectories at higher frequencies (i.e. 28.6 Hz) and
excitation voltages (i.e. 4.27 V). When the magnetic
force is increased further by increasing the voltage
(i.e. 7.21 V), the trajectories in Fig. 10c are
obtained. The main difference is the increase in
the displacement and velocity at that parameter.
Note also that the saw-teeth appearance at the
lateral regions of the ellipse trajectory occurs due to
the lower frequency relative to Fig. 10b. The phase
plane becomes more different when the frequency is

increased up to 166.6 Hz. Although the excitation
voltage is adjusted lower than in Fig. 10c, the
system generates two main attracting centers on
the phase plane. The displacement of the tip also
increases and from time to time it skips to the other
center. Although the velocity becomes lower relative
to the case in Fig. 10c, we expect that the power
production can increase due to that larger displace-
ment. When the excitation voltage is decreased
further and the frequency is increased, the attractor
in Fig. 10e is obtained. While the velocity data
double compared to Fig. 10d, the displacement does
not change very much. However, when the displace-
ment becomes larger than a certain value, the other
attracting point attracts the tip and the tip contin-
ues to oscillate around the electromagnet with lower
displacement and velocity. If the displacement
increases further, another limit of the displacement
is exceeded and the system comes back to the
previous attracting point. If the excitation voltage is
increased much higher and the frequency is
decreased to 47.6 Hz, both the displacement and
velocity are dramatically increased. While that
scenario can be possible in simulations, one should
be careful in the real experiments in the sense that
such a high voltage (i.e. magnetic force) may break
the PZT layer. In that case, although theoretically
much energy is harvested at this parameter set, it
may be impossible to reach that scenario in the real
world. Thus, careful tests should be carried out in
order to optimize the harvester force. Indeed, the
phase space trajectories resemble the case in
Fig. 10e, although the values become higher.

Fig. 11. The dynamics depending on the excitation voltage (i.e. the indicator of magnetic force) and excitation frequency.

Fig. 12. The corresponding voltages for (a) from the periodic regular
region in Fig. 11 at (Uc, xc) = (4 V, x0 Hz), (b) from the chaotic
region in Fig. 11 at (Uc, xc) = (4.27 V, 6x0 Hz), (c) from the saw-
teeth chaotic region in Fig. 11 at (Uc, xc) = (7.21 V, 4x0 Hz), (d) from
the double scroll chaotic region in Fig. 11 at (Uc, xc) = (5.61 V, 35x0

Hz), (e) from the triple scroll chaotic region in Fig. 11 at (Uc,
xc) = (3.74 V, 50x0 Hz), and (f) from the multiple scroll chaotic re-
gion at (Uc, xc) = (9.35 V, 10x0 Hz).

c
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Çelik, Kurt, and Uzun4014



In Fig. 11, an overall summary of the dynamical
behavior is given. This 2D diagram is vital, since it
can estimate the dynamical characteristics of the
system. In the diagram, all colors correspond to
different dynamical phase space trajectories from
periodic ones to various chaotic ones. According to
that figure, the dynamics are governed in mainly
two regions (i.e. blue and red): double scroll chaotic
(as in Fig. 10d) and exponentially increasing circu-
lar chaotic regimes. Note that the exponentially
increasing circular regime has much larger diverg-
ing trajectories, hence it is separated from the saw-
teeth chaotic regime. This occurs when the mag-
netic force exceeds a limit value (i.e. excitation
voltage Uc = 9.35 V) as expected, because the
increasing magnetic force attracts the dynamics
strongly as an energy source. Thus, it yields to give
energy to the system and causes a rapid increase in
the distance of the trajectories. Indeed, the saw-
teeth chaotic regime governs the dynamics for lower
frequencies, namely lower than xc = 90 Hz. How-
ever, it survives for all magnetic forces (i.e. excita-
tion voltages Uc) from 2.67 V to 13.35 V.

The non-chaotic periodic regime also survives for
all excitation strengths, whereas it appears only for
lower frequencies (i.e. xc = 24 Hz). Among the
above-mentioned regions, there exist some certain
islands for triple scroll chaotic and many scroll
chaotic regimes.

In Fig. 12a, b, c, d, e, and f, the corresponding
harvested voltages are given for all the attractors in
Fig. 10. It is obvious that the periodic attractor
gives a periodic voltage output on the resistive load
as in Fig. 12a. The chaotic attractor in Fig. 10b
gives a random voltage output as in Fig. 12b. Note
also that the peak values become slightly lower than
the periodic case. The harvested voltage of Fig. 10c
has a weak undulation on the main frequency (see
Fig. 12c). The reason for the undulation is nothing
more than the low-frequency components which are
apparent in Fig. 10c as the ripples. However, these
ripples always have different values and lead to a
weak chaotic output. The two-well attractor in
Fig. 10d creates a similar characteristic voltage
output as in Fig. 12d. The voltage always changes
randomly and the scrolls can sometimes be seen at
the upper and sometimes the lower part of the
waveform.

Figure 12e gives a very chaotic appearance by
changingthe amplitudes. The maximal amplitude
can have values between V = 0.1 V and 0.45 V. This
characteristic property can also be seen in the phase

plane shown in Fig. 10e by defining the multiple
scrolls. Note that, considering the maximal values of
the waveforms, there is not much difference
between the waveforms of the double scroll and
the triple scroll chaos. The same property is also
seen in the phase space trajectories. The last
waveform in Fig. 12f has a relatively higher ampli-
tude, which yields to a high power output. The
waveform has several scrolls; however, only a short
time is sketched in Fig. 12f for clarity.

The output powers for all types of dynamic
regimes (from the simulations in Fig. 10) are shown
in Fig. 13a, b, c, d, e, and f). The maximal power
values changes from 380 lW to 16 mW in simula-
tions depending on the dynamical regime. While the
regular regime can harvest power up to P = 520 lW
as in Fig. 13a, the power can increase for higher
values in the chaotic regimes. Such a situation,
which proves the increase of power in nonlinear
regimes, was also observed by Cottone et al.8 They
reported in their study that the two-well chaotic
structure, which corresponds to our double scroll
regime, can induce larger distances from one
attracting point to the other. Thus, that can result
in an increase in output power. Our simulation
results also support their findings in the sense that
the power of the double scroll regime in Fig. 10d
yields nearly 2 mW, which is much higher than the
regular case in Fig. 10a. Another interesting obser-
vation from the simulations is that the saw-teeth
chaotic regime also has higher harvested power
with 6 mW. In one of our earlier studies,11 we have
proven that the saw-teeth structure in velocity data
occurs due to the periodic magnetic excitation and
that this regime is observed for lower excitation
frequencies.

Although the frequency is low, small oscillations
in displacement and velocity may produce larger
power ranges. In addition, it can also be stated that
the displacement in Fig. 10c is large compared to
other regimes except for the case in Fig. 10f. Thus,
this reason mainly causes the increase in power
compared to the other cases. However, we cannot
say that the ripples like saw-teeth do not influence
the power extraction. In the cases of Fig. 10d and e,
the displacements are nearly the same. However,
the regime in Fig. 10e is nearly two times faster
than the other one. However, the regime in Fig. 10d
generates more power compared to the other case.
That can be explained in such a way that the two
scroll regime frequently transitions from one
attracting point to the other. Thus, this transition
on the phase plane causes an increase as in Ref. 8.
In the triple scroll regime, there also exist several
transitions; however, the trajectories stay for longer
periods in each regime and that does not contribute
to the power. The last regime, given in Fig. 10f, has
the highest power result, since both the displace-
ment and velocity are high compared to the earlier
cases. However, that cannot be available in real
experiments, since such a high excitation amplitude

Fig. 13. The harvested power for (a) from the periodic regular region
in Fig. 11 at (Uc, xc) = (4 V, x0 Hz), (b) from the chaotic region in
Fig. 11 at (Uc, xc) = (4.27 V, 6x0 Hz), (c) from the saw-teeth chaotic
region in Fig. 11 at (Uc, xc) = (7.21 V, 4x0 Hz), (d) from the double
scroll chaotic region in Fig. 11 at (Uc, xc) = (5.61 V, 35x0 Hz), (e)
from the triple scroll chaotic region in Fig. 11 at (Uc, xc) = (3.74 V,
50x0 Hz), and (f) from the multiple scroll chaotic region at (Uc,
xc) = (9.35 V, 10x0 Hz).

b
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can break down the PZT layer. However, it is also
interesting to know that 16 mW of power can be
obtained from the simulations for that system.

CONCLUSIONS

Both experimental and theoretical studies on the
buckling characteristics of a wind energy harvester
have been carried out. According to the findings, the
layer tip exhibits a rich dynamics depending on the
magnetic field strength and magnetic field excita-
tion frequency. It has been proven that the periodic
responses take place for the frequencies near the
natural frequency of the layer. There also exist
quasi-periodic responses for lower frequencies. The
field strength and frequency directly affect the
buckling and the harvested energy very greatly
depends on these parameters. Indeed, double and
multiple scroll dynamics appear for a large param-
eter set and they can produce better energy. This
proves that the nonlinearities can assist in increas-
ing the power for some parameter sets; however, it
may also decrease the harvested energy for some
parameters. The suggested model agrees well with
the experiments and that model can predict the
harvested power, displacement, velocity, voltage
and current with a good accuracy. Thereby, the
model can be utilized to improve the system for
better power harvesting and the experimentalists
can use the model to adjust the parameters for
periodic excited harvesters. This detailed explo-
ration also proves that one needs to design and
implement a good rectifying system in order to solve
the harmonic waveforms and store the energy. By
considering the dependence on the electrical load,
an efficient maximum power point tracking mech-
anism is also required. Further studies should be
carried out to make use of the maximal power gain
from the system.
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Exploration of a Permanent Magnet Synchronous Generator
with Compensated Reactance Windings in Parallel Rod
Configuration
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In this study, a permanent magnet synchronous generator (PMSG) topology
with compensated reactance windings in parallel rod configuration is proposed
to reduce the armature reactance XL and to achieve higher efficiency of PMSG.
The PMSG was designed using iron-cored bifilar coil topology to overcome
problems of market-dominant rotary type generators. Often the problem is a
comparatively high armature reactance XL, which is usually bigger than
armature resistance Ra. Therefore, the topology is proposed to partially com-
pensate or negligibly reduce the PMSG reactance. The study was performed
by using finite element method (FEM) analysis and experimental investiga-
tion. FEM analysis was used to investigate magnetic field flux distribution
and density in PMSG. The PMSG experimental analyses of no-load losses and
electromotive force versus frequency (i.e., speed) was performed. Also terminal
voltage, power output and efficiency relation with load current at different
frequencies have been evaluated. The reactance of PMSG has low value and a
linear relation with operating frequency. The low reactance gives a small
variation of efficiency (from 90% to 95%) in a wide range of load (from 3 A to
10 A) and operation frequency (from 44 Hz to 114 Hz). The comparison of
PMSG characteristics with parallel and series winding connection showed
insignificant power variation. The research results showed that compensated
reactance winding in parallel rod configuration in PMSG design provides
lower reactance and therefore, higher efficiency under wider load and fre-
quency variation.

Key words: Special electrical machines, permanent magnet synchronous
generator, compensate reactance, voltage, bifilar coil

INTRODUCTION

The topologies of classical generators are based on
the electrical induction via the electric currents and
magnetic fields inside a certain volume.1,2 Accord-
ing to the literature, there are several different

types of permanent magnet (PM) generators exist-
ing for different applications. However, the main
classification is based on the machines’ magnetic
flux flow orientation between the magnet pole and
core tip. The magnetic flux flow is either in radial or
axial directions.1,3 In comparison to axial flux
machines, the radial flux ones have larger cogging
torques, lower power densities and worse cooling
systems.1 Besides, the axial machines have simpler
geometry and the possibility of multiple-rotor
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machine manufacturing on the same shaft. The iron
core manufacturing is also easy for axial flux
machines since the magnetic flux directly flows
from one side of the machine to the other.1,3

From the operational point of view, an effective
cooling system provides good efficiency for axial flux
machines during long operational hours. While the
radial flux generators require additional fan or
blade structures, the axial flux machines have
natural cooling systems due to the centrifugal
transfer of the air mass from the central regions to
the lateral regions.4 The axial flux machines have
larger windings’ volumes then the radial flux ones
in order to transfer heat to the lateral region.

One of the existent problems in terms of their
manufacture is that the coil reactance XL frequently
becomes greater than the active resistance Ra of the
armature coil. This design issue of generators
creates obstacles to increased power output and
efficiency of the generators. This problem could be
solved by using a non-design method by using
compensation of reactive power with capacitors.5

However, this method requires additional installed
equipment and its control while the load of the
generator varies. The other opportunity to reduce
the reactance of the generator at the stage of the
design is to reduce the winding turns in the
generator coils, but this method results in the
reduction of the terminal voltage of the generator.
The latter could be solved by increasing magnet
volume or Hallbach array usage and, therefore,
increasing the magnetic flux density.6 All methods
mentioned above have their positive and negative
aspects. So in the study the alternative way of
reducing the reactance of PMSG with the bifilar
winding is presented.

The proposed PMSG should partially or negligibly
reduce the reactance of the armature. It is claimed
to have significant internal circuit reactance com-
pensation by windings on the special coils by
differing from earlier machines. Therefore, to per-
form the study of proposed topology PMSG, an
electromagnetic design and analyses were per-
formed by FEM.7–15 The prototype machine has
been designed with SolidWorks. EAGLE CAD has
been used for the design of the electrical schematics.
The experiments have been conducted in the labo-
ratories of Klaipeda University.

The performed research and proposed design of
PMSG with compensated reactance winding in
parallel rod configuration will provide a possibility
of lowering reactance and, therefore, to sustain
higher efficiency under wider load and frequency
variation. This also will provide showing the usage,
farther study and optimization of such design
PMSG.

DESIGN AND FINITE ELEMENT ANALYSIS
OF THE PMSG

Initially, the present machine can have two types
of configurations in terms of rods and coils as shown
in Figs. 1 and 2. The configuration shown in Fig. 1a
gives high voltages at the output with three phases.
The second coil configuration (i.e., Fig. 1b) creates
high currents, but lower voltages for the same
rotation speed of PMSG.

The isometric view of the PMSG is shown in
Fig. 2. The windings have two circular orientations
side by side. The main interesting point is that the
flux occurred by one winding affects the other
windings. Half of this PMSG construction is
unfolded into a linear type and modeled in a 2-D
environment.

In order to calculate the fluxes and magnetic
circuit parameters using FEM software, Fig. 3 has
been sketched in FEMM software (a suite of pro-
grams for solving low frequency electromagnetic
problems). The cores, relevant poles and windings of
the PMSG section are shown in Fig. 3. The magnets
from both sides are surface-mounted on the iron
plate.

This proposed topology has four magnets for three
stator rods or two pole pairs for three phases. The
original orientation is to put ten PM on each of the
four parts of the rotor. The aim is to lower the
magnetic field interaction locally. If every second
magnet from top and bottom of the PMSF rotor is
eliminated, there is left only half of the area for the
other magnet pole. The first one covers a full area
causing high cogging torques in the operation.
Thereby only, half of the flux from magnets is used.
That issue has been solved by mounting 20 PM on
each of the four parts of the rotor. With such a
configuration of one coil wrapped with one pole
(north for instance), the other two wraps 3 quarters

Fig. 1. (a) Serial and (b) parallel connection of the rods and windings.
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of a south pole and a quarter of a north pole. This
creates the magnetic force of the coil A equal to the
magnetic forces of the coils B and C (Fig. 4; output
from FEMM software).

A 3-D FEM analysis has been carried out in order
to evaluate the magnetic field and to analyze the
relation between the magnets and stator rods. In
that manner, a 1/5 segment of the generator is
shown below (Figs. 5a, b and 6a, b).

In general, the flux density maximizes around the
magnets up to 1.2 T, whereas lower flux densities
occur in the air gap and the inner volume of the
cores. For the axial direction, the components and
the flux densities are shown in Fig. 6a and b.

The flux densities of 1.2 T are found around the
magnet and lowers to 0.4 T parts of magnetic core
as in Fig. 6b. Several cross-section plots of the
magnetic field are presented in Fig. 7a and b.
According to radial and longitudinal sections in
Fig. 7a, some PMSG parts of the components can
have higher flux densities, which are not good for
the field inhomogeneity. Some other regions can

have moderate values such as 1.4 T. In Fig. 7b, the
axial appearance fringes are shown. The field
becomes 2 T just at the vicinity of PMs. However,
the flux densities yield to 1.6 T in average for most
of the rod surface.

EXPERIMENTAL AND THEORETICAL
DISCUSSION

The no-load results of the experiments provide the
information of power losses in mechanical and mag-
netic (eddy currents) parts, the strength of the EMF
induced. The curve in Fig. 8a is plotted to show the
relationship of power loss and speed. All power losses
consist of mechanical, magnetic and electric factors.
The mechanical losses are caused by friction in
bearings and ventilation. The magnetic losses occur
due to core hysteresis and eddy currents. The elec-
trical losses are occurring in the copper and depend
on the square of the current. The no-load data plot of
EMF versus speed curve is shown in Fig. 8b.

While the losses increase substantially via the
rotation speed of the shaft or output frequency, the
EMF linearly changes by the frequency. The plot is
constructed from raw data to show the relationship
of output characteristics Vt = f(Ia, n) at different

Fig. 2. 3-D isometric view of PMSG.

Fig. 3. Magnetic flux lines of the machine.

Fig. 4. Magnetic circuit flux lines of PMSG topology with double
magnets.
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speeds. Armature active resistance is Ra = 0.317 X
per phase.

The calculatedparameters are presented inTable -
I, where: f, Ef, Xs, Isc andPout denote frequency, EMF,
short circuit current, synchronous reactance, and
useful output power. The relation between the syn-
chronous reactance Xs and frequency f is plotted in
Fig. 9. A linear fitted line is also shown, and the
equation describing the curve generated. This proves
that there is no nonlinearity in PMSG stator circuit.

The achieved inductance is calculated as
L = 17.1 ± 1.6 mH.

The terminal voltage of PMSG performance
results are plotted in Fig. 10 and an interpolated
surface plot is generated (Fig. 11). The voltages
decrease via current to a certain value around 0 V
and the current has the maximum value 12.5 A at
a frequency of 114 Hz. When the frequency
decreases, the voltage and current values also
decrease with the similar trend.

Fig. 5. (a) The 3-D sketch of windings and magnets of radial direction: 1-magnets, 2-windings, 3-ferromagnetic cores, 4-iron, or steel non-
laminated core. (b) Flux density in PMSG.

Fig. 6. (a) 1/5 segment of patented PMSG active material. (b) Magnetic flux density vector plot (top view).

Fig. 7. Magnetic flux density continuous cross-section plots: (a) A: cross-section of magnet array; B: cross-section of coils. (b) C: axial section of
core phase C; D: axial section of core phase A.
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In the 3-D appearance, that trend is more obvious.
For ‘‘zero’’ current, the voltage increases linearly by
frequency, whereas the increasing trend is lost for
high currents (see in Fig. 11). The level line displays

armature voltage drop by quarter ellipse trajectory
because of synchronous reactance Xs of the system.
The curve tends to straighten if more reactance is
connected. Measured curves are lower than calcu-
lated due to asynchronous driving motor slip, during

Fig. 8. (a) Mechanical and magnetic power losses and (b) EMF versus frequency.

Table I. The parameters of calculated curves

f, Hz 44.10 56.54 71.00 91.45 115.00
Ef, V 56.85 72.70 91.50 117.25 146.70
Isc, A 10.95 12.13 12.06 12.03 12.58
Xs, X 5.18 5.99 7.58 9.74 11.66

Fig. 9. Synchronous reactance versus frequency.

Fig. 10. Terminal output voltage versus load current at different
frequencies.

Fig. 11. Terminal output voltage versus load at different frequencies
(surface plot).

Fig. 12. Output power of PMSG versus load current at different
frequencies.
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the power load. Thepower output curvesPout = f(Ia, f)
have been calculated from Vt = f(Ia, f) performance
characteristics. Three-phase electric power of PMSG
can be calculated by Eq. 1. This equation is used to
calculate results (Fig. 12).

Pout ¼ 3VtIa cosu ð1Þ

Evaluated measured maximum of output power is
found as max Pout (8.33 A; 111.6 Hz) = 2334 W. The
difference between a series connection of coils of
PMSG maximum power output max Pout (1.6 A;
70.8 Hz) = 1414 W and in parallel max Pout (8.25 A;
70.65 Hz) = 1439 Wwere insignificant. This is due to
the winding configuration. System has 15 rods and
each of a phase has five independent rods with
mutuallywinding coils. Thereby, it doesnot influence
the output power by connecting them in parallel or
series. Power output is shown on an interpolated
surface plot in Fig. 13.When the frequency increases
the output, power increases as well. For larger load
currents, the maximum power is obtained.

The efficiency versus load current performance
characteristics is shown in Fig. 14 for different
speeds. The best performance point is obtained for
the efficiency from 3 A to 10 A, which is very
important for stable operation of the PMSG. In
general, the rated current is around 7 A with 95%
efficiency, which is a good result for proposed PMSG
design. The frequency does not affect efficiency
much at the rated current. But for low and high
currents the frequencies have a different influence

on efficiencies. The minimum frequencies have
larger efficiencies for low current, whereas higher
frequencies have high efficiency values with high
current loads.

A 3-D surface plot (Fig. 15) is generated to have a
better view in terms of efficiency, load current and
frequency (i.e., speed). From the figure, it is clear
that a better efficiency is obtained for high frequen-
cies (i.e., speeds) with bigger currents.

In Table II, the parameters of the patented
generator are shown. Table III gives the material
features and obtained values. Thus, both the paral-
lel and series connected information is obtained in
the frame of that work.

Table IV gives the material properties for the
construction.

CONCLUSIONS

The power no-load losses versus frequency char-
acteristic is a square function of frequency that has
been explored for a special PMSG. The analyzes
include friction, ventilation and iron losses (induc-
tion, eddy currents). It has been proven that 100 W
of power loss occurs at the speed 1380 rpm. The no-
load EMF versus frequency characteristic has a
linear relationship. Besides, when PMSG is loaded,
terminal voltage falls by a quarter ellipse trajectory
due to synchronous reactance Xs. Evaluated mea-
sured maximum of output power is found as max
Pout (8.33 A; 111.6 Hz) = 2334 W. The difference
between a series connection of coils of PMSG
maximum power output max Pout (1.6 A;
70.8 Hz) = 1414 W and in parallel max Pout (8.25
A; 70.65 Hz) = 1439 W was insignificant. This is
because the PMSG has 15 rods and each of phase
has five independent rods with mutually winding
coils. Thereby, it does not influence the output
power by connecting them in parallel or series. The
efficiency of the machine covers a large area at
different frequencies (i.e., speeds) and load currents
at Ia = 7 A provides the efficiency of g � 95%. The
greater the speed (i.e., frequency), the greater the
load currents available for higher efficiencies. The
nominal thermal current is limited up to practical

Fig. 13. Output power versus load at different frequencies (surface
plot).

Fig. 14. PMSG efficiency versus load current at different frequen-
cies.

Fig. 15. Efficiency versus load current at different frequencies (sur-
face plot).

Lyan, Jankunas, Guseinoviene, Pašilis, Senulis, Knolis, and Kurt



value Isc = 12 A, t� fi 70�C, This is needed because
the magnet’s Curie temperature is t� = 70�C. The
PMSG can be driven to produce S = 5.4 kVA in that
respect. The research results shows that compen-
sated reactance winding in parallel rod configura-
tion in PMSG design provides lower reactance and
therefore, higher efficiency under wider load and
frequency variation.
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Table II. Technical parameters and performance values of the PMSG topology with parallel rod
configuration

Parameter Value Number of rotors 2
Load current 8.33 A Number of poles (pair poles) 20 (10)
Output power 2334 W Number of coils 30
Rated speed 1380 rpm Number of loops per coil 375
No-load EMF 146.7 V Active diameter 150 mm
Voltage at rated power 93.4 V Rotor inertia 29.58Æ10�10 kg m2

Efficiency 93.1% Phase armature resistance 0.317 X
Rated power factor 0.66 Phase synchronous reactance 11.6 X
Total mass 55 kg Phase inductance (17.1 ± 1.6) mH
Output power per active mass 42.4 W/kg Output frequency 70 Hz
Output power per volume 214.7 W/l Cooling Natural

Table III. Comparison with series parameters at 70 Hz

Parameter Series value Parallel value Efficiency 92.4% 92.1%
Load current 1.65 A 8.25 A Rated power factor 0.69 0.65
Output power 1414 W 1439 W Phase armature resistance 8.7 X 0.317 X
No-load EMF 446 V 91.5 V Phase synchronous reactance 186.7 X 11.6 X
Voltage at rated power 309 V 58.2 Phase inductance 442.5 mH (17.1 ± 1.6) mH

Table IV. Consumed material quantities

Material Mass (kg) Number of pcs. or pkg. NdFeB N45 magnets 3.3 80
Copper 13 30 coils Getinax 10.3 5 parts
Laminated steel 20.7 15 rods 20 9 25 9 352 Polyethylene 1.8 2 cylindroids
Non-laminated steel 4.4 4 rings, 1 shaft, fasteners Bearings 0.2 3
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Abstract 

 
Fuzzy Logic Control (FLC) is classified as an intelligent control technique. It has been used successfully in a number of scientific and 

technical fields due to its flexibility, among them, in Maximum Power Point Tracking (MPPT) problems. However, they need a quite 

complex architecture not only to be tuned, but also to work properly in production. In this paper we expose an ongoing work in which 

we analyze the viability of modeling this kind of controllers thought intelligent techniques as neural networks in order to ease its 

performing in production time. We found that the preliminary results are promising, needing still more efforts to get a better accuracy. 

 
Keywords: Fuzzy Logic Control, FLC, Artificial Neural Networks, ANN, Photovoltaic Systems. 

 

1. Introduction 
 

Recent researchs have been focus on renewable energy sources and related technologies because of the increasing 

awareness on environmental issues and energy security, depleting fossil fuels. Photovoltaic (PV) systems converting solar 

energy into electrical energy directly are one of the important types of renewable energy sources with its superior 

advantages such as not including moving parts, zero fuel cost and low maintenance cost, among others [1]. Although 

prices of PV modules were high, a significant reduction has been obtained with improved manufacturing technologies 

and increasing production capacity. While the PV module prices were about 1.4$/Watt in 2008, today they decrease to 

≤0.4$/Watt [2]. This removes one of the important drawback of the PV systems. Besides many researchers have been 

focus on improving cell and module efficiency. In fact, increase in efficiency also decreases the unit cost of the PV cell 

and module. Anyway, since the PV module generates its maximum power at a single operation point, working at this 

Maximum Power Point (MPP) during normal operation is still important. Operation point of a PV system can be 

controlled by controlling the output load or output voltage of the PV system and this action is called Maximum Power 

Point Tracking (MPPT). Controlling the output voltage of the PV system via a power electronic converter is the most 

common way. The power electronic converter is usually controlled via a specific control algorithm to drive this action. 

 

The output voltage and current of the PV module vary with environmental effects such as radiation, temperature, 

pollution, shadowing, etc. and since these environmental conditions vary, the amount of produced energy by the PV 

module also changes. Thus, the PV output parameters must be continuously monitored and the operation point of the 

system must be continuously controlled to extract the maximum possible power from the PV module or PV system. 

MPPT methods are used for this action [3,4] And since this has major effect on the efficiency and the economical benefit 

of the PV system, many MPPT algorithms have been proposed being the Perturb and Observe (P&O) and the Incremental 
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Conductance (IC) are the most well-known MPPT methods. Algorithms can be grouped into two category as direct and 

indirect methods. In the P&O algorithm, the output voltage of the PV system is perturbed in one direction and the 

variation of the output power is checked to determine the next variation. This action causes an oscillation that can be 

reduced by using small step size, but this decreases the speed of the MPPT action. The IC method checks the variation of 

the PV output power versus PV output voltage. The sign of this variation gives the place of the operation point on power 

versus voltage (P-V) curve of PV system, and it is zero at the MPP. Although the power oscillations are structurally 

similar to the P&O method, the amount of the power oscillations are lower than in the case of the P&O method. Artificial 

Intelligence based methods also investigated for MPPT methods [4,5,6,7]. The Fuzzy Logic Control (FLC), which has 

become popular in recent years, provides variable step size and thus improves the power oscillations and tracking speed 

[8]. Artificial Neural Networks (ANN) are also another technique that is used to track the MPP of the PVsystem due to 

their ability to learn complex behaviors from experimental data and their capacity to generalize results.     

 

Although Buck, BBoost and Buck-BBoost converter topologies can be used in PV systems, Boost converters are 

commonly used to track the MPP because of its superior advantage of drawing current from PV system in both intervals. 

Boost converter steps up input DC voltage, but  has limited practical voltage gain value. Increasing the duty cycle 

decreases the stability and increases the control difficulty. The practical voltage conversion gain of the conventional 

Boost converter is recommended to be selected as a maximum four [8, 9]. Therefore, number of PV modules whose 

output voltage values are commonly low should be connected in series to fulfill the voltage requirement of common 

loads. However, the number of series-connected PV modules must be within certain limits in practice due to limitations 

on PV voltage isolation, efficiency, shadowing effect, etc. Consequently, some new DC-DC converter topologies have 

been proposed to provide higher voltage conversion gain. Although the isolated DC-DC converter topology has removes 

the voltage conversion gain limitations, this structure causes some problems such as cost, complexity, etc [10]. 

 

The conventional Boost converter combined with switched capacitor have been proposed to extend the voltage 

conversion gain of the conventional Boost converter. In this topology, voltage conversion gain is related to the number of 

capacitors used in the circuit. Since the voltage regulation action decreases the efficiency of the converter significantly, an 

additional converter is required to combine the high voltage conversion gain and voltage regulation features with high 

efficiency [11]. In addition, the power switches suffer from high charge current. The DC-DC multilevel Boost converter 

topology which also combines the Boost converter and switched capacitor is proposed to remove this additional converter 

requirement. In this topology, a number of capacitors are charged with same voltage which is controlled by conventional 

Boost converter [12]. This removes the voltage regulation problem, however, total load current flows through the output 

capacitors limits its usage [8]. 

 

Another technique used to obtain high voltage conversion gain is using the coupled-inductors [13]. However, the leakage-

inductor energy of the coupled inductors causes voltage spikes which increase switching losses, decreasing the efficiency 

[14]. Although active and passive clamp circuits are designed to recycle the leakage inductor energy, these additional 

clamp circuits increase the cost and complexity of the system [8]. Using two cascaded Boost converters to obtain high 

voltage conversion gain is also possible, however, this topology doubles the number of required voltage controllers and 

active switches. The quadratic Boost converter (QBC) given in Fig. 1 is similar to cascaded two Boost converters and 

provides the same voltage conversion ratio by using only one active switch and one controller. The output voltage is 

given as a quadratic function of the duty cycle of switching signal [15]. Since the QBC has only one active switch, 

additional active switch and driver circuit requirement is removed and more reliable and efficient converter is obtained. 

Therefore, the QBC has become popular and used for different DC-DC converter applications such as power factor 

correction applications and PV applications [16-18]. The output voltage of fuel or PV cells is usually low, and this low 

voltage should be increased to supply conventional AC loads or to export the generated energy to the grid. Therefore, a 

compact, robust, reliable and high efficiency converter design with high voltage conversion ratio is an important 

requirement for PV and fuel cell supplied systems. Although some studies have been presented on control of QBC, the 

number of studies on MPPT with quadratic Boost converters is limited [16, 19, 20]. 

 

The remaining of the paper is structured as follows. The second section gives a background on Quadratic Boost 

Converters, while section 3 on MPPT algorithms. The FLC tracking system to be modeled, the modelization proccess and 

the obtained results are described in section 4. Finally, section 5 gives our more outstanding conclusions. 

 

2. The Quadratic Boost Converter 
 

In the literature there are some studies on quadratic converters which can be designed as buck converter or Boost 

converter [9,10, 21]. Besides, some control schemes have also been proposed for these type of converters in recent studies 

[11,12,13]. Actually, the quadratic converter can be implement by cascaded connection of two conventional converters 

with elimination of the capacitor of the first (supply side) converter. Thus, same conversion ratio with a cascaded 

converter is obtained with a reduced number of components. This yields with lower cost and more compact design which 

allows lower cost and more compact designs. However, the efficiency of this converter is still lower than the conventional 

ones [21]. It is well known that higher duty ratios which provide higher voltage gain decrease the conventional converter 
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efficiency dramatically. This also increase the voltage on the switches and the electromagnetic interference [14,15,16]. 

Therefore, it can be noted that the quadratic Boost converter has better performance for high-step-up applications. The 

schematic diagram of the quadratic Boost converter which looks like two cascaded Boost converters is shown in Fig. 1. 

 

 
Figure 1. The PV supplied quadratic Boost converter. 

 

The quadratic Boost converter circuit given in Fig. 1 can be easily analyzed. If the controlled switch S1 is turned on (ON 

state), then diodes D1 and D3 pass to the OFF state, and supply current flows through L1 and D2. In this condition inductor 

L1 gathers energy from the supply and inductor L2 gathers energy from capacitor C1. Simultaneously, load is supplied by 

the output capacitor C2. Then, switch S1 turns off (OFF state). In this condition, diode states are completely contrary; D1 

and D3 are ON state, and D2 is OFF state. At the same time, capacitors C1 and C2 are charged by inductors L1 and L2. In 

addition, inductors supply the load energy demand. Converter conversion ratio equation can be obtained from differential 

equations Eq.(1)-Eq.(4) obtained according to the control signal u [17]. 
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where u is the control signal, which is “1” when S1 is turned on (ON state) and “0” when S1 is turned off (OFF state). 

Here, i0 is load current. In steady state conditions, all the derivative terms are equal to zero. The Eq.(5) is obtained by 

substituting the control signal D instead of u in Eq.(1)-Eq.(4): 
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Finally, the conversion ratio of the converter (M(D)) can be obtained as given by Eq.(6): 
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As can be seen from the Eq. (6) that, the conversion ratio of the quadratic Boost converter is an exponential expression, 

and this ratio provides a high conversion rate even with lower duty cycle. 

 

3. PV Model and MPPT algorithms 

 

Many MPPT techniques have been suggested in past studies. Generally, indirect methods estimate the MPP by using 

some predefined mathematical equations, look-up tables, etc. These methods provide fast MPPT action. However, since 

the characteristics of the PV module change with time because of same effects such as aging, pollution, etc., their 

accuracy changes with time. The most common indirect methods are pilot cell (PC), look-up-table (LUT), constant 

voltage (CV) and constant current (CC) methods. Besides, direct methods continuously measure some parameters of the 

PV module and track the MPP by using these measured data. Therefore, aging and pollution do not affect the 

performance of the MPPT action. The most common direct methods are the P&O and the IC algorithms, a number of 

algorithms such as ripple correlation control, current sweep, sliding mode algorithms have been proposed [3,4,5,6]. 

Besides, artificial intelligence based methods become popular such as Fuzzy Logic Control (FLC), artificial neural 

networks, genetic algorithm, particle swarm intelligence, etc. The FLC has significant advantages such as removing 
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system model requirement, lower dependency of the mathematical model and system parameters, thus provides high 

performance MMPT action [1, 8, 22]. 

 

4. FLC system 

 

In this study, a two inputs and one output fuzzy logic controller is used as MPPT algorithm. The change in PV power 

(dPPV/dt) and the change in PV voltage (dVPV/dt) are used as inputs of the fuzzy logic controller. The output variable of the 

fuzzy logic controller is change in duty cycle (cD). An integrator is used at the output of the fuzzy logic controller to obtain 

the duty cycle value of the quadratic Boost converter. Seven membership functions are used for both input and output 

variable of the fuzzy logic controller. The input and the output membership functions are given in Fig. 2. As it can be seen, 

linguistic labels such as positive large (PL), positive medium (PM), positive small (PS), zero (Z), negative small (NS), 

negative medium (NM), negative large (NL) are used for these input-output membership functions. The rule base of the 

fuzzy logic controller is given in Table 1. The fuzzy output variable is obtained by using the most common Mamdani’s 

max-min method as fuzzy inference method. The fuzzy output variable is converted to crisp output variable by using 

Center of Gravity defuzzification method. 

 

 
(a)      (b) 

Figure 2. a) Membership functions of input variables b) Membership functions of output variable. 

 

Table 1. The rule base of the FLC. 

  Change in PV power (dP/dt) 
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 NL NM NS Z PS PM PL 

NL NL NL NM Z PM PL PL 

NM NL NM NM Z PM PM PL 

NS NL NM NS Z PS PM PL 

Z Z Z Z Z Z Z Z 

PS PS PS PS Z NS NM NL 

PM PM PM PS Z NS NM NL 

PL PL PL PM Z NM NL NL 

 

 

5. Modelization Process 

 

Once that the working structure of the system to model is clear, we have set up the architecture of the ANNs to use, 

selecting classical feedforward family. Since the structure of the FLC controller to model is clear, we have selected two 

magnitudes to be placed at the input layer of the network, i.e., the change in PV power (dPPV/dt) and the change in PV 

voltage (dVPV/dt), while there is only one magnitude at the output layer of the ANN, i.e., the change in duty cycle (cD). 

Given these requirements, the input layer of the ANN will have two neurons, while just one at the output layer. It was used 

only one hidden layer for being just a preliminary study, and the activation function used in these neurons was the tan-

sigmoid. Once the working data of the original FCL system have been obtained, they have been divided into three different 

subsets using an interleaved indices criteria: 60% for training, 20% for validation and the remaining is used for assessing 

the generalization capabilities of the ANN, i.e., for testing on an independent dataset.  

 

After carrying out the previously described experimental setup, we obtained an accurate artificial neural network of 136 

hidden nodes with a root mean squared error (RMSE) of 0.00888. This means that it is an acceptable accuracy in this 

domain since the mean of the value to predict of the duty cycle (cD) in the original dataset is 0.105, i.e., the obtained error 
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is the 8.46%. In order to assess the accuracy of the approach, we have obtained the regression coefficient R of our 

approach, finding that its value is R=0.988, which means that it is a very good approximation, as shown in Fig 3. 
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Figure 3. Regression value. 

 

 

5. Conclusions 
 

In this paper authors have addressed in general the Maximum Power Point Tracking (MPTT) problem and dealt with the 

modeling of a specific Fuzzy Logic Control (FLC) system. We have recalled that system and have modeled it obtaining a 

RMSE accuracy of 8.88x10-3. Taking into account that the absolute medium value of the controlling signal generated by 

the FLC system is 0.105, it is a good accuracy but this value can be improved, and more work should be done in that 

sense. 
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Abstract 

 
In this paper authors describe an ongoing modeling process focused on describing the electrical behavior of a harvesting system, which 

is a nonlinear silicon-based electrostatic kinetic oscillator with an ultra-wide operating frequency bandwidth (range from 2 to 160 Hz 

random noise excitation) and variable capacitance that produces an output voltage, mainly depending on the mass position that in turn 

depends on the acceleration value. The energy converter is based on a variable capacitance made of in-plane gap-closing interdigited-

combs. The dynamical response of the system is highly non-linear due to the pull-in electrostatic force. A model based on artificial 

neural networks (ANN) is obtained when it is under exponentially correlated noise excitation, reaching an absolute error when 

comparing standard deviations (the most suited metric in this domain because the DC component is not taken into account) of the 

original data and of the obtained model of 3.95%. 

 

Keywords: Harvester System, e-VEH, Artificial Neural Networks, ANN. 

 

1. Introduction 
 

Many electrostatic vibration energy harvesters (e-VEH) are based on linear spring-mass systems whose vibrations are 

somehow responsible of a change in capacitance of a capacitor connected to a circuit. These devices are optimized to 

work at specific frequencies mainly because in such structures, power is maximized only near resonance [1]. However a 

vast majority of applications require a conversion capability that is spread over a wider frequency band. An extensively 

used approach that allows one to extend the bandwidth of MEMS-based resonators consists in adding nonlinearities into 

their structure. Nonlinearities can be of different origins: mechanical spring softening [2], multi-stable potential fields, 

electro-mechanical nonlinearities or nonlinearities due to impact [4-5] and various non-resonant systems [6-8]. All these 

techniques are particularly efficient for harvesting energy from stochastic vibrations. Mechanical up-conversion 

techniques have also been demonstrated useful to capture kinetic energy from low-frequency sources [9-10]. In a recent 

work, a MEMS e-VEH that combines the frequency up-conversion and electrostatic nonlinearities was introduced [14]. 

This generator shown the capability to efficiently capture energy by wide range of vibrating spectrum, from human 

walking up to hundreds hertz, enough to power small wireless temperature sensor at 3.5 V. 

 

In this paper, we present a characterization study of this system different from the first principles one when excited by 

band-limited random vibrations, obtaining a good accuracy on its description of the electrical behavior through an 

artificial neural network approach. 

 

The structure of the paper is as follows: the second section gives a description on the specific system, which can be 

modeled through first principles approach as shown in section 3. Section 4 describes the process of modelization by 
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means of artificial neuronal networks and discusses the obtained results. Finally, section 5 gives our more outstanding 

conclusions. 

 

2. Harvester description 
 

The illustration of e-VEH is shown in Fig. 1, where a schematic is represented in Fig. 1 (a) and a photography of the real 

device in Fig. 1 (b). A silicon mass is anchored to the frame structure through linear serpentine springs. Two are arrays of 

gap-closing interdigited-combs, one fixed to the frame and the other moving with the proof mass, realize the mechanical-

to-electrical energy conversion as a variable capacitance. To limit the mass excursion two clamped-clamped beams work 

as elastic stoppers. The impact with these stoppers decreases the kinetic energy, add non-linearity to the dynamic and 

widen the frequency range. A second version of the e-VEH was also tested with a parylene electret thin film covering the 

mobile electrode in order to provide a polarization source for the electrostatic converter. A detailed description of this 

harvester and its fabrication can be found in [15–17]. The basic model of the system is shown in Figure 2. Model of the e-

VEH.  

. 

 

 

 

 

 
 

(a) (b) 

 

Figure 1. Picture of the e-VEH: (a) schematic and (b) photograph of the full device, from [19]. 

 

3. Harvester theoretical model 
 

This section is devoted to describe the harvester device based on first principles approach. The 2-DOF model of the 

kinetic e-VEH based on the inertial spring-mass-damper oscillator couple is shown in Fig. 2. The energy conversion is 

operated through the electrical force that occurs from the variable capacitance C(t) at constant voltage V0 [17]. The 

lumped parameters model of the transducer alone, are as follows: 
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where, the first equation describes the mechanical part with proof mass m, and the second one comes from Kirchhoff’s 

electrical branch equation coupled to the system; y and x are the rigid frame and relative displacement of the mass 

respectively, ca and ci are the viscous damping factors in the travelling range before and during the impact with stoppers 

respectively. V(t) is the instantaneous voltage across the resistive load RL.  

 

The total potential energy of the system Ep is described as a piecewise function in different ranges of the vibrating mass, 

inside and outside the stoppers limits |x|<|xlim| and |x||xlim|. It includes the mechanical and electrical energy as follows: 
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Figure 2. Model of the e-VEH.  

 

 

where kst is the stiffness of the mechanical stoppers, while ks is the stiffness of the silicon springs.  The variable 

capacitance C(x) is given by Eq. (4): 
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           (4) 

 

where , Nf, lf, h and g0 are the electrical permittivity (air), number, length and thickness of comb fingers and the initial air 

gap at rest respectively. The potential energy changes by varying the bias voltage V0 and transforms from being mono-

stable to flat to tri-stable [18].  

 

The device key parameters are listed in Table 1. We must point that all the dimensions related to the patterning of the 

silicon layer are at the mask level. Since there is over-etching below the mask during the DRIE process, the real 

dimensions of the silicon structure are slightly different from the listed values. 

 

Table 1. Key parameters of the transducer 

Properties Value 

Active area (movable mass + springs) 12 × 10 mm2 

Thickness of the silicon layer 0.38 mm 

Width of fingers 30 µm 

Length of fingers 2.0 mm 

Initial gap between fingers  

(before parylene deposition) 
70 µm 

Number of fingers on the fixed electrode 102 

Number of fingers on the proof mass 100 

Thickness of the electret film 2 µm 

Silicon proof mass ~ 60 × 10-6 kg 

 

 

4. Approaching the theoretical model 
 

In this section we are going to explain the process followed for approaching the previously described theoretical model by 

the artificial neural network approach. Subsection 4.1 describes the experimental design process, while subsection 4.2 

discusses the obtained experimental results. 

 

4.1. Experimental design 
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In order to obtain a good approximation to the electrical behavior of the harvester system, we have used non-linear input-

output artificial neural networks, where dynamics appears only at the input layer of a static multilayer feed-forward 

network. As these are feed-forward ANN we could use the state-of-the-art and well algorithms for training. 

 

The model to obtain is quite simple but enough to describe its electrical dynamics, since it has only one input 

(acceleration applied to the harvester system) and one output (voltage obtained as effect of that acceleration). The data 

that we used for the training and for the test were obtained from the equations presented in the analysis of section 3. 

 

We have trained a number of ANNs, all of them have one neuron in both the output and input layers because there is only 

one input and one output in the desired model. We have performed a heuristic search in the state space of solution when 

searching for an optimal number of hidden nodes for their unique hidden layer, always with the tan-sigmoid activation 

function.  

 

Our dataset was composed of 10,000 values obtained from equations of section 3, composed of pairs of accelerations and 

voltage, and it was finally splitted into three subsets: 60% for training, 20% for validation and 20% for test. 

 

4.2. Experimental results 

 

After carrying out the experimental design exposed in the previous subsection, we have found that a good approach is 

given by an ANN of 15 elements in the tapped line and 198 neurons in the hidden layer. The results of the comparison 

between the original data to learn and the results obtained by the selected ANN are shown in Fig. 3, where we can see 

perfectly that the accuracy of the approached model is not good due to the existing errors. In order to analyze if this is a 

structural situation, we obtained in Fig. 4 the regression coefficient, where R=0.13 showing that it is clearly a bad model 

under the classical approach of root mean squared error (RMSE) metric.  
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Figure 3. Comparison between the data to learn and the results of the selected ANN.  

 

However, we have selected that ANN as a good one, and the reason is that as explained in previous sections, this is a 

stochastic and nonlinear system under a random excitation in ergodic regime, so the DC component of the output 

disappears and it is more interesting to analyze the standard deviation than mean values. Carrying out a new analysis of 

the response of the ANN under this new point of view, we found that the standard deviation of the test data was 1.9173, 

while the standard deviation of the response of the ANN for these data was 1.8416. Comparing them the absolute 

difference is 0.07578, i.e., there is an error of 3.95%, so we conclude that the approach is good for this domain. 

 

5. Conclusions and future work 
 

In this paper authors have addressed the problem of modeling a highly nonlinear and stochastic harvesting system. We 

have started describing the scope of the paper introducing a specific harvesting system; giving physical details as well as 

their first principles based modeling. Authors have designed an experimental setup focused on obtaining an accurate 

model of the electrical behavior of the implied harvesting system. Finally, we obtained a good approach for this specific 

domain, where it is much more relevant the accuracy in terms of standard deviation than in terms of mean values, 

reaching an accuracy of 3.95% of absolute error for a test dataset. 

 

Despite of the results are goods, as future work we are planning to develop an even more accurate approach using a 

different type of ANN and carrying out a deeper exploration of the state space of the feasible solutions. 
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Abstract 16 

A new electromagnetic energy harvester has been designed in order to generate electricity from the 17 

mechanical vibrations. The new system operates with two springs attached to two ends of a linear-18 

laminated core and a winding circulated on the core directs the electrical energy to the output. Initially 19 

an electromagnetic model has been developed for the Halbach-oriented magnets at the ends of core. 20 

That orientation has been used in order to deviate the magnetic field at the tips of the core unit. Some 21 

preliminary studies prove that the output peak voltage U = 0.75 V and maximal peak power P = 14 22 

mW can be achieved experimentally, thereby a power density of p = 0.3684 mW/cm3 is obtained with 23 

the new system. The efficiency of that new designed linear harvester reaches to 36% at its optimum 24 

frequency and electrical load conditions. 25 

 26 

Keywords: Harvester, energy, electromagnetic, power, magnetic flux 27 

PACS: 41.20.Gz, 07.50.Ek 28 

 29 

1. Introduction  30 
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Electromagnetic energy harvesting studies goes back to 1831 following the discovery of Michael 31 

Faraday. The invention of the generation of electrical potential difference via a conductor moved 32 

through a magnetic field became a fundamental idea as “Faraday’s law” to understand the 33 

electromotive force (emf) and its relation to magnetic field [1]. A deeper research on the 34 

electromagnetism of moving bodies has prevailed that electricity generation via small-scale systems 35 

can be useful for many compact systems such as sensorless nodes, alarms, clocks, attenuators, 36 

automotive sensing units, etc [2,3]. In reality, many engineering applications, those small structured 37 

and low powered systems make important contribution to the devices and systems.  38 

 39 

According to the literature, experimental and theroretical studies on harvesters have yield to some 40 

realities: The magnetic flux and air gap governs the maximal voltage [4,5]. The number of turns of the 41 

coils, electromagnetic damping and velocity play important role to get the maximal power [1]. Both 42 

voltage and power are important quantities to ascertain the electricity production from a harvester. 43 

Apart from the voltage, power strictly depends on the electrical load, which is attached to the output 44 

terminals of the harvesters [6,7]. Since the maximal power theorem defines an exact power point for 45 

the maximal value of the multiplication of current and voltage, many tests should be realized for a new 46 

harvester system. Indeed, the optimization process of the harvesters take much interest because of the 47 

survey of various parameters such as electrical load (RL), core geometry and relative permeability (lc, 48 

tc,µr), air gap (la, ta), winding geometry (ri, ro, f, N), mass (m) and velocity (v) or excitation frequency 49 

(ω).  50 

 51 

As the magnetic materials, which are used as harvester cores and magnets, one may use ferromagnetic 52 

or ferrimagnetic materials. Indeed, the permanent magnets (PMs) are made from those materials that 53 

exhibit magnetism after the application of a certain magnetization [1,8]. While the ferrimagnetics are 54 

subtly different to ferromagnetics in that they contain atoms with opposing magnetic moments, but the 55 
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magnitude of those moments is unequel and hence a net magnetic field may occur in the material. 56 

Ferrimagnetic materials take interest because of their higher electrical resistance, therefore eddy 57 

current effects are reduced on the material. The types of magnets can be stated as Alnico, neodymium 58 

iron boron (i.e. NdFeB), samarium cobalt and ceramic (i.e. hard ferrite). Each of them has been 59 

subdivided into a range of grades with their own magnetic features. The highest energy has been 60 

achieved with NdFeB magnets, however those suffer from low-working temperatures (i.e. 120 °C) and 61 

poor corrosion resistance. For Alnico magnets maximal working temperatures increase to 550 °C, 62 

whereas the flux density is reduced to 130 mT, which is 3.5 times lower than that of  NdFeB magnet. 63 

That reality enforces one to consider efficient cooling strategies for the harvester magnets in the 64 

designed systems. By considering the studies in the literature, it is of interest to know how the power 65 

generated is related to the size of the harvester. In the vibration-based ones, the available mechanical 66 

energy is associated with the mass movement through a certain distance. While that move causes both 67 

parasitic damping and electromagnetic damping, the factors can be identified by the dimensions of the 68 

harvesters. Typically, if the dimensions are decreased, the electrical energy generated is reduced in 69 

terms of electromagnetic damping [1,9].  On the other hand, parasitic damping can occur by material 70 

and air frictions and can be a major limiter for the displacement. For the vibration-based systems, the 71 

maximum electrical power is extracted when the electrical damping becomes equal to the parasitic 72 

damping (Dp) [1,9]. In this manner, the strategy should be the selection of the optimum load resistance 73 

which maximizes the flux gradient in order to equalize the electromagnetic damping to the parasitic 74 

one. In that case, one arrives at �� = D��Z/D	 − R� for the optimal load value in order to produce the 75 

maximal power generation. In practice, the power on the load is maximized for the electrical work. 76 

Therefore the maximized load power is obtained for the load value of  �� = D��Z/D	 + R� . If the 77 

parasitic damping is much larger than the electromagnetic damping, the optimum load resistance 78 

becomes equal to the coil resistance. In the literature there exist various macro-scale electromagnetic 79 

harvesters. For instance, the study of Amirtharajah and Chandrakasan can be mentioned [10]. In 1998, 80 
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they proposed a generator consisting of a cylindrical housing where a cylindrical mass is attached to a 81 

spring and fixed to one end. A PM was attached to the other end of the housing and a mass, which 82 

freely oscillates vertically within the housing has a coil attached to it. When the mass moved, the coil 83 

cut the flux and voltage generation occurred. In their system, the mass was 0.5 g with a spring constant 84 

174 N/m having a resonant frequency of 94 Hz. The peak output voltage was measured at 0.18 V, 85 

which was too low to be rectified by a diode. From that system only power of 400 µW could be 86 

harvested within a 2 cm movement. In other study, El-Hami et al [11] considered a cantilever beam 87 

system with a C-typed core. A pair of magnets was attached to two inner sides of the core and they 88 

were free to vibrate with the cantilever inside a stable coil. The total harvester volume was 240 mm3 89 

and 0.53 mW power has been harvested at 322 Hz within a 25 µm movement. Later on Glynne-Jones 90 

et al [12] considered a pretty different geometry with four magnets and fixed coil in two cantilever 91 

geometry. The volume was 3.15 cm3 and frequency was 106 Hz. An output of 1 V has been achieved 92 

compared to the earlier device (i.e. 0.15 V). They positioned the harvester to a car engine and the 93 

maximal peak power of 4 mW was obtained. In 2007, that cantilever geometry was re-considered by 94 

Beeby et al [13] with discrete magnets, conventionally wound coils and machine components. The 95 

copper wires were thin as 12 µm in diameter in a total volume of 150 mm3. The harvester generated 46 96 

µW and 0.428 V at its resonant frequency 52 Hz. With increased magnet sizes, Torah et al [14] 97 

achieved 58 µW from the same excitation level. As another design for a linear harvester, Buren & 98 

Troster [15] considered a tubular translator in 2007. It contained cylindrical magnets and spacers and 99 

the device was operated with a vertical movement scenario by inducing voltages on the stator coils. 100 

The vertical vibrations were ascertained by parallel springs. In total volume of 30.4 cm3, the averaged 101 

power of 35 µW was harvested on a moving knee. In another study, Yuen et al [16], 120 µW power at 102 

70.5 Hz was obtained within the movement 250 µm. For a wireless aircraft –monitoring system, a 103 

different device was designed by Hadas et al [17]. The device generated 3.5 mW at 34.5 Hz with a 104 

volume 45 cm3. The device was the largest one and might be re-scaled for different applications.   105 
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 106 

In the present paper, we have proposed a new electromagnetic linear harvester for the low power 107 

applications and analytical and preliminary experimental studies have been reported. The paper is 108 

organized as follows: Sec. 2 introduces the analytical modeling of the new harvester. Sec. 3 expresses 109 

the experimental setup. The main results and discussion is presented in Sec. 4. Finally, the paper ends 110 

with the concluding remarks.  111 

 112 

2. Theory 113 

A new harvester design can be presented in Fig. 1. The electromagnetic and mechanical components 114 

are basic and operate with a vertical mechanical excitation. All mechanical dampings are indicated by 115 

the damping unit. Two springs are attached to the magnetically inactive ends of a laminated core. The 116 

magnets at the ends have N-N and S-S orientation since the entire magnetic flux can travel inside the 117 

core, when the system is at the equilibrium point, whereas, if the maximal amplitude is occurred by the 118 

shaking, the core will be positioned far away from one pair of the magnet. That will annihilate the flux 119 

inside the core and no voltage induction is available in that case. The terminals of a single coil can be 120 

attached to the outer part of the unit and directly connected to the load if it is desired.  121 

 122 

Figure 1. Electromagnetic and mechanical representation of the proposed harvester.  123 
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 124 

Since the movable components of  the system are composed of two springs, core and a coil, the natural 125 

frequency can be defined by the total mass of those components as will be pointed out in Fig. 2. 126 

However, the outer mechanical excitation will be induced on the entire system. Since the system is 127 

symmetrical in terms of electromagnetic force and mechanical couplings, there is no problem on the 128 

asymmetric motion in the horizontal direction. Thus the device is stable to produce well-defined 129 

waveforms from its terminals. 130 

 131 

 132 

Figure 2. The representation of the system at the equilibrium point (left) and the maximal amplitude 133 

(right). N/S indicates the poles of magnets. M and m give the masses of core and coil, respectively.   134 

 135 

The theoretical interpretation of the system mainly include the electromagnetic equations and 136 

equations of motion by following the situations in Fig. 2. In this figure, the fluxes from left and right 137 

part of the harvester repel each other due to the location of same magnet poles. Indeed, such an 138 

orientation of the poles is known as Halbach type positioning and that is a very effective way to direct 139 

the fluxes into a core or a ferromagnetic material. The harvester core would carry the flux from one tip 140 
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to the other tip to complete the full flux path via the magnet.   Initially, the equations of motion can be 141 

expressed for a damped forced system as follows:   142 

 143 

� = ��
��          (1) 144 

 145 

�� +�� ���� + �� + ��� = A	cos�Ω!�     (2) 146 

 147 

Here x, v, M, m, γ, �� and Ω denote displacement of the middle of core from the equilibrium point, 148 

velocity of the core, mass of the core, mass of the coil, parasitic damping parameter, natural angular 149 

frequency and the excitation frequency of the vibrating media, respectively.  150 

 151 

In terms of electromagnetic, the flux along the flux path should be defined for two cases, first when the 152 

core is at the middle of the magnet pairs, second when it is at the maximal displacement case. For that 153 

procedure, the reluctances along the flux path is given as follows according to the left plot of Fig. 2:  154 

 155 

R�"��#� = �$%&
�#� + �'"&(�#� = )*+,-*+.

/01
+ *+.

/0/21
      (3) 156 

 157 

Note that here the total reluctances are defined by the air media and the core itself. The parameters l 158 

and A are path lenghts in Fig. 2 and the area perpendicular to the flux direction. 3� and 3& shows the 159 

magnetic permeability of air and the relative permeability of the core, respectively. The uppor index 160 

(1) denote the case one. After the determination of the reluctance, one arrives at the flux expression: 161 

 162 

Φ = 4
5676

         (4) 163 
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It implies that the magnetic flux Φ is the ratio of magnetomotive force F divided by reluctance Rtot. 164 

Since the harvester has two magnets in one flux side, one arrives at, 165 

 166 

Φ�#� = )Ϝ
59:6
�,� = )Ϝ

.;+,<;+.
=0>

- ;+.
=0=2>

 .     (5) 167 

 168 

Since there is also the second flux path, the resulting flux can be written as,  169 

 170 

Φ?(�
�#� = 2Φ�#� = A	Ϝ	/0	/2	1

B)*+,-*+.C/2-*+.
     (6) 171 

 172 

This expression gives the maximal flux along the path. For the second case, the reluctance should be 173 

changed in accordance with the path components as follows: 174 

 175 

R�"�
�)� = �$%&

�)� + �'"&(�)� = )*+,-*+.-*+D
/01

+ �*+.E*+D�
/0/21

    (7) 176 

 177 

The main difference in case (2) is the path decrease due to the spring vibration and that affects the 178 

reluctance substantially. The  one can write the flux as, 179 

 180 

Φ�)� = )Ϝ
5676
�.� = )Ϝ

.;+,<;+.<;+D
=0>

-;+.F;+D=0=2>
      (8) 181 

 182 

Then, one arrives at,  183 

 184 

Φ?(�
�)� = AϜ/0/21

)/G*+,-*+.�#-/2�E*+D�#E/2�
      (9) 185 

 186 
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by considering two fluxes from both sides. In order to identify the flux difference between two cases, 187 

one subtracts the cases as,  188 

   189 

∆Φ = Φ?(�
�#� − Φ?(�

�)� = A	Ϝ	/0	/2	1
B)*+,-*+.C/2-*+.

− AϜ/0/21
)/G*+,-*+.�#-/2�E*+D�#E/2�

    (10) 190 

 191 

By simplifying the expression we arrive at, 192 

 193 

∆Φ = E*+D�#E/2�AϜ/0/21
B)/2*+,-*+./2-*+.C�)/2*+,-*+.�#-/2�E*+D�#E/2��

          (11) 194 

 195 

Since the relation between the flux linkage and electromotive force is given by, 196 

I = − �J
��          (12) 197 

 198 

and considering  199 

 200 

K=LΦ,           (13) 201 

 202 

the electromotive force can be defined by, 203 

 204 

I = −L MΦ
M� 	

��
��          (14) 205 

 206 

That relation gives an opportunity to define the position-dependent change in emf. Thus it can be 207 

simplified by means of velocity v as follows: 208 

 209 

I = −L� MΦM�          (15) 210 
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 211 

Since the difference in x position is defined by NOA in Eq. 11, one simplify the position-related form as 212 

NOA = � for further mathematical manupulation and Eq. 11 yields to,  213 

 214 

∆Φ = E��#E/2�AϜ/0/21
B)/2*+,-*+./2-*+.CP)/2*+,-*+.�#-/2�E��#E/2�Q

       (16) 215 

 216 

 217 

Then the derivative with respect to displacement is given by,  218 

 219 

MΦ
M� =

E�#E/2�AϜ/0/21
		P)/2*+,-*+.�#-/2�E��#E/2�Q

.        (17) 220 

 221 

 222 

To conclude, the emf relation can be found when Eq. 16 is inserted into the emf formulation in Eq. 15. 223 

The total electromagnetic and mechanical equations can be written as, 224 

 225 

��
�� = �           (18) 226 

 227 

��
�� = − R�

�S-T�−
U0.�
�S-T�+

1
�S-T� cos�Ω!�      (19) 228 

 229 

MΦ
M� =

E�#E/2�AϜ/0/21
		P)/2*+,-*+.�#-/2�E��#E/2�Q

.       (20) 230 

I = −L� MΦM�            (21) 231 

 232 

3. Experimental Setup 233 
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 234 

The experimental setup is shown in Fig. 3. The setup consists of a signal generator in order to operate 235 

the shaker at a certain amplitude and frequency, a variable electrical load table, DAQ card to export the 236 

results to a laptop and a shaker unit. For the displacement measurements a laser displacement sensor 237 

(LDS) has also been mounted on the side of the shaker.  238 

 239 

 240 

Figure 3. The setup for the test of the proposed EM harvester. 241 

 242 

The type of the DAQ card is NI USB-6250. It has 16 analog inputs and enables the making of multiple 243 

recordings of quantities such as the displacement of the layer tip and output voltages. The data from 244 

the card has been collected via the LabVIEW software.  LDS has an IL-065-type head controller IL-245 

1000 which was made by Keyence. Note that the shaker is for testing the frequency responses of the 246 

harvester. Therefore an efficiency study is not reasonable for such a testing procedure. However, one 247 

can make an estimation by considering the mechanical power as input power and its conversion to the 248 

electrical energy as output power. In such an analysis, Hendijanizadeh and co-workers [18] proved that 249 

the efficiency of any linear electromagnetic harvester cannot even reach to 50% due to the low 250 

conversion ratio of the mechanical power whereas that conversion ratio may lead to higher efficiency 251 
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in rotating harvester designs. According to literature [1,9,11,18], the efficiencies of many harvesters 252 

are around 20%. In addition, many harvesters can have efficiencies lower than 20% and there exists 253 

also special harvesters such as ASP 400 and Micromega, which have efficiencies 40% and 30%, 254 

respectively. In the present application, the mechanical input power can be defined by the general 255 

power relation - the multiplication of applied force and velocity as follows:  256 

V%? = �� +�� W�X
.

Y                                                                                                                (22) 257 

The masses of coil and core are 17.4x10-3 kg and 15.15x10-3 kg, respectively. In that case, the proof 258 

mass becomes 32.55x10-3 kg. When the measured time (i.e. τ =15x10-3 s) and measured velocity of the 259 

proof mass (i.e. 0.133 m/s) are put into the expression, one arrives at 38.41x10-3 W for the input 260 

mechanical power. While the optimal output power is 14 mW at 16 Hz, the ratio of η = Pout/Pin 261 

becomes 0.36 for the present harvester. Thus it corresponds to 36% efficiency for the optimal case. It 262 

should be stated that all harvesters have strict dependence on the excitation frequency. Thus, the 263 

efficiency can decrease significantly, when the excitation frequency  differs from the natural frequency 264 

of the harvester.     265 

 266 

    The sensor head can measure the vibrations with the sampling rate of t = 1 ms. For the shaker 267 

system, the signal generator is AWG-1020 type and the amplifier and the shaker is LDS V406. It can 268 

produce vibrations from 1 Hz to 1kHz by varying amplitudes.    269 

 270 

4. Experimental Results 271 

 272 

Fig. 4(a) shows the EM harvester when it has been mounted for the tests. The EM harvester has 4 273 

small high flux density rare-earth magnets (i.e. Nd2Fe14B with 7 mm diameter and 4 mm thickness) 274 

mounted on two sides of the harvester close to the core at the middle. The characteristic B-H curve of 275 

the core M19 type is shown in Fig. 4(b), where the knee flux density is about 1.2 T. A coil has been 276 
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wound the core. The terminals can transmit the electricity out of the harvester without any physical 277 

difficulty since the displacement does not exceed 1 cm at its maximum displacement. The dimensions 278 

of the harvesters are 2 x 2 x 9.5 cm3.   279 

 280 

(a) 281 

 282 

(b) 283 

Figure 4. (a) The proposed EM harvester attached to testing shaker.  (b) The characteristic B-H curve 284 

of the experimental core material M19. 285 

 286 
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When an oscillation occurs, the springs enforce the core and coil to move up and down with the 287 

excitation frequency. The spring constant is 300 N/m. As also observed in the literature, the maximal 288 

displacement has been obtained for the natural frequency of the system. Fig. 5(a-c) shows the sample 289 

shaker displacements and harvested voltages from the tests. For the clarity, we put only the results of 290 

an electrical load of 8 Ohms. Since the system is dependent to the frequency, the results for f=14 Hz , 291 

17 Hz and 20 Hz are given. Although the displacement of shaker occurs in an ideal sinusoidal form, 292 

the output waveforms have different appearance. The waveform especially changes from the sinusoidal 293 

form at low frequencies. Since the excitation frequency is different than the natural one, a complicated 294 

nonlinear response is observed in voltages. It is also obvious that the voltage waveform becomes much 295 

clear sinusoidal-wise shape for 20 Hz. The maximal peak voltage decreases from 0.25 V to 0.1 V, 296 

when the frequency is increased.  297 

            298 

(a)                                                                              (b) 299 

 300 

   (c) 301 

Figure 5. Displacements (gray) and harvested voltages (black) for RL=8 Ω: (a) f=14 Hz, (b) f=17 Hz, 302 

and (c) f =20 Hz. 303 
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  304 

In Fig. 6(a,b), The peak voltages and maximal powers are shown for different frequencies. Initially it is 305 

observed from the experiments that the maximal voltage is obtained for increasing load as usual. 306 

However, the voltage increase becomes nearly stable beyond RL= 35 Ω. Other interesting point is that 307 

the maximum peak voltage is obtained for lower frequency (i.e. 14 Hz) when low resistances are used 308 

at the output, whereas the maximal voltage skips to 16 Hz for larger resistances (beyond 20 Ω). It is 309 

proven that maximum 0.75 V peak voltage could be obtained for that system with a 2.5 mm distance 310 

from the equilibrium point. That is a good value compared to the literature that most harvester voltages 311 

have given 0.5 V peak voltage in many applications.    312 

      313 

      314 

                                 (a)                                                                             (b) 315 

Figure 6. (a) Peak voltages and (b) maximal peak powers versus frequency for various electrical 316 

loads. 317 

 318 

According to Fig. 6(b), the maximal peak power has been obtained for RL=35 Ω and f=16 Hz as 14 319 

mW. Besides, one arrives at 37.5 Ω for the optimal resistance from a fitting curve, and that yields to 320 

the peak power of Ppeak = 10.9 ± 3.1 mW. The maximum power gradually decreases with other 321 

frequencies, which are far from the natural frequency of the harvester. According to our measurements, 322 
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the natural frequency of the system has been found as 16 Hz, thereby that proves why the power is 323 

optimal at that frequency.       324 

 325 

5. Conclusions 326 

The new electromagnetic harvester uses two pairs of permanent magnets and harvests P= 14 mW peak 327 

power at its natural frequency f= 16 Hz for the distance of 2.5 mm to its equilibrium point. The optimal 328 

power can be obtained at 40 Ω and according to the electromagnetic damping, that rate is expected to 329 

be close to the impedance of the harvester. The efficiency of the harvester for optimal frequency 330 

regime has been found as 36%, whereas that efficiency can change dramatically as in other harvesters 331 

in the literature when the excitation frequency changes from the natural frequency of the harvester. 332 

Considering the theoretical limits for the linear harvesters, the maximal efficiency should be lower 333 

than 50 %. Thus, the efficiency value 36% is a good result for the offered harvester device. For the 334 

future study, the power scale should be increased by using better core structures in magnetics and a 335 

better geometry.   336 
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Abstract 

 
Special purpose electrical drives have various oscillatory mechanisms. They are responsible for the use of the oscillating motion in the 

electrical drives. The drives can create power with reactive component. Thus, that is produced by the conductors with larger cross-

sections in order to design a media for the reactive energy storage devices. The observation of the reactive power can be important in the 

electrical power networks. That makes the oscillating drives important tools to survey the reactive power reduction. In the current study, 

the pulsed power supply and an oscillating movement pulse current synchronous drive system are reported in terms of analytical and 

experimental techniques. The efficiency of the proposed system has also been measured and the influence of selected pulsed power 

supply for the oscillating movement has been determined as well. 

 
Keywords: Oscillating drive, Special machine, pulse power supply, power factor 

 

1. Introduction 
 

Many electrical drives exist for the oscillating movement mechanisms, such as valves, saws, electromagnetic and 

piezoelectric energy harvesters, reciprocating displacement pumps and compressors, hammering mechanisms [1,2,3,4,5,6]. 

Typically, the rotary drives which run with gears have transformed the rotary motion to an oscillatory one. The oscillating 

electric drives are more efficient and thereby that makes them important especially as the oscillating linear motion electrical 

motors went back at the beginning of the twentieth century for that reason [7, 8, 9, 10]. 

According to the experiences in the literature, the loads of such drives are not constant. Therefore, it is desirable to change 

the drives supply parameters such as voltage and frequency [11, 12]. In most of the applications, that can be achieved by 

using dc – ac voltage converters. In linear oscillation motion drives, the driving force has been created by the current that 

flows through the windings [13]. In that case, the winding inductance depends on the position of the moving part. The 

reactive components are unavoidable for the mechanical load such as air elasticity compressor or spring saw drive, mass of 

the drives elements. In the operation of an oscillating drive, it is necessary to consider the reactive power. Frankly speaking, 

reactive power is not an unacceptable concept, since it is necessary to provide conductors with larger cross sections in order 

to design reactive energy storage devices, etc. This problem can be solved in an ac network where bi-directional rectifiers 

have been used and in dc ones [14,15,16,17]. Therefore, it becomes essential to explore the methods of reactive power 

reduction and to use that knowledge for the best operation in oscillating drive.  

The aim of the present work is to examine a pulse power supply and the oscillating pulse current synchronous drive system 

in order to minimize the reactive power usage from power supply network and increase drive efficiency. 

 

2. Determination of System  
 

The oscillating motion pulse current synchronous drive within the power range of 200 W is shown in Fig. 1. The 

system is consisted of two electromagnetic parts.    
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Figure 1. The oscillating electromagnetic system: LA and LB – windings, 1 and 5 - stator‘s springs, 2 and 4 - magnetic 

cores, 3 - moving part.  

The voltage pulses applied to the cores in Fig. 2 with a certain time delay causes a magnetic flux inside the cores in 

C-shape and enforces the ferromagnetic material at the middle to move left and right. Note that current amount 

should be identical for two coils, thereby the motion becomes periodic. The oscillation frequency of drive is the same 

with the external excitation frequency. 

Figure 2: The electromagnetic units of the oscillating drive 

The drive in Fig. 2 includes two stators, which have two windings with inductances LA and LB. The magnetic cores 

(i.e. 2 and 4) are responsible to attract the ferromagnetic material by the stator‘s springs (1) and (5). The 

ferromagnetic material has been mounted by giving equal distances. Since the cores are better to be shaped compared 

to permanent magnets, the production cost is low in such a driver. Note that the ferromagnetic material has been made 

by rare earth elements with small volume. That moving part can only move linearly by changing its position, 

therefore windings’ inductances vary. Other parts are springs, mechanical damping and mass of moving part. When 

current flows in single winding, the magnetic field is created inside the core and that attracts the moving part. When 

current decreases, the spring resets the moving part to its original position. When the drive‘s windings are formed 

with the phase shift of 1800, the moving part is alternately pulled towards the other side by generating a continuous 

oscillation. Oscillating drives are similar to the mechanical resonance devices, since the transmission of load’s energy 

is more efficient [18]. In order to achieve that, a supply voltage frequency should be changed, for instance, a switched 

voltage converter can be used as in Ref. [19]. 

Figure 3. Power supply component 

Such power supplies are used to supply oscillating drives, where the windings are connected in diagonal bridges. Fig. 

3 shows pulse power supply unit, where recuperation is enabled for power efficiency [20, 21]. Earlier studies have 

proven that more than 40% drive efficiency can be achieved by using that topology of power supply [22]. 

 

Figure 4: Stationary currents and displacement replies of the drive.  



ECRES – 5th European Conference on Renewable Energy Systems, Sarajevo, Bosnia and Herzegovina, 27-30 August 2017 

3 

 

When the windings are connected in bridges diagonally, a dc voltage source is used as in Fig. 3. It can be a battery or 

a rectified AC supply voltage. Each drive’s winding (LA and LB) is connected to the bridge, which is formed of 

semiconductor switches KA1, KA2, KB1, KB2 and current is reversed by the diodes VDA1, VDA2, VDB1, VDB2. The plots 

in Fig. 4 are drawn for KA, KB commutating mode of switches of the first and second winding, iAL current in the first 

winding, im current in a voltage source and h the displacement of the moving material. The curves in Fig. 5 give the 

Fem electromagnetic force acting on the moving part. The plots Fig. 4 and 5 show the principle of operation for a duty 

cycle D = 0.3 as follows: 

a) Once semiconductor keys KA1 and KA2 (time 0 ms in plot) are turned on, current starts flowing through drive‘s 

winding LA,  

b) Energy is converted into magnetic form from 0 to 9 ms by changing position of the drive‘s moving part, 

c) Once semiconductor keys are turned off at 9 ms for the drive‘s winding self-induction, the reverse current diodes 

VDA1 and VDA2 are activated, 

d) Magnetic field energy recuperates between 9 and 17 ms, 

e) Once drive’s magnetic energy is exhausted, the reverse current diodes are de-activated and current does not flow 

through drive’s winding between 17 and 30 ms, 

f) The cycle is initialized at 30 ms. 

 

Figure 5. Stationary force and displacement replies of the drive. 

Recuperated energy can be returned to a dc power network or an ac power network through bi-directional rectifier or 

to power source for battery charging. If there exists no possibilities to implement it, for an ac voltage rectifier as in 

Ref. [23], the circuit of power source should include a capacitor to accumulate the recuperated energy. If one of the 

winding’s semiconductor switch is turned on, recuperation should take place in another drive‘s winding. Accordingly, 

part of the recuperated energy will be transmitted to the first winding. By increasing the part of recuperated energy of 

the other winding, the possibility arises to reduce the power source’s reactive energy accumulation component’s 

capacity. The losses can also be reduced in such a way. 

3. Mathematical Background and Modeling 

Fig. 6 summarizes the modeling of the drive system. In order to examine oscillating synchronous drive and pulse 

power supply system, two winding units are depicted in the left and right hand-sides.  

Figure 6: Equivalent electrical circuit of the driver 

 

Fig. 7 shows one of these windings in detail. Inductances depend on the displacement of drive's moving part. For 

instance, LA  is shown in Fig. 8 and its equivalent resistance of non-linear magnetic core losses is given in Fig. 9. In 

the case of LB, the characteristics is reflected around ordinate axis. Note that the model of drive's winding consists of 

copper losses resistances as RA1 and RB1 ; Fig. 7; R1; both resistances are 40 Ω), equivalent resistance of non-linear 

magnetic core losses (Fig. 6; RA2 and RB2; Fig. 7; R2) and inductances LA and LB; L as in Figs. 6 and 7.  

Figure 7. Model of a drive’s winding. 
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Fig. 8. Non-linear inductance of a winding.  

 

The voltage source in Fig. 6 has the value Us = 200 V and an internal resistance Rm = 10 Ω in our experiments. 

Reverse current diodes have non-linear characteristics as in Fig. 10 and they are modeled by components VD, UVD 

and RVD in Fig. 6 by having the values 0.7 V and 0.3 Ω, respectively. 

Fig. 9. Equivalent resistance of non-linear magnetic core losses. 

Fig. 10. Diode's volt-ampere characteristic 

 

A switch on the semiconductor element assures finite resistance as in Fig. 11 and that is modeled by components K 

and RK in Fig. 6 with the resistance 1.0 Ω. 

 
Fig. 11. Volt-ampere characteristic of semiconductor switch 

 

Drive's mechanical part is modeled as one mass system, containing drive’s spring tension as in Fig. 12. Here c is 

35300 N/m mechanical damping Rmch and the mass of moving part is 0.612 kg denoted by m. 

 

Fig. 12: Drive‘s mechanical system 

 

Drive is analyzed by numerical simulations by forming the differential equations of motion as follows: 
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Here, h is the displacement and v is the velocity of the moving body. The electromagnetic force (Fem) is as in Ref.[8]: 
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Drive’s efficiency factor (η) is calculated by, 
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where T is period. An electrical energy return factor from the receiver (β), i.e. returned and taken current proportion 

calculation is based on the proposed expression below: 
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where Iv – receiver‘s current (positive sign) during period T, 
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Ig – receiver‘s generated (negative sign) current, 
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Mathematical model is implemented in GNU OCTAVE software package. Mathematical model contains first-order 

differential equations that are solved by numerical integration, result of which are iAL(t), iBL(t), v(t), h(t). Annex A gives the 

routine for that purpose. The way the subroutine solves time-stamp is dependent on switches KA and KB state. When both 

switches are on then current of power supply circuit (in algorithm – fTV1): 

 

 
 

 
 

   

;

22
1

22

B2B1K

m

A2A1K

m

B2B1K

B2BLm

A2A1K

A2ALm

m

hR+R+R

R
+

hR+R+R

R
+

hR+R+R

hRi+E
+

hR+R+R

hRi+E

=i  (7) 

 

current derivative of drive’s winding coil A (in algorithm – fTV2A, for coil B accordingly – fTV2B): 
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current of winding A in electric losses resistance (in algorithm – fTV3A, for coil B accordingly – fTV3B): 
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  (9) 

 

When switch KA is on, and KB is off, diodes VDB are open, current of power supply circuit (in algorithm – fTV5A, in 

vice versa when switch KB is on, and KA is off, diodes VDA are open, accordingly – fTV5B): 
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current‘s derivative of drive’s winding B coil (in algorithm – fTV7B; in vice versa for coil A accordingly – fTV7A): 
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Current of winding B electrical losses resistance (in algorithm  – fTV6B, in vice versa for coil A accordingly – fTV6A): 
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When switches KA are on, and KB are off, diodes VDB are closed, current‘s expression of drive‘s winding A coil (in 

algorithm – fTV8A; in vice versa when switches KB are on, and KA are off, diodes VDA are closed, for coil B 

accordingly – fTV8B): 
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current’s expression of drive‘s winding B coil (in algorithm – fTV10B, in vice versa for coil A accordingly – fTV10A): 
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current of winding A electric losses resistance (in algorithm –  fTV9A; in vice versa for coil B accordingly – fTV9B): 
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When switches KB and KB are off, diodes VDA and VDB are open, current of power supply circuit (in algorithm – 

fTV11): 
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When switches KA and KB are off, diodes VDA are open, and diodes VDB are closed, derivative of current in drive‘s 

winding A coil (in algorithm – fTV12A; in vice versa when diodes VDB are open, and diodes VDA are closed, for coil B 

accordingly – fTV12B): 
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current of drive‘s winding A electric losses resistance (in algorithm –  fTV13A, in vice versa for coil B accordingly – 

fTV13B): 
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The physical and mathematical experiments were implemented in order to assess the adequacy of the mathematical 

model. During the physical experiment (Fig. 13) drive's windings were connected to the custom built converter, 

which voltage was regulated with the autotransformer (Fig. 13, TR). The electrical parameters have been measured by 

measuring the source’s current (Fig. 13, i) and voltage u(t) curves by oscilloscope. The drive's moving part oscillating 

amplitude was measured by the optical amplitude meter [24]. 

 

During the physical and mathematical experiment the duty cycle of power switches was changed. The frequency was 

set to 41.33 Hz. During the physical and mathematical experiments the relationship between oscillating amplitude H 

of moving part and duty cycle D of power switches was established (Fig. 14). The results show that there are 

substantial similarities between the mathematical modeling and physical experiment curves. 

 

Fig. 13. Diagram of physical experiment 

 
Fig. 14. Oscillating amplitude dependence on power switches duty cycle 

 
Fig. 15. Current dependence on duty cycle 

 

Relationship between current intensity Im of voltage source and duty cycle D of power switches is demonstrated in 

Fig. 15. It shows that curves’ shapes of the mathematical and physical experiments are adequate. It can be stated that 

the mathematical model highly fits the physical one. 
 

 

4. Simulation Results and Discussion 

 

The simulations have been performed by setting the frequency of commutating switches according to drive’s 

mechanical resonant frequency (i.e. f=36.152 Hz). The commutating frequency has not been changed during the 

simulations and the mechanical damping has been set to Rmch = 65.5 Ns/m. The duty cycle D and the damping have 

been parameterized. The drive parameters have been calculated at the steady mode of drive’s work in quasi-stationary 

process. The relation between current intensity branch Im and power switches duty cycle D for various drive’s active 
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mechanical load Rmch has been shown in Fig. 16. When D rises from 0.45 to 0.55, the power supply rise is 

suppressed. The reply for Rmch is smooth for wider D region, whereas Rmch differs the behavior of current between D= 

0.3 and 0.58. 

 
Fig. 16. Im versus D relation for various damping ratio Rmch.  

 
Figure 17. η versus D for various damping ratio Rmch.  

 

The drive’s efficiency η is given in Fig. 17 for D and Rmch. The efficiency has clear maximums in range from 0.45 to 

0.55 of switches’ duty cycle. Therefore, in order to maintain maximum efficiency factor, the duty cycle of switches 

should be increased, when drive’s mechanical damping ratio increases. The drive’s moving part oscillates in 

amplitude H for duty cycle D and damping ratio Rmch. Indeed, its oscillation amplitude changes from 0.55 to 0.6 

during duty cycles. To maintain maximum oscillating amplitude, the duty cycle should be increased, when the 

damping ratio increases. 

 
Figure 18. H versus D for various Rmch.  

 

The mechanical power of drive Nmch also shows maximal values as in Fig. 19. When damping ratio changes, D of 

switches should change from 0.5 to 0.6 in order to have maximal power. 

 
Figure 19. Nmch versus D for various Rmch.  

 

The drive’s power factor PF has also one maximum between 0.57 and 0.6 in accordance with the switches’ duty cycle 

as in Fig. 20. 

 
Figure 20. PF versus D for various Rmch. 
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The relation between electric energy return factor β and D can be seen in Fig. 21. The electric energy return to the 

supply decreases to 40%, when D becomes 0.55, then it sharply falls for D > 0.55. The damping ratio is slightly 

effective to increase β around 35%. More than 60% of electric energy is recuperated in a broad range of load 

variation. 

 
Figure 21. β dependence on D (by various Rmch). 

 

The relation between the winding’s recuperated part ratio βA-B and duty cycle D of power switches has been depicted 

in Fig. 22 for damping ratio Rmch. The increase in duty cycle of power switches generates reactive electric energy 

exchange between windings. When it becomes greater than 0.5, more than 50% of reactive electric energy generated 

in one winding is transferred to the other winding. 

 
Fig. 22: βA-B dependence on D (by various Rmch). 

 

For the switches duty cycle being more than 0.65, electric energy return to the power supply stops and the electric 

energy is converted just between the motor windings. In order to receive the highest electromechanical indicators (i.e. 

oscillating amplitude and efficiency factor), the duty cycle needs to be set more than 0.5. Power switches duty cycle 

cannot exceed the value at which the current in motor winding can be suppressed fully. When power switches (i.e. 

voltage supply) duty cycle is set higher than 0.5, the capacitance of accumulating reactive energy can be significantly 

reduced. Then, the reactive energy’s return to the voltage source is being reduced more than 40% and reactive 

electrical energy’s exchange between motor windings can be increased more than 50% in that sense. That finding can 

be applicable to all pulse current oscillating drives with symmetric structure electrical motors. 
 

4. Conclusions 
 

The paper presents the results of mathematical modeling and simulations of the linear oscillating drive in order to 

analyze the energy return reduction factors, which improve the overall power factor of the drive. The switched mode 

power supply has been investigated to run the drive. In order to obtain the highest electromechanical indicators (i.e. 

oscillation amplitude H, efficiency factor η) of oscillating pulse current synchronous drives with diagonally bridged 

windings, and work with wide range of mechanical load, the duty cycle of coil feeding voltage should be set greater 

than 0.5. The value of duty cycle should be less, when current in winding of drive decreases to zero. 

 

In the case of oscillating pulse current synchronous drive with symmetrical design electrical motor and with 

diagonally bridged windings, the capacitance of capacitor, which accumulates reactive power, can be considerably 

reduced when coil supplying voltage duty cycle is greater than 0.5. In an ac power supply with bi-directional rectifier 

or a dc power supply cases, the power factor of the drive can be increased, substantially. It is possible to decrease the 

return of reactive power to dc supply or power network more than 40%, and to achieve the increase of circulation of 

reactive power between the windings of drive more than 50%. 
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      Annex A : Integration subroutine: 

function ODE subroutine (given: t, iAL, iBL, v, h) 
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Abstract 

 
An application of artificial neural networks (ANNs) has been implemented in the present study to detect the nonlinear relationship of the 

harvested electrical power of a recently developed piezoelectric pendulum with respect to its resistive load RL and magnetic excitation 

frequency f. The prediction of the harvested power becomes a difficult task for a wide range, because it increases dramatically when f 

gets closer to the natural frequency of the system f0 as usual. The neural model of the concerned system is designed upon the basis of a 

standard multi-layer feedforward network with back propagation (BP) learning algorithm, which is implemented in ANSI C. Input data, 

termed input patterns, to present to the network and the respective output data, termed output patterns, describing desired network output 

are carefully collected from the experiment under several conditions in order to train the developed network accurately. Results have 

proven that the proposed ANN design is efficient by means of the prediction of the harvested power of the piezoelectric harvester as 

functions of RL and f, when considering the difficulty of experimental studies and complexity of analytical formulas representing the 

system under consideration. 
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1. Introduction  
 

Owing to the increased energy demand depending upon the growing technology all over the world, the idea of energy 

harvesting has attracted great attention over the past few decades. The term “energy harvesting” comes from the generation 

of energy from sources such as air flow, ambient temperature or vibration. Converting the available energy from such 

sources available in various forms in nature can be benefitted as a self-sufficient supply using proper electronics for 

electrical devices such as sensors, actuators or radio transmitters. Amongst the available energy, kinetic energy obtained 

from background ambient vibrations or impact external forces can be transformed into electrical energy via a piezoelectric 

material. This harvesting mechanism is the most common one as compared with other harvesting mechanisms and 

piezoelectric power generation is one of the alternative energy sources. This is why there have been a great number of 

studies in the related literature devoted to this esteemed field of piezoelectric effect-based energy harvesting due to 

piezoelectric materials’ high power density.  

 

It is possible to obtain electrical energy from vehicle pressure and motion on the road [1,2]. Thousands of vehicles pass 

through the roads during the day. So, the vibrations and pressure due to these vehicles are generating a great energy 

potential. This energy, which will be obtained with the aid of piezoelectric energy harvesting systems, can be used in areas 

such as road lighting. The works which using vibrations of the piezoelectric plates utilized the wind have been done for 

energy generation in low scale [3-5]. Thanks to these small-sized systems, it is possible to achieve power over 3mW. 

Systems that obtain energy from the wind can also be designed to be contactless using permanent magnets [4,5]. Thus, the 

life of the system is longer because the deformation on the plate decreases. Electrical energy can also be generated in human 

movements by using piezoelectric energy harvesting systems. Wang et al. have been able to obtain 30 µW of power from 

a person running at a speed of 7 km/h with sketching   piezoelectric energy harvesting system to human leg [6]. It was also 

possible to operate a pedometer without a battery using a piezoelectric energy harvester placed in the shoes [7]. One of the 

most important problems in piezoelectric energy harvesting systems is that these systems can only work effectively in a 

narrow frequency range. This situation makes it impossible to effectively utilize vibrations which have highly variable 

frequency in the environment. Many successful studies have been carried out to extend the effective operating frequency 

range of these systems [8-10]. Stein et al. [8] have work effectively in a frequency range of about 15 Hz. In our previous 

work [10] we used the plates with different stiffness coefficient to make effective work at wider wind speed range. 

Experimental studies for a variety of reasons may not be possible in large numbers. In these cases, the results of experiments 
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not performed can be approximated with artificial neural networks (ANNs). In this work, the verification was performed 

on the piezoelectric energy harvester excited by an electromagnet which had been theoretically and experimentally studied 

previously [11,12].   

 

Artificial neural networks, which are computing systems dedicated to mimic the essential behavior of biological neural 

system, have been the focus of much attention due to their capabilities in solving nonlinear problems by learning ability. 

They have some other unique properties such as excellent generalizing and learning capability from experience and 

examples, adaptation to changing situations, massive parallelism, and identification without exact knowledge. Through 

many nonlinear computational elements operating in parallel and connected to each other in between layers with intensive 

interconnections, ANNs are able to accomplish the task of approximating the nonlinear behavior between input and output 

data of a nonlinear model without prior knowledge about those data. They are very efficient and useful when the equations 

representing the respective model are nonlinear, complex, distributed in nature, and particularly vague or totally unknown 

with uncertain parameters [13]. As an alternative to neural network-based modelling, there are also studies adopting fuzzy 

logic for prediction of output parameters of a process according to its input parameters [14-18]. However, there are many 

parameters to be considered during the design of fuzzy logic system such as scaling factors, fuzzy-expert rules, membership 

functions etc. Determination of these parameters is still an ill-defined problem and based upon the experiences and 

knowledge of a skilled operator who gives several manual iterations over the considered system. Therefore, development 

of fuzzy-based prediction algorithm is tedious and time-consuming. 

 

There are immense application areas where ANNs show much promise. These applications may be said to cover pattern 

recognition, control, diagnostic problems, fault detection, power electronics, forecasting, function approximation etc. As 

we are focusing on the estimation property via ANNs, it would be nicer to give some introductory literature survey about 

that topic. In [13], ANN based estimation of the output power and efficiency of a new-designed axial flux permanent magnet 

synchronous generator is introduced. In the network structure, generator resistive load and rotational speed are the input 

variables and outputs are the generator output power and its efficiency, respectively. Results show that developed network 

is able to predict the experimental results with good accuracy. Online estimation for the rotor and stator resistances of an 

induction motor is carried out in [19] using ANNs. For rotor resistance estimation, the error between the rotor flux linkages 

based on the designed neural network and induction motor voltage model is back propagated to train the network. For stator 

resistance estimation, the error between the measured stator current and the estimated one based on the neural network is 

back propagated to train the network. At the end of the study, it is shown that rotor and stator resistance variations can be 

effectively estimated by benefitting from the adaptation capabilities of the designed neural networks. Using these estimated 

crucial parameters in the state equations, authors achieve a good correlation between the measured speed and the estimated 

speed of the induction motor speed, enabling efficient and high-performance operation of the drive. In [20], a trained neural 

network is devoted to predict burr height produced in a sheet metal blanking process according to tool wear state and punch-

die clearance. Results obtained under a variety of blanking conditions show that the ANN computations are in good 

agreement with the experimental values with a deviation of 10%. With an aim to determine optimal clearance prediction of 

the sheared part, an estimation approach based on an ANN is presented in [21], where the ANN proves its reliability and 

effectiveness in predicting the optimum clearance against the material elongation. Thus, the proposed neural network can 

be taken as a useful means in the optimization of sheet metal blanking processes. An essential neural network application 

to the estimation of distorted waveforms in power electronics is made in [22]. In the study, line-side total rms current, 

fundamental rms current, displacement factor and power factor associated with the distorted line current waves in a single-

phase thyristor ac controller and three-phase diode rectifier are estimated from the known waveform of line current which 

is characterized by its width (W) and height (H). Results obtained by training a 2-8-4 neural network confirm the excellent 

estimator performance of the used neural network after great number of training processes. In [23], an estimation study of 

wind power generation is conducted as a diagnostic tool, which is a necessity for the power generation stations due to the 

fact that wind power lower than the expectation might indicate a need for maintenance for a variety of reasons in the station. 

Classically, this task of diagnostic is accomplished by comparing generated power with the manufacturers ratings for a 

certain operating speed. By analyzing the power estimated by the developed neural network with wind velocity and wind 

direction at its inputs, it is found that the resulting neural network is well capable of estimating wind power generation. 

 

In another study given by [24], a new approach to position estimation task is presented a speed sensorless switched 

reluctance motor drive system. The study intends to eliminate complex flux estimation algorithms by introducing an ANN. 

After the flux and current information are acquired from the line currents and line voltages in the ac link between the 

converter and the motor, and presented to the ANN, the corresponding angular position is estimated by the designed ANN. 

It is stated that using the sufficiently trained neural network, rotor position can be accurately estimated by obliterating the 

need for a conventional position sensor and that the resulting computational burden and hardware complexity are relatively 

low as compared with the classical flux estimation techniques. Since the absorbed power from a PV panel depends on 

various environmental factors such as geographical location, ground reflectivity and atmosphere clearness index, the study 

in [25] is encouraged to find the optimal tilt angle at which PV panels should be placed in order to maximize the solar 

power from the sun. Results dictates that the presented network can learn the nonlinear relationship between the irradiation, 

ground reflectivity and tilt angle, and its estimation of the optimum tilt angles is found to have small error within 3° of the 

analytical actual values.  
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Although a theoretical derivation is given in [12], it has a bit sophisticated equations depending upon electrical and 

mechanical parameters such as magnetic force coefficient, elastic stiffness coefficient, inductance and resistance of 

electromagnetic coil etc. In practice, knowledge of these constants may not be available or not be known accurately. 

Besides, they might be influenced by environmental changes when the piezoelectric energy harvester is in service. In such 

a case, the calculated power will be different from the actual power generated. By taking into account this phenomena, the 

present study is devoted to estimate the nonlinear relationship using an ANN between the load resistance, excitation 

frequency and the electrical power harvested from a recently developed piezoelectric energy harvesting system. This 

constitutes our main contribution. In this system, load resistance and magnetic excitation frequency are considered to be 

inputs, while the output is the corresponding power harvested. With the data collected from various experiments, the 

designed feedforward neural network is trained using standard BP training algorithm on a forward manner until the 

estimated power matches the exact one with an acceptable degree of accuracy. Investigations launched in this paper 

demonstrate that ANN-based estimator of power output in a piezoelectric energy harvesting system is promising and able 

to predict the experimental results with good accuracy. Therefore, with this contribution, at a given load resistance and 

excitation frequency, harvested power can be estimated without tackling the complex mathematical model, or vice versa, 

i.e. for a value of power output, load resistance or excitation frequency can be estimated at a given excitation frequency or 

load resistance, respectively. 

 

The organization of the rest of the paper is structured as follows: the ANN model, which is applied to the experimental 

findings of the generator, is initially described in Section 2. Then, experimental findings associated with the designed 

generator are given in Section 3. The following section, namely Section 4 reports the main part with the ANN-based 

estimation findings and discussion. Finally, Section 5 concludes the paper. 

 

2. Principle of artificial neural networks 

 

Conventional estimation algorithms use mathematical equations that are related to the problem at hand. By iterating the 

program in steps, the required results are achieved. These equations representing the system model may be nonlinear, 

sophisticated and distributed in nature. In addition, there are other various practical reasons for which the mathematical 

model and parameters might either be totally unknown or they are indeed hard to discover. In such conditions, conventional 

estimation approaches fail and accordingly they cannot be used in modelling of above-mentioned problems. At this point, 

ANNs become an attractive choice and can offer desired objectives in terms of accuracy. To explain the estimation principle 

of ANN briefly, suppose there exist some number of input-output example patterns that can be derived from analysis, 

simulation or experiment, then the network is trained by using those data to have the capability of correlating the system 

response with an input set of data. After competition of a successful training process, it is expected that trained network 

correspond to actual system, in other words, it should be able not only to remember the training data, but also to make a 

good matching of the output data for an unseen input data, which are over the universe covered by the example patterns. 

 

An ANN is a structure tending to simulate the nervous system of human brain in which a large number of processing 

elements called neurons are organized in layers and interconnected to each other. According to nature of the concerned 

problem, a network can receive multiple inputs x1, x2, .., xr, and generate a single output for each processing element after 

weighting the respective inputs with the weights of interconnections and then passing them through a transfer functions. 

Selection of transfer functions are somewhat problem-dependent and can be threshold type, signum type, sigmoid, or it can 

be defined even as any nonlinear continuously varying type by the user. Note that transfer functions have an impact on the 

estimation performance and their nonlinearity degree is related to nonlinear mapping property of the network. The generated 

output signal of an individual processing element is then sent to other processing elements as input signals in the next layer 

by flowing through the interconnections. This forward pass is continued until reaching output layer. After an error value is 

obtained for each output neuron by comparing the desired output value and the actual one, connection weights are adjusted 

iteratively by a training algorithm until the pattern matching occurs, i.e. the error falls below an acceptable value for all the 

example patterns. BP is one of the most widely applied supervised training algorithms for feedforward ANN models [26]. 

The goal of back propagation is to update the connection weights in the network so that the neural network can learn how 

to correctly match the desired output for a given input pattern, thus reducing the error of each output neuron and the network 

entirely.  

 

In our investigation, to find the relation between resistive load, excitation frequency and corresponding harvested power in 

a piezoelectric energy harvesting system, a feedforward multilayer network with an input layer, two hidden layers and an 

output layer is considered based the obtained performance by trial and error, and Fig. 1 sketches its structure. Since input 

layer neurons do not have transfer functions, such an ANN structure can usually be said as a three-layer network. In this 

design, measured resistive load RL and magnetic excitation frequency f are the inputs while the corresponding output is 

measured harvested power P. The input and output layer have neurons equal to the respective number of variables. There 

are 15 neurons in the 1st hidden layer with hyperbolic tangent activation function, 10 neurons in the 2nd hidden layer with 

linear activation function which is also used for the output neuron. This particular network can be defined as 2-15-10-1 

network. 
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Figure 1. Three-layer network for harvested power estimation 
 

The aforementioned design is trained by employing BP algorithm Prior to the training process, we transform our example 

training data into the interval of [0, 1] using Eq. 1. This data normalization is highly important for increased estimator 

performance in addition to for accelerating the neural computations significantly. There are different techniques proposed 

to accomplish such data normalization devoted to make the BP training process easier, though no certain approach has been 

around yet. 
 

minmax

minr
n

xx

xx
x




  (1) 

 

Where rx  and nx  are the actual and normalized value of a variable while maxx  and minx  symbolize the maximum and 

minimum values of the respective variable. 

 

To prepare the network for training, we begin with the training data gathered together which comes from the various 

experiment conducted upon the concerned system. The power measurements are realized for variable resistive loads RL 

such as 10 MΩ, 5.6 MΩ, 3.2 MΩ, 1.0 MΩ and meanwhile magnetic excitation frequency is varied from 4.25 Hz to 6.53 Hz 

for each value of resistive load with a sampling frequency that yields 28 frequency samples. Thus, there are a total of 4 × 

28 = 112 training data. If the number of these example patterns is increased, ANN mapping performance can be improved 

at the expense of slowing down the training phase. The training is initially started by assigning the connection weights 

random numbers within the continuous space [−1,1]. As stated before, the weights are adjusted according to BP learning 

rule with an off-line computer simulation conducted in ANSI C. Following the completion of an efficient training, 

estimation capability of the resulting network is tested for the case a different resistive load or excitation frequency, which 

is presented to the network for the first time, is applied to the harvesting system. 

 

3. Experimental results 

 
In the experimental work, piezoelectric layer, electromagnet, position measurement sensor, data acquisition card, signal 

generator, resistor box, laptop and software are used. Piezoelectric layer has the sizes of 70 mm × 32 mm × 1.5 mm, the 

weight of 10 g, the capacitance of 232 nF and stiffness of 188 N/m. A small permanent magnet is attached to the end of the 

piezoelectric layer to interact with the electromagnet to create vibration. The electromagnet consists of 1050 turns of 

inductor placed on a core obtained by packing thin steel sheets coated by silicon. The electromagnet is placed on a table 

moving back and forth. Thus the distance between the electromagnet and the piezoelectric layer can be adjusted to the 

desired level. The signal generator applies square wave with desired frequencies to the electromagnet. Thus, the 

piezoelectric layer can be vibrated at the desired frequency. It is observed how much power can be obtained from the 

piezoelectric layer at different load value by using resistor box. The maximum power transmission realized at which load 

value is determined. The laser position measuring sensor measures the vibration of the piezoelectric layer with laser system. 
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The data acquisition card instantly transfers the position and voltage data of the piezoelectric layer to the computer. 

Observation and recording of the data on the computer is performed with LabView software. 

 

Fig. 2(a,b) shows the experimental setup of the proposed system. In the setup, there exist a PZT layer attached a heavy 

housing, an electromagnet, DAQ acquisition card, power sources, function generators, resistances and a laptop. When the 

electromagnet is excited by one of the function generator in step-wise waveform, the electromagnet attracts the ferromagnet 

knob (see Fig. 2(b)). The displacement, velocity and voltage can be recorded and calculated in the experiments within a 

good accuracy of 1000 data points per second. Fig. 3 shows a screenshot of the tip displacement and obtained voltage for 

5 Hz frequency and 1 MΩ load resistance. There is a phase shifting between displacement and voltage signals due to layer 

capacitance.  

 

   
 (a) (b) 

Figure 2. a) The overall experimental setup b)The magnified piezoelectric energy harvester 

 

 
 

Figure 3. The screenshot of piezoelectric layer tip displacement and obtained voltage (f=5 Hz, RL=1 MΩ) 

 

Fig. 4 shows the obtained power from the system versus the load resistance at 4.76 Hz. This value is the resonance frequency 

of proposed system. Thus, this value is the maximum power which can be obtained from the system. Here the graph is 

plotted logarithmically to better observe the effect of load resistors on the obtained power. As seen from the figure, the 

obtained power from the system decreases at low and high load resistance values. The maximum power from the system is 

obtained when the load resistance is around 1 MΩ. The internal impedance of the piezoelectric layer approximately equals 

to this value. Therefore, the load resistance must be kept close to this value in order to get maximum efficiency from the 

system. Since this is not always possible in practice, it is necessary to use an impedance matching circuit for maximum 

efficiency. 
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Figure 4. The obtained power depending on the load resistance at the resonance frequency. 

 

The excitation frequency is one of the most important parameters determining the bending level of the piezoelectric layer. 

The amount of bending level directly determines the obtained power from the system. If the piezoelectric layer is excited 

at a value close to its resonance frequency, the maximum bending will occur.  

 

Fig. 5 shows the obtained power depending on the excitation frequency. The resonance frequency of piezoelectric layer 

was determined to be 4.76 Hz. The obtained power decreases rapidly at below and above of this frequency value. Therefore, 

when the proposed system is to be applied to a real system, the frequency of the vibration in the environment should be 

known and the system design must be done according to this frequency value. 

 

 
Figure 5. The obtained power depending on the excitation frequency at the load resistance 1 MΩ. 

 

Fig. 6 shows the obtained power from the system depending on the excitation frequency and the load resistance. In the 

experiments, the excitation frequency was close to the resonance frequency of 4.76 Hz. Because the power reduces to 

almost zero, when the excitation frequency changes from this value as seen in Figs. 4 and 5. In addition, the load resistance 

was increased from 10 Ω to 10 MΩ at certain ranges during the experiments. As can be seen in figures, the generated power 

is the highest level when the resistance is around 1 MΩ. The obtained power values are high between 500 and 1200 kΩ 

load resistance values. However, the power value has been drastically decreased for other load resistance values. 

 

 
 

Figure 6. The surface plot of power on the load resistance and the excitation frequency plane. 

 

As seen from the experiments, the most important parameters determining the obtained power from the system are 

excitation frequency and load resistance. In order to obtain maximum power from the system, these parameters which are 
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directly related to the physical and electrical characteristics of the piezoelectric layer should be selected appropriately. Thus 

an appropriate ANN algorithm can assist to estimate the output power of the buckled piezoelectric layer.  

 

4. Estimation Results of Harvested Power based on ANN Model 
 

In this section, the resulting training and testing performance of the network are explored. It can be said that the relation of 

harvested power to both resistive load and excitation frequency is highly nonlinear, and quite difficult to be modelled with 

an ANN. For instance, there is a certain load value that leads to harvest maximum power possible from the piezoelectric 

material, which is compatible with the well-known maximum power transfer theorem. Above and below this load value, 

harvested power begins to reduce significantly. In addition, magnetic excitation frequency has a crucial impact over the 

output power generation. In the case of driving the harvester with an excitation frequency equal to the natural one, then the 

maximal power can be gained from the system in the same way. When the system oscillates at higher frequencies, output 

power amplitude decreases in a similar trend to that in varying load condition. Nonetheless, when it starts to oscillate at 

lower frequencies, this time amplitude falls off quite abruptly. These are the nonlinearities of the system that make the 

ANN training a challenging problem. During our many attempts of training process, we have faced inefficient ANN 

performance from time to time at the training start, and even after thousands of training epochs due to randomly generated 

initial weights and to improper tuning of learning and momentum parameters. This issue prompts us to choose learning and 

momentum rates in very small values, and a very large number of training epochs to obtain a training error curve that 

gradually converges to a minimal value in a stable trend. Fig. 7 displays a convergence curve of the root mean square error 

between the desired output and the output from the ANN for all the training sets at the end of each epoch. Compatible with 

what we desire during training, the RMS error gives a sharp fall at first, then it continues to decrease gradually and becomes 

stabile.  

 
Figure 7. RMS error evolution versus epoch during training 

 

At the end of a very large number (8×105) of training exercises finished in about 10 min on an Intel 3.30 GHz computer 

with 8 GB RAM, the error is found to be 6.65×10-3, which is an indicator that our network is trained successfully and ready 

for testing. Nonetheless, this does not always guarantee satisfactory testing results owing to overtraining problem as is 

previously stated in [13].  

 

Fig. 8 shows the network estimation capability of the example patterns used during training. Obviously, there is indeed a 

perfect match between the real power and the estimated power in each case.  

  
 (a) (b) 
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 (c) (d) 

Figure 8. Network estimation capability of the example patterns 
 

These figures given above are somewhat related to the training performance of the network. As is stated before, it is 

expected form a well-trained network to have the ability to remember the training data, and also to gain generalization 

capability for an unseen input data. To check this performance measure as the validation course, we present the trained 

network a load value of 1.8 MΩ, which is not used during the training.  

 

Obtained results based on the measured power output and the ANN estimation are superimposed in Fig. 9. It can be inferred 

that except for the excitation frequencies below 4.58 Hz, the network performance is very promising. The deviation between 

the real power and the ANN output is so small that the resulting estimation curve has a quite tendency to vary in a way 

similar to that based on the experiment.  

 
Figure 9. Validation course of the network in the case of an unseen input 

 

 

5. Conclusions 

 
With the help of a trained feedforward ANN, an important parameter, electric power, harvested from a recently developed 

piezoelectric energy harvesting system is estimated in this study in terms of load resistance and magnetic excitation 

frequency. In this system, load resistance and magnetic excitation frequency are considered to be inputs, while the output 

is the corresponding power to be estimated. In all cases of estimation, training data collection is generated from various 

experiments performed upon the concerned system, and then the considered network is trained using standard BP algorithm. 

Both training and testing results demonstrate the reliability and efficiency of the presented model in estimating the power 

output versus the load resistance and excitation frequency, which have a highly nonlinear relation.  
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Abstract 

 
The efficiencies of nuclear power plants are rather poor having the ratio %30 by using the conventional energy/exergy tools. 

According to that information, large amount of energy is wasted during condensation and thrown out to the environment. 

Thermoelectric generator (TEG) system has a potential to be used as a heat exchanging technology to produce power with a 

relatively low efficiency (about 5%) and it can transform the temperature difference into electricity and generate clean electrical 

energy. In the present study, we offer a novel system to recover the waste heat from a VVER-1000 nuclear power plant. The heat 

transfer of the TEG is analyzed numerically with respect to the various temperature ranges and  constant mass flow rate of the 

exhaust steam entering the system. In the analyses, different hot temperature ranges (35ºC, 45ºC and 55ºC) and a constant cold 

temperature (i.e. 18ºC) are used for a HZ-20 termoelectric module and it has been proven that  the designed TEG can produce the 

maximum output power of 76,956 MW for a temperature difference ∆T=37 and the conversion efficiency of 3,854% sits. The TEG is 

designed for the condenser of a 1000 MW nuclear power plant. It's shown that about 2,0% increasing in the power plant efficiency is 

expected by using the selected thermoelectric generator in the condensation cycle.  

 

 
Keywords: Thermoelectric, cogeneration, nuclear power plant, efficiency. 

 

 

1. Introduction   
 

 

In a previous paper [1], we have studied the energy and exergy analysis of a nuclear power plant, 

(NPP), namely VVER 1000. It has been found that the exergy becomes low for such plants, since 

the high temperature inside the reactor core should be decreased for the safe usage of the fuel. Even 

the successive paths for condensers and pumps affect the exergy in a negative way in such plants. In 

order to decrease the energy loss and to increase the efficiency of such systems there exist some 

cogeneration attempts in the literature. Based on previous study [1], the greatest energy loss occurs 

in condensers. However its retrieval is difficult since the condensation of vapor takes place at low 

temperature and pressure.  

 

Modern nuclear power plants produce heat from nuclear reaction to create electrical power. Water 

and oil are used to transport heat energy from the power plant to the turbine (Fig.1). During 

transport, much of the heat energy is wasted. The efficiency of these plants is at most 34 % and 

obviously the rest of the energy is unused or lost.  

  

A solution to regain the wasted heat is to place thermoelectric devices, or thermoelectrics, in-line 

with the path of the fluid. The technology behind thermoelectric devices is the temperature 
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differences between the two plates. An electrical insulator is placed between the two plates. The 

thermoelectric generators use heat exchanging technology to produce the power; in the order of 

watts. The temperature of the fluids are relatively low, under 300 ºC [2]. Capturing the excess heat 

from that area with the thermoelectric generators provides auxiliary energy production [2]. 

Waste heat recovery is considered to be one of the best solutions because it can 

improve energy efficiency by converting heat exhausted from plants to electric power.  

 

Thermoelectric power generation is adequate for utilizing such low-grade heat and improving the 

total efficiency of power plants. Thermoelectric generation is a direct and clean heat-to-electricity 

conversion, and can be operated even if the temperature difference between the heat sources is 

small [3]. 

 

 

TEG provides direct energy conversion from the thermal energy because of the temperature 

gradient from one side of the device to the other side. Those devices operate based on Seebeck 

effect [4].  

 

Thermoelectric generators (TEG) has an important place in the use of renewable energy sources [5]. 

Many developed contries have been the subject of new researches in technological innovations with 

regard to the use of TEG [6]. Mainly, TEGs are used in the operations having waste heat 

temperature difference to obtain the electrical power. Even as a small power requirement battery, it 

can be used widely [7]. TE power generation has an advantage of being substantially maintenance 

free, silent in operation and involving no moving or liquid complex parts. However, the efficiency 

of the conversion has not managed to exceed 5% for the temperature ranges of practical interest [8]. 

 

 

 
 

Figure 1. The internal nuclear power plant cycle. 

 

 

The purpose of this work is to propose the utilization of unused energy in condensers by means of 

thermoelectric conversion and to calculate a theoretical amount of energy retrieval in condenser. An 

evaluation of a prototype thermoelectric co-generation unit is considered in order to get usable 

electrical energy from a VVER type NPP. The reactor with 1000 MW is handled in the calculations 

and the TEG operates with the exhaust steam and cooling water from the recycling of discarded 

heat evaluation of applications. Integration of TEGs with a condenser makes it possible to increase 

efficiency (heat exchanger becomes a cogeneration unit) and produce electricity for certain amount. 

Section 2 gives a brief study on the cogeneration procedures of the NPPs. Section 3 explains briefly 

the TEG devices. The main findings and discussion are made in the next section. Finally, the paper 

is completed by the concluding remarks. 

 

2. Cogeneration Opportunities for Recovering Waste Heat of Nuclear Power Plants 

 

http://ieeexplore.ieee.org/xpls/icp.jsp?arnumber=6827772#ref_11
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The term “cogeneration” is known as the combined heat and power (CHP) and it underlines an 

efficient, clean and reliable methodology for the generation of power and thermal energy from a 

single fuel source. In general, cogeneration plants recover a certain proportion of the waste heat, 

which is discarded from a conventional power generation. The recovered waste heat can be 

effectively used in other energy applications. Since the present NPPs have low thermal efficiencies 

within a range of 30 to 40% compared to other steam cycle energy conversion systems, one can use 

cogeneration procedures to increase the efficiency of those plants. According to Khamis and his 

collegaues [9], such efficiencies could be increased upto 80% by introducing the cogeneration with 

other applications such as seawater desalination, hydrogen production, district heating or cooling, or 

any industrial application. 

 

The usage of nuclear energy for the cogeneration can provide a benefit of using a nuclear fuel in a 

much effective way and ecologically friendly. According to one of our earlier studies [Terzi, Kurt 

and Tükenmez, 2016], Energy and exergy analyses of VVER type NPP have proven that 30.64 % 

efficiency exists in the plant. It means that a huge amount of heat is lost during the operation and at 

least some part of the waste energy may be retrieved by suitable and secure cogeneration method. It 

should be also considered that the integration of cogeneration sub-system and NPP may be affected 

by the performance parameters of the NPP.  

 

3. Concept of Thermoelectric Generation in Condenser 

 

The nuclear power plant condenser shown in Fig. 2 consists of shell and tube heat exchanger in 

which the exhaust wet steam of the low pressure turbine is entered the shell and cooling water is 

circulated through the tubes. The steam heat is absorbed by the cooling water which condenses the 

wet steam in to the water with about 35°C, 45°C and 55°C temperature. The temperature of the 

cooling water is kept in about 18 °C by circulating it in a sea water. Theoretical design of VVER-

1000 NPP is used with an average temperature difference between condensed water and cooling 

water (sea water) under the conditions: 17, 27 and 37 respectively.  

 

 

 
                                 (a) 
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(b) 
Figure 2. (a) The schematic diagram of condenser, (b) Model of condenser for calculation. 

 

An NPP exhausts steam from the low pressure turbine which is condensed with the cooling water 

(sea water or river water) in the unit of condenser, then the condensated water is turned into the feed 

water.  During that closed loop the condensated water can be send to a steam generator by feeding 

water pumps and in this way a circulation can be realized. Almost 50-60% of the input energy is lost 

during the condensation process where the energy of the steam is rejected to the water.  

In the present study, the waste heat to produce the electricity is proposed by utilizing the temperature 

difference between the inlet temperature of exhaust steam and the inlet temperature of sea water in 

the condenser unit in such a procedure. 

 The theoretical proposed TEG heat exchanger unit with two-fluid, counter/ parallel flow type is 

schematized as shown Fig. 3(a). In this study, a TEG unit is placed at the exit of an condenser. The 

TEG unit consists of a shell and tube heat exchanger whose tubes are covered with thermoelectric 

materials. The TEG unit, the hot fluid (waste heat) flows the tubes, namely, using temperature 

difference between exhaust steam and cooling water to generate electricity by HZ-20 TE modules 

covered on the tubes (see Fig.3(c)). The largest portion of waste heat energy lies within the hundreds 

of steam lines transporting low pressure steam from the turbine to condenser.  

 

 
                                                             (a) 

 
                                                            (b) 

 
                                                          (c) 

Figure 3. (a)The inside view of the revised TEG prototype of condenser, (b) The schematic representation of arrangement of TE 

modules inside of the condenser, (c) The covered with thermoelectric modules design for the tube. 
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For the purpose of heat energy recovery a model based on thermoelectric power generation system 

prototype was developed shown in Fig. 3. In that case, the voltage and electric power of HZ-20 

thermoelectric modules are performed according to the module performance calculator, which can be 

obtained by Ref. [10]. We choice the HZ-20 module, because it has interesting technical features in 

terms of power output and conversion efficiency. 

 

4.  Thermoelectric module, HZ-20 

 

Hi-Z technology, Inc is one of the thermoelectric module’smanufacturers in the world. Hi-Z modules 

are based on bismuth telluride semiconductoralloys and are most efficinet in temperature ranges 

from -20 ºC – to 300 ºC. The HZ-20 module consists of 71 thermocouples arranged electrically in 

series and thermally in parallel. The thermocouples consist of “Hot Pressed”, Bismuth Telluride 

based semiconductors to give the highest efficiency at most waste heat temperatures as well as high 

strength capable of enduring rugged applications [10]. The bismuth-telluride offered the best 

performance and operability in spite of its lower maximum operating temperature.  

 

5. Thermoelectric Energy Generator  

A thermoelectric generator (TEG) functions to convert thermal energy or a temperature difference 

across the thermoelectric device directly into useful electricity. A schematic diagram of a simple 

thermoelectric generator operating on Seebeck effect is shown in Figure 4 [11]. A basic TEG 

includes a thermocouple consisting of an N-type material with excess electrons and a P-type one 

with deficit of electrons [12]. They are connected electrically in series and thermally in parallel in the 

TEG structures. The TE modules can be manufactured on ceramic plates to provide an electrical 

insulation for the P-type and N-type Bismuth Telluride (BiTe) thermoelements. In that sturcture, the 

output voltage for such a junction can be explained by a certain temperature difference between hot 

and cold sides and it is called as Seebeck coefficient and denoted by α. That coefficient changes in 

the range 0-50 μV/K for metals and 300 μV/K for semiconductors [13].  

Heat is transferred at a rate of Qh from high temperature heat source maintained at hot junction 

temperature Th. Heat is rejected at a rate of Qc to a low temperature heat sink maintained at cold 

junction temperature Tc. The heat supplied at the hot junction causes electric current to flow in the 

circuit and electrical power is produced. 

 

 
 

Figure 4. Schematic diagram showing the basic concept of a simple thermoelectric generator 

 

The figure-of-merit is often expressed in its dimensionless form, ZT where T is absolute temperature 

ZT is calculated as follows [14]: 
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          (1) 

 

The TE generators performance and also efficiency depend on their material figure-of-merit (ZT), 

which is shown in Fig. 5. 

 

 
 

Figure 5. Figure of merit of common thermoelectric materials [15]. 

 

According to (1) and also the units of α and к, ZT changes with temperature variation. In fact, the 

amount of the ZT, in the desired temperature, is one of the most importantparameters to choose a TE 

material. Fig. 5 shows the values of commonly used thermoelectric materials as a function of 

operating temperature. Bismuth telluride (Bi2Te3) has the highest value for low to room temperature 

applications, making it the best candidate for a low grade waste heat recovery. 

 

Where α (V/K) is the material seebeck coefficient, σ (S/m) electrical conductivity and к (W.m-1.K-1) 

is thermal conductivity. Electrical resistivity of the material ρ (Ω.m) can be obtained from electrical 

conductivity: 

 

            (2) 

The temperature difference between the hot and cold side of the TE generator is : 

           (3) 

Where, Th is the hot side and Tc is the cold side temperature in Kelvin.   

Measured voltage in such system can be written as,  

                    (4) 

The measured voltage is given by V in Volts and the differences of the material coefficients are 

denoted by α (= α2 - α1) in V/°C.  

The value of α depends on the characteristics of the material forming the circuit, for instance, α is 40 

μV/°C for a Copper - Constantan thermocouple. In the case of semiconductors, α is greater with 100 

μV/°C and therefore, those materials are called as thermoelectric semiconductors.  

 

The output current is calculated as given equation or the output current and internal resistance (R) of 

HZ-20 thermoelectric modules are performed according to the module performance calculator, 

which can be obtained by Ref. [10]. 

 

          (5) 

 

The electrical power output is : 

  

           (6) 
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The input heat to the TE generator is calculated as follows: 

 

         (7) 

 

Where thermal conductance of the couple (K) is:  

 

           (8) 

 

 

 
Figure 6. Schematic diagram of TEG. 

 

 
 

Figure 7. Energy balance for a TEG 

   

Similarly, the first law of thermodynamics can be applied to the system of TEG and power supply to 

obtain the power consumed by the TEG. 

 

          (9) 

 

The efficiency of the thermoelectric generators can be obtained as, 

 

          (10) 

6. Thermoelectric Condenser Design 

The reactor with 1000 MW is handled in the calculations and the TEG operates with the exhaust 

steam and cooling water from the recycling of discarded heat evaluation of applications. The 

efficiency of nuclear power plant is typically around 30,316% [1]. The input energy (Pf) is: 

Pf=1000/0,30316= 3298,588 MW 

About 60 % of the input energy is wasted during the condensation process. So the input energy of the 

condenser (Pc) is calculated as previous study [1]: Pc=1996,8 MW 

6,72×6,72×0,57 cm bismuth telluride (Bi2Te3) HZ-20 TE module is selected for the designing. Its 

seebeck coefficient is performed according to the module performance calculator : 0,024 V/K. It has 

high electrical conductivity of 40,35 S/m and very low thermal conductivity of 0.154 W.m-1.K-1. 
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In order to make the calculations by using the formulas above, we have used various temperature 

differences as will be pointed out later. From the electrical point of view, each TEG modul has an 

internal impedance of 0.15 Ω. Thus, the maximal output power can be gained for that value of load 

(i.e. RL) from one module. In that case, that is also important how the connections of TEG modules 

have been implemented. For that case study, we have used a series connection of all thermoelements. 

In that case the total internal impedance is expected as R=0,2341 kΩ for the temperature difference 

∆T = 37. In all calculations, that load value has been utilized.  

The temperature of the wet steam entered the condenser which is also the temperature of the hot side 

of the TEG, is supposed: Th =308, 318 and 328 K. The temperature of the cold side of the TEG is: Tc 

= 291 K. 

 
Table 1. The results of HZ-20 thermoelectric module at ∆T=17, ∆T=27 and ∆T=37 

∆T (temperature difference) 17 27 37 

V  (voltage, volts) 0,4104 0,6691 0,9287 

I  (current, amps) 1,1120 1,7355 2,3385 

R (internal resistance per module, ohm) 0,2150 0,2265 0,2341 

RL (load resistance, ohm) 0,154 0,159 0,163 

К (thermal conductivity, Wm-1K-1) 0,1586 0,1395 0,1221 

 

Theoretical calculations are conducted for a range of operation conditions as follows: the hot fluid 

inlet temperature is 35 °C, 45°C and 55°C respectively and the cold fluid temperature is constant as 

18°C. Hot fluid flowrate is estimated to 18 kg/s for a prototype TEG unit. Actually, the total capacity 

of hot fluid (exhaust steam) flowrate is approximately 900 kg/s for a VVER condenser unit.  

 
Table 2. The TEG power generation output of as a fuction of different temperature difference. 

∆T (Temperature difference) 17 27 37 

P (Electrical power, W) 0,1904 0,4789 0,8914 

Qh (İnput heat power, W) 10,8316 17,1013 23,1287 

Qc (Wasted heat , W) 10,6412 16,6224 22,2373 

𝜂 (Efficiency,%) 1,7581 2,8004 3,8540 

 

According to Table 3, the prototype unit TEG attached to the exhaust part of a condenser unit of 

VVER NPP can give a power production around 76 MW, which is a good value for a co-generation 

study. Fig. 8 (a,b and c) plot the power generation characteristics, maximum outputs and conversion 

efficiency of HZ-20 thermoelectric module with respect to current. 

 
Table 3. The results of TEG power generation as a fuction of different temperature difference. 

∆T (Temperature difference) 17 27 37 

PCout (Output power of the TEG, MW) 35,1052 55,9180 76,9566 

NR (#TE modules needed to produce the power) 3298995 3364011 3460701 

SR (Area needed for TE modules, m2) 14898 15191 15628 

PT (Total output power, MW) 1035,105 1055,918 1076,956 

𝜂T (Total efficiency of NPP, %) 31,3801 32,0111 32,6489 
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                                 (a) 

 
                                  (b) 

 
                                   (c) 

Figure 8. HZ-20 Manufacturer charasteristics datasheet for the power outputs (blue) and efficiencies (red) with respect to electric 

current in the cases of (a) ∆T=17, (b) ∆T=27 and (c) ∆T=37. 

As can be seen from the Fig. 8, the maximum power output and conversion efficiency increase with 

increasing hot fluid inlet temperature aswell as with decreasing cold fluid inlet temperature.  

In the case of a temperature difference of 27, the heat (Qh) is obtained for 17,1013 W. The power 

can be obtained with 0,4789 W, a conversion efficiency of 2,80%. Note that the maximal heat 

23,1287 W can be obtained for the temperature difference of 37 (for a hot fluid temperature, Th=55 

°C). The maximal generated power output becomes amount of 0,8914 W can be obtained with 

3,854% efficiency. 

 

7. Conclusions 
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A TEG device is considered to be installed into the exhaust unit of a VVER-1000 NPP condenser in 

order to recover the waste heat. In this study, a theoretic model of TEG unit has been designed, 

calculated for low-temperature waste heat power recovery. The results derived from the theoretical 

data. This system model performance can be assessed by the theoretic analysis results. The results 

show that both the maximum power output and the corresponding conversion efficiency are greatly 

affected by the operating conditions, especially the hot fluid inlet temperature. It can be seen that 

the power output and conversion efficiency increases with increasing the temperature difference.  

 

If all the assessing condensed water is installed with a TEG, the total power generation is found 

around 35,105 MW for ∆T = 17; 55,918 MW for ∆T = 27 and 76,956 MW for ∆T = 37 can be 

generated. It was calculated that by using the designed TE generator, about 76,956 MW of the 

wasted heat in the 1000 MW nuclear power plant could be converted to electricity. The designing 

increased the electricity generation efficiency for about 2,0%. By means of the theoretic analysis, it 

has been found that besides increasing waste heat temperature and TE modules in series, one can 

enhance the use of waste heat capacity from VVER-1000 NPP and that co-generation method can 

be a safe method to enhance the performance of the NPPs. The results of theoretical analysis show 

that TEG has a promising potential at the recovery of waste heat for even low temperatures in 

especially nuclear and industrial areas. The TEGs would be to have a useful power source that can 

be safely and easily attached to condenser unit within nuclear plants to generate electricity from 

waste heat energy. Large quantities of unused heat are wasted in the environment when a reactor 

turns heat into electricity. For a better energy management, it seems to be technically possible to 

recover some of  this heat. In the future, termal and nuclear cogeneration will naturally assume 

increasingly important role.  
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2. Second section  
 

2.1. Subsection (all section and subsection sizes are 11) 

 
The text of subsection comes here. Refer to Table 1 in the text. 

 

Table 1. Physical properties, italic is required 

Properties 0-4 mm. 

density 2,5 

 lenght 2 

 

2.2. Second subsection 
 

The text of subsection comes here. Write the body text with the size of 10 and write figure references as Fig. 1. 

Always leave the figures with the figure captions in the same page. Refer such as Table 1.  
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Figure 1.  Italic is required. Use always clear English in graphs and figures and do not forget to put parameters at the 

figure caption. The numbers and units in graphs should be clear. You can use colors in graphs. 

 

For formulas use numbers like that and refer it such as Eq.(1) in the body text. 

S=L×T                                                                         (1) 

You can  add other formula, 

T = 0637×k×P/S                                                                                             (2)

Refere to figure like that (Fig. 2). For references  use [1,2,3]. Leave a blank line between each section. The vectors should 

be in bold.  

 

3. Third Section 

 

The text of section comes here [3].  
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Figure 2. Italic is required.  If you get the plots somewhere write the references [4]. The axis names should be in English. 

 

Here, explain the plots in the text.  

Conclusions are in the last page. 

References are in the next page. 

 

 

4. Conclusions 
 

Make remarks about the conclusion. Write the important points and results about your work. You can also mention about 

the future work.  

You can also add an acknowledgements session just before the references session if you wish. 
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Abstract 

 
A real-time optimization (RTO) strategy is proposed here to track the optimal values of air flow of Fuel Cell Hybrid Power Sources 

(FCHPS) under unknown load profile, which is shortly named as Fuel_LF-RTO strategy, due to use of Load-Following (LF) control 

for fuel flow. Based on Global Extremum Seeking (GES) algorithm, the proposed optimization strategy will regulate the air flow rate 

and control the FC power delivered to load by two GES controllers. The results obtained with Fuel_LF-RTO strategy shown its 

superiority in comparison with the Static Feed-Forward (sFF) RTO strategy, where both fueling rates are controlled by the FC current. 

The performance will be measured considering the following indicators: the fuel consumption efficiency, the FC system efficiency, and 

the fuel economy during a load cycle (LC). 

 
Keywords: Real-time optimization (RTO) strategy; Fuel Cell Hybrid Power Sources (FCHPS); FC system efficiency; fuel economy. 

 

1. Introduction 
 

Tens of strategies are proposed in last decades to efficiently operate the Fuel Cell Hybrid Power Sources (FCHPS) using 

various control methods [1-5]. In brief, these strategies can be classified as rule-based strategies and optimization-based 

strategies, but other classifications may be found in the reviews [6-9]. The deterministic rule-based strategy are already 

available in the market due to its easy design and implementation [10], but the global optimum solution cannot be found 

[7,11]. So, a great research effort was made in last decade to design advanced but simple optimization-based strategies in 

order to be implemented in Real-Time Optimization (RTO) applications [1,12]. The proposed RTO strategies have been 

implemented considering different optimization algorithms such as: the Extremum Seeking (ES) algorithms [13,14], 

Equivalent Consumption Minimization Strategy (ECMS) [15,16], intelligent algorithms [17-19], Model Predictive Control 

(MPC) [20,21], and so on [22-26]. The most known techniques for optimization of FCHPS operation are ECMSs based on 

Pontryagin's Minimum Principle (PMP) [26,27] or Dynamic Programming (DP) [10]. In last years the ES-based RTO 

strategies were proposed as viable alternative to optimize the FCHPS operation based on classical [28-30] and advanced 

[31,32] ES algorithms, especially due to recent implementation of such ES-based RTO strategies [33].  

The Global ES (GES) algorithm is proposed herein to optimize the air flow of FCHPS [34-36]. In fact, the Fuel_LF-RTO 

strategy will use two GES controllers: one to adjust the air flow rate (AirFr) to optimal value via the air compressor and 

other to extract the maximum FC net power via the boost converter. Thus, the remaining control variable of the FC stack, 

the fuel flow rate (FuelFr), will be obviously used to adjust the FC net power in relation with the load demand based on 

load-following (LF) control [1,37]. So, this RTO strategy is of Fuel-LF/Air-GES/Boost-GES type and will be named below 

as Fuel_LF-RTO strategy. The performance of the Fuel_LF-RTO strategy will be shown in comparison with the referenced 

strategy proposed in [38] as Static Feed-Forward (sFF) RTO strategy (sFF-RTO strategy). In sFF-RTO strategy the both 

fuelling flows are controlled by the FC current, so the boost converter will be controlled based on LF control. The 

following performance indicators will be used: the fuel consumption efficiency, the FC system efficiency, and the fuel 

economy during a load cycle (LC).  

The main findings of this study are the following: (1) a new Fuel_LF-RTO  strategy is proposed to efficient operate the 

FCHPS under unknown load profile; (2) the fuel economy by using Fuel_LF-RTO  strategy instead of sFF-RTO strategy 

can be obtained in full power range of 6 kW FCHPS; (3) the fuel economy is up to 52 lpm for unknown load profile with 

average value (AV) of 6.25 kW.  

                                                 
 Corresponding Author: nicu.bizon@upit.ro 

mailto:nicubizon@yahoo.com
mailto:nicu.bizon@upit.ro
mailto:ekurt52tr@yahoo.com
mailto:ekurt@gazi.edu.tr


ECRES – 5th European Conference on Renewable Energy Systems, Sarajevo, Bosnia and Herzegovina, 27-30 August 2017 

2 

 

The paper is structured as following. Section II presents briefly the modeling of 6 kW FCHPS used. Section III shows the 

optimization function used and control loops implemented. The performance indicators are detailed in Section IV. The 

results are shown in Section V for constant and pulsed load profile. Last Section concludes the paper. 

 

2. FC Hybrid Power Source Modeling 
 

In this study, a 6 kW/45V Polymer Electrolyte Membrane (PEM) FC stack will be used as main source of energy for 

FCHPS topology shown in Figure 1. The 100 Ah lithium-ion batteries’ stack will be connected directly at the 200 V DC 

bus, but the 100 F ultracapacitors’ stack will be connected via a bidirectional buck-boost converter at the DC bus. These 

energy storing devices define the Energy Storage System (ESS) and both will sustains on the DC bus the instantaneous 

power flow balance defined by (1): 

 

Cdcudcdudc/dt = boostpFCnet+ pESS - pLoad (1) 

 

where boost is the energy efficiency of the boost converter and pFCnet, pESS, and pLoad are the net power flows from the FC, 

ESS, and load. Note thatboost(AV) is set to 0.95 in all simulation [39].  

The FC stack will generate the requested FC net power using LF control for FuelFr, but the power flow balance under 

dynamic load profile will be compensated by the ultracapacitors’ stack due to slow transitory response of the FC stack and 

use of slope limiters of both fuelling rates. The default values are set for slope limits and the following values are set for 

ESS: the initial State-of-Charge (SOC) for batteries’ stack at 80%; the initial voltage of ultracapacitors’ stack, at 100 V; the 

equivalent series resistor (ESR) and parallel resistor (EPR) at 0.1  and 10 k. All the models used here for FC stack, 

battery stack and so on are taken from the SimPowerSystems library of the Matlab - Simulink® [40]. But other models 

proposed in the literature are also used, so these will be briefly explained below. For example, the power requested by the 

air compressor, Pcm, will be given by (2) [29]: 

 

   2

2 1 0 1 0cm cm cm FCP I V a AirFr a AirFr a b I b           (2) 

 

where a0=0.6, a1=0.04, a2=-0.00003231, b0 = 0.9987, and b1 = 46.02.  

Consequently, the FC net power will be given by (3) if other losses are neglected: 

 

pFCnet  pFC – pcm (3) 

 

where pFC is the power generated by the FC stack. 

The battery will operate in Charge-Sustained (CS) mode due to use of LF control. So, considering PESS(AV)0 in (1), the 

average value (AV) of the FC net power flow, PFCnet(AV), will be given by (4):  

 

0 = boost(AV)PFCnet(AV) - PLoad(AV)  PFCnet(AV)= PLoad(AV) / boost(AV) (4) 

 

Consequently, the reference current IrefLF will be estimated by (5), considering the level of the load power (PLoad) and FC 

voltage (VFC): 

 

IrefLF=IFC(AV)=PLoad / (VFCboost(AV)) (5) 

 

The optimization function, y=f(x1,x2), will be detailed in next section, but note that the output values of block function f will 

be inputs for both GES controllers (see Figure 1). The GES control i, i=1,2, is detailed in Figure 2. It is obvious that dithers 

must have different frequencies, so sdi=sin(ωit), i=1,2, and ω2=2ω1=2ω, where the ω value was set at 50 Hz considering the 

dynamics of the processes involved. The dither persistency in the ES loop will be maintained if the loop gain will be set as: 

 

1( ) , 1,2i i ik i  

 

(9) 

 

where the design parameter γ1 is one of the tuning parameters. The other is the dithers’ gain k2(i).  

The tuning parameters have been designed based on the dynamic of the process, the transfer functions of the band pass 

filters (BPFs), and the gains involved in the GES control loops [41], but the reader could also read [42-44] for further 

explanations about the design and modeling of the GES control. The GES parameters used here are the following: 

- the dithers’ frequencies: ω1 = ω = 50 Hz, ω2 = 2ω = 100 Hz;  

- the ESC loops’ gains (which are the tuning parameters): k1(i) = 2ωi ; 

- the dithers’ gains (which are the tuning parameters): k2(i) = 2; 

- the normalization gains: kNp(i) = 10, kNy(i) = 1000; 

- the BPF cut-off frequencies: ωl(i)=3.5i, ωh(i)=0.1i; 

- the minimum amplitude of the dither p3(i): Am = 0.001. 
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3. Fuel_LF-RTO strategy 
 

The optimization problem for FC system can be defined by (16) considering the AirFr input to be GES controlled variable: 

Maximize:  

( , , )FCnet LoadP f x AirFr P  (16) 

Subject to:  

( , , ),Loadx g x AirFr P x X   (17) 

where x is the state vector of the FCHPS and function g represents the FCHPS dynamics.  

 

  
Figure 1. The FCHPS with Fuel_LF-RTO  strategy selected (sFF-RTO 

strategy will be selected for sFF position of the switches 

Figure 3. Searching of the optimal 

operation point for FCHPS under 6 kW load 

 

 
Figure 2. The diagram of the GES control i, i=1,2 Figure 4. The gap in performance 

indicators using the Fuel_LF-RTO  strategy 

in comparison with sFF-RTO strategy for 

FCHPS with 6 kW load 

 
The FCHPS will operate under Fuel_LF-RTO strategy if the switches are set as in Figure 1. So, FuelFr regulator will be LF 

controlled by the reference current Iref(LF), AirFr regulator will be GES controlled by IFC+ IGES2, and the hysteretic boost 

controller will have as inputs the reference current IGES1 and the FC current. The reference currents IGES1 and IGES2 will be 

adjusted in the optimization loop by the GES controllers to find the maximum value of the FC net power. The GES controller 

proposed in [35] was implemented here due to its simple design and high robustness and performance shown in [41-44]. 



ECRES – 5th European Conference on Renewable Energy Systems, Sarajevo, Bosnia and Herzegovina, 27-30 August 2017 

4 

 

Note that sFF-RTO strategy will be set if the switches will be set on sFF position (see Figure 1). So, FCHPS under sFF-RTO 

strategy will have both fueling regulators controlled by the FC current and the boost controller will be controlled by the LF 

reference current (Iref(LF)), which is input of the hysteretic controller besides the FC current.  

It is known that GES-RTO control can locate, and then accurately find and quickly track, the global optimum of a 

multimodal function [34]. The surface PFCnet = f(AirFf, FuelFr) has a unique Maximum Efficiency Point (MEP) and other 

local peaks on the plateau around the MEP position. Note that MEP and all peaks varies with operating conditions [1,7,45]. 

The Fuel_LF-RTO strategy proposed herein can accurately locate the MEP but also local peaks if the starting point is set 

appropriately in the searching range [46-49]. 

 

4. The performance indicators  

 
As it was mentioned above, the performance of the Fuel_LF-RTO will be highlighted in comparison with the sFF-RTO 

strategy considering the following indicators: the fuel consumption efficiency (Fueleff), the FC system efficiency (sys), and 

Total Fuel consumption (FuelT) during a (LC) load cycle:  

 
Fueleff  PFCnet / FuelFr 

sys= PFCnet / PFC 

( )TFuel FuelFr t dt   
(18) 

 

The gap between these performance indicators (Fueleff, sys, and FuelT) will be estimated in next section under constant 

load. In this study, the fuel economy (FuelT) will be used as performance indicator for pulsed load profile. The load is 

modeled by a controlled current source that is designed to simulate the behavior of the inverter system [38]. 

 

5. Results  

5.1. Constant load  

Because the maximum power which can be generated by the 6 kW FC stack is (8.325 kW), the load range considered for 

both for Fuel_LF-RTO  and sFF-RTO strategies will be 2 - 8 kW. The performance indicators (Fueleff, sys, and FuelT.) 

have been estimated for constant load (see Table 1 and 2). The behavior of the FCHPS under the Fuel_LF-RTO  strategy is 

shown in Figure 3 for 6 kW load. The final values mentioned in Figure 3 are those from Table 1. The plots in Figure 3 are 

the following: the first plot shown the FC net power (PFCnet); the second plot shown the ESS power flow (it can be observed 

that its average value (AV) is zero due to LF control of the FuelFr); the fueling flow rates are shown in next two plots; the 

performance indicators (Fueleff, sys, and FuelT) are shown in last tree plots. The behavior of the FCHPS using the sFF-RTO 

strategy is almost the same, so this is not shown, but the gaps in performance indicators (Fueleff, sys, and FuelT.) are 

shown in Figure 4. These gaps are shown in Table 3 and Figures 5-8. The gap in sys performance indicator is positive in 

the load range of 5.7 – 8 kW even if the gap in PFCnet is negative in the load range of 2– 8 kW. The gaps in Fueleff and FuelT 

performance indicators are positive and negative if the load power is higher than about 3 kW and 4 kW, respectively. The 

superiority of the Fuel_LF-RTO strategy in comparison with sFF-RTO strategy will be clearly shown in next section for 

pulsed load.  

5.2. Pulsed load  

The pulsed load is defined as three levels of power during 4 seconds for each level (see Table 5). If the three levels will be 

set at 75%, 125%, and 100% from Pload(AV), then AV value of pulsed load will be Pload(AV). Searching of optimal point for 

FCHPS under 6 kW load cycle (LC) using the Fuel_LF-RTO  strategy and sFF strategy is shown in Figure 9. It can be 

observed that ESS power (PESS, shown in the third plot) has PESS(AV)0 in both cases due to LF control of the FuelFr. The 

signals shown on left and right plots of Figure 9 have almost the same shapem but small differences in values of PFCnet and 

performance indicators (Fueleff, sys, FuelT) can be observed. The gaps in performance indicators (Fueleff, sys, and 

FuelT.) using the Fuel_LF-RTO strategy in comparison with sFF-RTO strategy are clearly highligted in Figure 10. 

 
Table 1. The Fuel_LF-RTO  strategy applied to FCHPS at different Pload 

Pload IFC1 FuelFr1 AirFr1 PFCnet1 sys1 Fueleff1 FuelT1 

[kW] [A] [lpm] [lpm] [W] [%] [W/lpm] [l] 

2 36.59 13.98 140.8 1847 90 135 32.24 

3 56.29 21.47 183.6 2778 89.79 129.3 49.26 

4 77.78 29.84 234.5 3670 88.97 123.1 67.62 

5 100.2 38.77 286.4 4517 87.96 116.5 87 

6 126 48.28 340.7 5310 87.13 110 107.6 

7 149.1 56.62 393.7 6057 85.87 103.3 129.2 

8 186.5 72.45 479 6682 84.18 95.01 148.64 
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Table 2. The sFF-RTO strategy applied to FCHPS at different Pload 

Pload IFC2 FuelFr2 AirFr2 PFCnet2 sys2 Fueleff2 FuelT2 

[kW] [A] [lpm] [lpm] [W] [%] [W/lpm] [l] 

2 36.62 14.2 84.06 1942 93.26 137.3 32.66 

3 58.95 22.03 132.1 2884 91.85 129.5 50.96 

4 82.62 30.94 185.4 3786 90.43 121.6 70.72 

5 108.1 41.1 245.1 4650 88.75 113.4 92.24 

6 138.9 52.45 314.3 5467 86.89 104.7 116.08 

7 173 65.51 390.1 6229 84.78 95.16 143.24 

8 220.6 82.8 496.2 6912 82.3 83.75 176 

 

Table 3. The gap in performance indicators using the Fuel_LF-RTO  strategy in comparison with sFF-RTO strategy 

applied to FCHPS at different Pload 

Pload PFCnet= 

PFCnet1-PFCnet2 

sys= 

sys1-sys2 

Fueleff= 

Fueleff1-Fueleff2 

FuelT= 

FuelT1-FuelT2 

60FuelTA/12 

[kW] [W] [%] [W/lpm] [l] [lpm] 

2 -95 -3.26 -2.3 -0.42 -2.1 

3 -106 -2.06 -0.2 -1.7 -8.5 

4 -116 -1.46 1.5 -3.1 -15.5 

5 -133 -0.79 3.1 -5.24 -26.2 

6 -157 0.24 5.3 -8.48 -42.4 

7 -172 1.09 8.14 -14.04 -70.2 

8 -230 1.88 11.26 -27.36 -136.8 
 

 
 

Figure 5. The gap in FC net power using Fuel_LF-RTO  

strategy in comparison with sFF strategy 
Figure 7. The gap in sys indicator using the Fuel_LF-RTO  

strategy in comparison with sFF strategy 

  

Figure 6. The gap in Fueleff indicator using the Fuel_LF-

RTO  strategy in comparison with sFF strategy 

Figure 8. The gap in FuelT indicator using the Fuel_LF-

RTO  strategy in comparison with sFF strategy 

 

The gap in Fueleff is positive during the second stage (4-8 s), being of about 10 W/lpm (see second plot in Figure 10). 

During this stage the indicator sys has positive value (about 2%) as well. So, the fuel economy (FuelT) will be mainly 

during this stage, being about 41.1 lpm. Thus, the fuel economy during the full 6 kW/12s pulsed LC will be about 8.22 liters 

[l]. The gap in fuel economy obtained for FCHPS at different Pload(AV) load cycles by using the Fuel_LF-RTO  strategy in 

comparison with sFF-RTO strategy is shown in Table 5 and Figure 11. It can be observed that using the Fuel_LF-RTO  

strategy instead on sFF-RTO strategy a fuel economy will be obtained for all load cycles with Pload(AV) higher than 2 kW. 
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Figure 9. Searching of optimal point for FCHPS 

(under 6 kW LC) using the Fuel_LF-RTO  strategy 

(left) and sFF strategy (right) 

Figure 10. The gap in performance indicators using the Fuel_LF-

RTO  strategy in comparison with sFF-RTO strategy for FCHPS 

(under 6 kW LC) 

 

Table 4. The (LC) load cycles with different Pload(AV) 

 

LC stage 0-4 s 4-8 s 8-12 s 

Pload(AV) [W] Levels of power [kW] 

2 1.50 2.50 2.00 

3 2.25 3.75 3.00 

4 3.00 5.00 4.00 

5 3.75 6.25 5.00 

6 4.50 7.50 6.00 

6.25 4.6875 7.8125 6.25 
 

 
Figure 11. The gap in fuel economy (shown in Table 5) using the 

Fuel_LF-RTO  strategy in comparison with sFF-RTO strategy 

 

Table 5. The gap in fuel economy using the Fuel_LF-RTO  strategy in comparison with sFF-RTO strategy applied to 

FCHPS at different Pload(AV) (LC) load cycles 

 

P
lo

a
d

(A
V

) 

sFF-RTO strategy Fuel_LF-RTO  strategy 


F

u
el

T
=

 

F
u

el
T

1
(L

C
)-

F
u

el
T

2
(L

C
) 

6
0


F
u

el
T
/ 

1
2
 

I F
C

2
(A

V
) 

F
u

el
F

r
2
(A

V
) 

A
ir

F
r

2
(A

V
) 

F
u

el
T

2
(L

C
) 

I F
C

1
(A

V
) 

F
u

el
F

r
1
(A

V
) 

A
ir

F
r

1
(A

V
) 

F
u

el
T

1
(L

C
) 

[kW] [A] [lpm] [lpm] [l] [A] [lpm] [lpm] [l] [l] [lpm] 

2 36.86 14.07 82.33 34.14 38.22 14.3 142.9 33.96 -0.18 -0.9 

3 58.58 22.45 132.4 53.92 57.76 22.15 191.2 52.6 -1.32 -6.6 

4 83.07 31.28 186.4 75.8 78.24 30.3 236.9 72.96 -2.84 -14.2 

5 109.4 41.38 245 101.4 102 42.01 313 96.88 -4.52 -22.6 

6 139.7 52.98 315.1 130.2 145.5 53.63 383.7 121.98 -8.22 -41.1 

6.25 150.4 56.39 338 138.86 152.7 56.83 401.9 128.46 -10.4 -52 
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6. Conclusions 
 

The performance of the proposed Fuel_LF-RTO strategy proposed is analyzed and shown here in comparison with the sFF-

RTO strategy. The main findings for analysis of FCHPS operation under constant and pulsed load are the following: 

- The gap in sys and Fueleff indicators will increase with increasing of the Pload level (up to 1.88 % and 11.26 W/lpm 

for Pload = 8 kW), which means that FC power can be efficiently delivered to load (see Table 3); 

- The fuel economy is of 27.36 l during 8 kW/12 s load cycle, which means about 136.8 lpm (see Table 3); 

- The superiority of the Fuel_LF-RTO strategy in comparison with the sFF-RTO strategy was highlighted for 

constant load in range of 0.33 - 1.25% from nominal power of the 6 kW FC stack; 

- The fuel economy was estimated under pulsed load as well (see Table 5, last column). The fuel economy is up to 

10.4 l during the 6.25 kW / 12 s pulsed load cycle.  
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Abstract 

 
In this paper is proposed an Extremum Seeking Control (ESC) algorithm for optimal operation of Wind Turbine (WT) under turbulent 

wind gusts. The dithers’ amplitude is constant or decreases exponentially in classical ESC schemes, but in this proposal the dithers’ 

amplitude is WT system dependent. The turbulent wind gusts will produce variations on the WT power and these will be band-pass 

filtered to generate the signal that will modulate the dithers’ amplitude. This signal will be processed as in classical ESC scheme to 

obtain the gradient to Maximum Power Point (MPP). Thus, the ESC scheme proposed has two loops: (1) the classical ESC loop 

controlled by the loop gain (k1) to find accurately the MPP; (2) the anticipative ESC loop controlled by the dither gain (k2) to speed-up 

the localization of the current MPP under turbulent wind gusts. The results obtained show the high performance of the ESC-based MPP 

tracking algorithm proposed: about 99.9 tracking accuracy and a searching time of about 120 milliseconds for a 100 Hz dither. This 

performance assures a tracking efficiency higher than 99% even for turbulent wind gusts that occur at random frequencies and speeds. 

 
Keywords: Extremum Seeking Control (ESC), Wind Turbine (WT), Maximum Power Point (MPP), Maximum Torque Point (MTP), 

searching speed, tracking accuracy 

 

1. Introduction 
 

The energy generated from the renewable energy sources (RES), such as wind and solar, is in attention of all specialists due 

to environmental concerns that will become  more grave than now if governmental policies will not reduce the energy 

generated from the conventional sources based on fossil fuels such as oil, coal, and natural gas. Besides this, the control and 

optimal operations of RES Hybrid Power Systems must be implemented based on intelligent concepts and advanced 

technologies [1–5].  

Thus, the Wind Energy Conversion (WEC) system must to operate at Maximum power point (MPP) using a MPP tracking 

(MPPT) algorithm. The MPPT algorithms for WEC system are very similar with those proposed for Photovoltaic (PV) 

system, but in the last case the issue of partial shading needs to be used Global MPPT (GMPPT) algorithms [6,7]. These 

GMPPT algorithms are also needed for Fuel Cell (FC) system, where the fuelling rate may be both controlled to track the 

Maximum Efficiency Point (MEP) based on different Energy Management Strategy (EMS) [8]. 

The multimodal optimization algorithms locate all GMPPs in the search space, because in general the GMP may be not 

unique. The GMMs’ knowledge may be useful for the user to switch the current solution to other appropriate solution from 

the GMPPs set [9] in order to maintain the system efficiency to an acceptable level [10]. 

In practice, the GMPPs can be located based on off-line or real-time identification algorithms that search these points on 

the multimodal function which model the process, with different costs due to the physical constraints and high dynamic of 

the process [11]. A typical case is the Hybrid Power Sources (HPS) of the Fuel Cell Vehicle (FCV) that depends by: (1) the 

HPS topology chosen; (2) the kESS ratio, which defines the operation mode for the Energy Storage System (ESS) in charge-

sustaining mode (kESS = 0), charging-mode (kESS < 0), and discharging-mode (kESS > 0); (3) the regenerative braking factor, 

kL, which is the percentage from load power profile of the total braking energy that can be regenerated by the electric motor 

[12]; (4) the kFC ratio, which set the controlled FC power flow to charge the ESS; (5) the energy efficiency of the power 

converters involved in that topology [13]; (6) the EMS applied for optimal control of the FC System [14]. Thus, the optimal 

operation of the FCV is a challenging task, but the optimal operation of the WEC system is not trivial as well [15]. 

The MPPT algorithms used for WEC system are classified in following classes [1,15,16,17]: 
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- Indirect power controller (IPC) 

- Direct power controller (DPC) 

- Soft Computing - based MPPT Algorithm 

- Adaptive MPPT algorithm 

From the IPC class, the well-known MPPT algorithm are the TSR - based MPPT algorithm [18], Optimal Torque (OT) - 

based MPPT algorithm [19], and Power Signal Feedback (PSF) – based MPPT algorithm [20]. 

In the second class of DPC based MPPT algorithm, the well-known MPPT algorithm are the Hill Climb Search (HCS) 

algorithm [21], Incremental Conductance (INC) algorithm [22], Optimal-Relation-Based (ORB) algorithm [17,23], Hybrid 

MPPT algorithm [23,24,25], Perturb and Observe (P&O) algorithm [23], and Multivariable P&O (MVPO) algorithm [1]. 

The Soft Computing - based MPPT Algorithms usually use Fuzzy Logic Controller (FLC) or Neural Network to track the 

MPP of the WEC system. Thus, a lot of MPPT algorithms are proposed as FLC-based MPPT algorithms [1,26,27] or NN-

based MPPT algorithm [1,17,28]. 

The MPPT methods shown above generally require a priori knowledge of some WT parameters from direct measurements 

such as the optimum power coefficient [29], the pitch angle [30], the wind speed [31] etc. Other MPPT methods shown 

above, such as P&O and HCS algorithms, not require a priori knowledge of WT parameters from direct measurements, but 

these fail to search the MPP when are used in large WT under high dynamic profile of wind speed due to the inertial loads 

on WT rotor [32].  

The adaptive MPPT algorithms can search accurately the MPP or Maximum Torque Point (MTP) without wind 

measurement or prior knowledge of the power or torque characteristics [33] or WEC system losses [34]. 

The Extremum Seeking Control (ESC) algorithms based on sliding mode schemes [35] or dither schemes [36] have other 

shortcomings related to high values of the power ripple and low tracking accuracy of the MPP if the ESC loop gain is set 

high to increase the MPP searching speed [33]. Besides the ESC algorithms, different other adaptive algorithms are 

proposed to optimize the power coefficient such as the nonlinear sliding mode control [37], optimal direct shooting control 

[38], and Lyapunov-based control [39]. Compared with the previous MPPT algorithms, the nonlinear controller proposed in 

[38] increases the tracking efficiency while maintaining the drivetrain ripples within interval of safe operation .The tracking 

accuracy is improved using the optimal direct shooting control [38], but the knowledge of the profile of incoming wind is 

the major deficiency of this method. The Lyapunov-based control [39] improves the searching speed and maintains the 

tracking accuracy despite the large variations on profile of incoming wind. Furthermore, this method can use both the 

generator torque and blade pitch angle to optimize the power coefficient. 

The ESC scheme proposed in [40] for tracking the MPP on PV power characteristics is analyzed here to locate and track 

the MPP or MTP on the power or torque characteristic. Furthermore, the ESC scheme proposed here is improved 

considering the new features of GMPPT algorithms proposed in [6,7] to locate the GMPP of PV system based on additional 

dither loop, besides the classical ESC loop [41]. This additional loop will be used here as anticipative effect of the large 

variations in wind speed profile. So, with other words, the amplitude of the dither is not constant or decreasing 

exponentially as in classical ESC schemes [41,42], being WEC system dependent. 

The paper is structured as following. Section II presents WEC system used. The results obtained for  WT mechanical power 

(Pm) or WT mechanical torque (Tm) selected as input of the ESC 1D – scheme are shown in Section III. Last Section 

concludes the paper. 

 

2. Wind Turbine bench test   
The diagram for testing the WT controlled by ESC 1D – scheme under constant and variable wind speed is shown in Figure 

1. 

 
Figure 1. The Wind Turbine bench test 

 

The WT mechanical power (Pm) or the WT mechanical torque (Tm) can be selected to be the input in the ESC 1D – scheme, 

with or without measurement noise. The Initial Condition (IC) sets the starting point in searching of the extreme (MPP or 

MTP). The WT model is that included in the Matlab&Simulink® toolbox, a bit modified in order to have available the both 

Pm and Tm output variables (see Figure 2). The WT model is described by the following relations [43]: 



ECRES – 5th European Conference on Renewable Energy Systems, Sarajevo, Bosnia and Herzegovina, 27-30 August 2017 

3 

 

  3,
2

m p wind

A
P c v


   (1a) 

  52
1 3 4 6, expp

i i

cc
c c c c c   

 

   
         

   

 (1b) 

3

1 1 0.035

0.08 1i   
 

 
, 

(1c) 

m
m

m

P
T


  

(1d) 

where cp is WT performance coefficient, ρ is air density (kg/m3), A=R2 is WT swept area (m2), R is radius of the turbine 

blade, λ is tip - speed ratio (TST) defined by (2), and β is the blade pitch angle (degree). The power gain kp is defined by 

(3): 
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The value of the power gain kp and the coefficients c1 to c6 are: kp=0.73, c1=0.5176, c2=116, c3=0.4, c4=5, c5=21, and 

c6=0.0068. 

The default values of the WT model are used (Pm=1500 W, the base power of the electrical generator is 1.5/0.9 MVA, base 

wind speed is 12 m/s) and the pu values are obtained by normalization to base values.  

 
Figure 2. The static model of the Wind Turbine 

 

The WT characteristics can be drawn for different wind speeds by selecting the ramp for the generator speed (see Figure 3). 

The position and value of the MPP is marked on each WT characteristic.  

 

 

 
Figure 3. The Wind Turbine 

characteristics 

Figure 5. Searching the MPP using the 

classical ESC 1D – scheme  

Figure 6. Searching in phase plane 

of the MPPs using the classical 

ESC 1D – scheme  

 

The dynamical model of the Wind Turbine can be obtained if the above model is completed with dynamic part (4): 
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where Te is the electromagnetic torque (Nm), J is the combined inertia of the wind turbine and rotor (kgm), and B is the 

viscous friction of the rotor (Nms/rad). 

In this paper, the WT static model is used to find the Maximum Power Point (MPP) or the Maximum Torque Point (MTP), 

named also as Optimal Torque (OT) value, but the results can be easily extended to the WT dynamic model.  

The MPP Tracking (MPPT) algorithm based on ESC 1D-scheme proposed is very simple and easy to be implemented in 

engineering application. Besides the searching loop, which is similar with that used by the classical ESC to find accurately 

the MPP and then to track it, the ESC 1D - scheme contains the scanning loop, which will quickly locate the MPP by 

sweeping the WT characteristic using an asymptotic dither. Both models will be briefly shown in next section.  

 

3. Results 
 

The reader can find in [44-46] information about the design of the tuning parameters of the ESC 1D – scheme. The input of 

the ESC 1D – schemes can be selected to be Pm or Tm signal.  

3.1. Searching of the MPP on Pm characteristic 
Searching of the MPP using the classical ESC 1D – scheme is shown in Figure 5 for a wind speed profile shown in the first 

plot. The pu reference for the generator speed that is generated by the ESC scheme is shown in second plot. The signals Pm 

and Tm are shown is next plots of Figure 5. Note that a high ripple appear on both Pm and Tm signals, having during the 

stationary phase a peak-to-peak value of about 70 Nm and 7 W, respectively.  

 The evolution in the phase plane is shown in Figure 6. The value of the Pm and Tm signals for different levels of the wind 

speed is close to the MPPs shown in Figure 3. For example, considering the zooms shown in Figure 5, the tracking 

accuracy is 1001090.5/1095=99.59% for wind speed of 12 m/s.   

Searching of the MPP using the proposed ESC 1D – scheme is shown in Figure 7 for the same wind speed profile. Besides 

the plots of the pu reference for the generator speed and signals Pm and Tm, the dither gain (Gd) are shown in the second 

plot of Figure 7. Note that the dither gain has small and large values during the stationary and transitory phases of the wind 

speed profile. Consequently, the dither amplitude is large during the transitory phases of the wind speed profile and the 

search speed is high as well, the search speed being proportional with the product k1k2. Thus, the search speed using the 

proposed ESC 1D – scheme could be 1/0.05=20 times higher than the search speed using the classical ESC 1D – scheme. If 

the tuning parameter k2 will be set higher for the classical ESC 1D – scheme in order to speed-up the MPP searching, then a 

higher ripple than that shown in Figure 5 will be obtained. This is not happen using the proposed ESC 1D – scheme 

because the dither amplitude is small (almost zero) during the stationary phases of the wind speed profile, so the power 

ripple is negligible (see the zooms shown in Figure 7). The ripple on Pm and Tm signals has the peak-to-peak value of about 

3 Nm and 0.5 W, respectively. So, the tracking efficiency will increase if a lower ripple appears during the stationary phase 

and the search speed is high enough (up to the safe limit) to reduce the tracking time. Considering the zooms shown in 

Figure 7, the tracking accuracy increased a bit, being of 1001094.25/1095=99.93% for the same wind speed of 12 m/s.  

Note that the amplitude of the searching signal p1 and p2 decreases asymptotically to zero in the ESC 1D – scheme 

proposed here.  

 
  

Figure 7. Searching  the MPP using the 

proposed ESC 1D – scheme 

Figure 8. Searching in phase 

plane of the MPPs using the 

proposed ESC 1D – scheme 

Figure 9. Searching the MTP using the 

proposed ESC 1D – scheme 
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The evolution in the phase plane is shown in Figure 8 if the proposed ESC 1D – scheme is used. Because the tracking 

accuracy is high, being close to 100%, the values of the Pm and Tm signals for different levels of the wind speed are closer 

to the MPPs shown in Figure 3. 

3.2. Searching of the MTP on Tm characteristic 
Searching of the Maximum Torque Point (MTP) using the proposed ESC 1D – scheme is shown in Figure 9 for the same 

wind speed profile (see the first plot in Figure 9). The structure of plots is the same as in Figure 7. The dither gain (Gd) is 

shown in the second plot of Figure 9 and has small and large values during the stationary and transitory phases of the wind 

speed profile. Besides the pu reference for the generator speed, which is shown in third plot of Figure 9, the signals Tm and 

Pm are shown in last two plots. Note that the WT torque ripple and WT power ripple is negligible during stationary phase 

(see the zooms shown in Figure 9). Considering the zooms shown in Figure 7, the tracking accuracy for the WT torque is of 

100994.2/998=99.62% for the wind speed of 12 m/s. Of course, the WT power for this MTP value is lower than MPP of 

1095 W. 

 

4. Conclusion 
 

The ESC 1D - scheme proposed here to control the WEC system has two loops: (1) the scanning loop, which will locate the 

peak (the MPP or the MTP) by sweeping the WT power characteristic or WT torque characteristic using an asymptotic 

dither controlled by the dither gain (k2); (2) the locating loop, which will find accurately this peak based on the classical 

ESC loop controlled by the loop gain (k1). The asymptotic evolution of the dither is obtained by modulation of the 

sinusoidal signal with the output signal (ybpf) of the BPF that has as input the WT power or WT torque. 

The results shown reveal the high performance of the ESC-based MPP tracking algorithm proposed (about 99.9 tracking 

accuracy and a searching time of about 120 milliseconds for a 100 Hz dither) in comparison with the classical ESC scheme 

(less than 99.5 tracking accuracy and a searching time higher than 1 second for same dither of 100 Hz).  

This performance assures a tracking efficiency higher than 99% even for turbulent wind gusts that occur at random 

frequencies and speeds. This results and the robustness of MPP searching will be evaluated in next work.  
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Abstract 

 
Several flow control devices have been developed in the last decades. Most of them were designed for aeronautical issues and this 

was its first research field and application. Nowadays researchers are working to optimize and introduce this type of devices in wind 

turbines to improve the wind turbine control behavior. Vortex generators and Gurney flaps seem to be two of the most promising 

passive devices. Therefore, the main goal of the current study is to analyze the effects of mounting passive flow control devices on 

multi megawatt horizontal axis wind turbines. To that end, BEM based computations were carried out in order to investigate the 

influence of vortex generators and Gurney flaps on the NREL offshore 5 MW Baseline Wind Turbine control. The results show an 

increase in the Cp,max and a considerable improvement in the control system. 

 
Keywords: Wind turbine control, vortex generators, gurney flaps, flow control, BEM model. 

 

1. Introduction 
 

The raise of installed wind power in Europe for the last fifteen years, along with the increasing significance of offshore 

wind energy shows the relevance of research in the field of flow control for large wind turbines. The considerable 

increase of wind turbine rotor size and weight in the last years has made it impossible to control as they were controlled 

30 years ago. Rotors of 120 meters or even more are now a reality. Johnson et al. [1] and Aramendia-Iradi et al. [2] 

compiled some of the most important load control techniques that could be used in wind turbines to assure a safe and 

most favourable operation under different atmospheric conditions. The improvements of wind turbines present 3 key 

points:  

 

 Setting upper bounds on and limiting the torque and power experienced by the drive train.  

 Minimize the fatigue life extraction from the turbine rotor drive train and other structural mechanisms due to 

changes in wind direction, velocity and turbulence, as well as start-stop cycles.  

 Maximize the energy production.  
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Through the last decades many different flow control devices have been developed. Most of them were created for 

aeronautical issues and this was its first research field and application. Nowadays researchers are working to optimize 

and introduce this type of devices in wind turbines. Wood [3] developed a four layer scheme which allows classifying 

the different concepts that are part of all flow control devices. Depending on their operating principle they can be 

classified as actives or passives, see Aramendia-Iradi et al. [4].  

 

 
Figure 1: triangular pairs of counter-rotating vortex generators. 

 
Fernandez-Gamiz et al. [5] and Martinez-Filgueira et al. [6] studied the behaviour of a rectangular VG on a flat plane 

and the streamwise vortices produced by them to investigate how the physics of the wake behind VGs in a negligible 

streamwise pressure gradient flow can be reproduced in CFD simulations and their accuracy in comparison with 

experimental observations. In the work carried by Gao et al. [7] on a 30% thick DU97-W-300 airfoil, the maximum lift 

coefficient was substantially increased due to the implementation of passive VGs. The use of VGs can led to a reduction 

of periodic loads thus improving power output Fernandez-Gamiz et al. [8]. 

 

The Gurney flap (GF) is a simple vane with a height between 1 and 2% of the airfoil chord length, located 

perpendicular to the lower or upper side of the airfoil near the trailing edge. According to Liebeck [9], GFs increase the 

total lift of the airfoil while reducing the drag once appropriately sized. The results are: performance improvement and 

load alleviation. Storms [10] found a lift increase of around 13% for a GF size of 0.5%c with minimal or no drag 

penalties for low and moderate CL values. 

 

2. Wind Turbine Modelling 

The 5MW Baseline Wind Turbine has been modeled following the trends of the model developed in Gonzalez et al. 

[11]. First of all, the rotor aerodynamic torque was determined by the eq (1), taking the power coefficient Cp as the 

principal parameter to characterize the behavior of the wind turbine rotor. 
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Figure 2: Wind speed step. 

 

The wind speed realization used in this work is shown in Figure 2. A wind step from 5 to 25 m/s and from 25 to 5 m/s 

was introduced in the control system with 1000 seconds of time duration to investigate the effects of the VGs and GFs 

according to the test cases configured in Fernandez-Gamiz et al. [8]. This step was designed since it is a good way to 

evaluate the wind turbine behavior and the control performance in sudden wind speed change situations. Just six cases 

were studied. The clean wind turbine was taken as the baseline case, without any device implemented and named 

DU91W(2)250. According to the matrix presented in Table 1, depending on the blade station where the passive devices 
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were implemented and the position of the VGs from the leading edge, five more cases were analyzed and compare with 

the clean case. 

Table 1: Flow control devices location. 

TEST CASES STATION 8 STATION 9 

DU91W(2)250   

DU91W(2)250VG20GF2st8 X  

DU91W(2)250VG20GF2st9  X 

DU91W(2)250VG20GF2st8st9 X X 

DU91W(2)250VG30GF2st8 X  

DU91W(2)250VG30GF2st9  X 

DU91W(2)250VG30GF2st8st9 X X 

3. Results 

In order to investigate the influence of VGs and GFs on the Power Coefficient curves in the NREL 5MW reference 

wind turbine, BEM computations have been carried out following the steps explained in the previous section. The BEM 

based algorithm has now been derived and the power coefficient curve Cp has been computed versus tip speed ratio 

TSR for a range of pitch angle from = -3 to = 12. Figure 3 illustrates the evolution of the power coefficient curves 

along the tip speed ratio for the case with no passive device implemented into the blade in comparison with the cases 

with VGs and GFs, see Table 3.  

 

 
Figure 3: Power coefficient Cp as a function of the tip speed ratio TSR for different pitch angles  from -3 to 12 

degrees. 

 

In all cases analyzed, an increase in the maximum value of the Power Coefficient Cp, max is found. Table 4 illustrates the 

maximum value of Cp for all cases. The greatest values are reached by the cases with VGs located at the distance from 

the leading edge of 30% of c. The first case is DU91W(2)250VG30GF2st8, with the flow control devices mounted in 

the station 8 and the second one is DU91W(2)250VG30GF2st8st9, with the devices at the stations 8 and 9. Both cases 

achieve equal value of Cp, max of 0.4870 in comparison with the clean case DU91W(2)250 with a Cp, max of 0.4830, which 

supposes an increase of 0.83%. However, due to a cheaper assembly of flow control devices in only one blade station 

and a similar behavior of both cases, the case DU91W(2)250VG30GF2st8 was chosen to be implemented in the control 

system of the wind turbine. 

 
Table 2: Maximum value of the Power Coefficient Cp, max.for all cases. 

TEST CASES Cp,Max 

DU91W(2)250 0.4830 

DU91W(2)250VG20GF2st8 0.4868 

DU91W(2)250VG20GF2st9 0.4830 

DU91W(2)250VG20GF2st8st9 0.4868 

2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4

0.5

0.6

C
p
 curves for =-3º

TSR

C
p

 

 

2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4

0.5

0.6

C
p
 curves for =0º

TSR

C
p

 

 

2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4

0.5

0.6

C
p
 curves for =3º

TSR

C
p

 

 

2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4

0.5

0.6

C
p
 curves for =6º

TSR

C
p

 

 

2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4

0.5

0.6

C
p
 curves for =9º

TSR

C
p

 

 

2 4 6 8 10 12 14 16
0

0.1

0.2

0.3

0.4

0.5

0.6

C
p
 curves for =12º

TSR

C
p

 

 

DU91W(2)250

DU91W(2)250VG20GF2st8

DU91W(2)250VG20GF2st9

DU91W(2)250VG20GF2st8st9

DU91W(2)250VG30GF2st8

DU91W(2)250VG30GF2st9

DU91W(2)250VG30GF2st8st9



ECRES – 5th European Conference on Renewable Energy Systems, Sarajevo, Bosnia-Herzegovina, 27-30 August 2017 

4 
 

DU91W(2)250VG30GF2st8 0.4870 

DU91W(2)250VG30GF2st9 0.4830 

DU91W(2)250VG30GF2st8st9 0.4870 

 

4.1 Best case comparison vs. clean case. 
 

The wind turbine control system of the current work was designed to optimize the power output at lower wind speeds 

and, of course, to limit the power at high wind speeds. First of all, the power output, the aerodynamic torque, the rotor 

speed and the pitch angle were calculated for the clean case blade along the wind step defined in Figure 2. The same 

procedure was done for the best case found previously. Figure 4a shows a comparison between the clean turbine power 

output and the one with flow control devices, the case DU91W(2)250VG30GF2st8 with the devices at the station 8. The 

transient response in the wind step from 5 to 25 m/s of the case DU91W(2)250VG30GF2st8 has less power peak 

reaction than the one with no flow control devices. That peak value is attenuated from 10.98 to 9.99x106 W by the 

implementation of the flow control devices. Further, the aerodynamic torque response represented in Figure 4b at the 

same wind step is also mitigated. Please, note that the power out of the wind turbine is increased from 4.88 to 4.94x105 

W by the implementation of VGs and GFs, as presented in the detailed view embedded in Figure 4.  

 

  

a)            b) 

Figure 4: Wind turbine performance main parameters. a) Wind turbine power output comparison. b) Wind turbine 

aerodynamic torque.  

 

5. Conclusions 
 

The effects of mounting passive flow control devices on a multi megawatt horizontal axis wind turbine have been 

studied. Passive vortex generators and Gurney flaps have been chosen as passive flow control devices in the current 

work. BEM based computations have been carried out and the wind turbine control system has been modeled to analyze 

the influence of mounting VGs and GFs on the dynamics behavior of the wind turbine. The effects of these passive 

devices has been studied only in the stations 8 and 9, where the DU91W(2)250 airfoil is installed. The results show a 

slight increase in the wind turbine power output at low the wind speed of 5 m/s. The wind turbine transient response has 

been also improved thanks to the implementation of these passive flow control devices. The power peak achieved by the 

wind turbine with the passive devices is lower than the clean wind turbine. 
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Abstract 

 

Axial flow fans are widely used in many industrial applications ranging from cooling systems to the propulsion devices, to emphasize 

extreme scales. For better understanding of the flow phenomena through the axial fan and the rotor dynamic behavior, CFD techniques 

are commonly used and today almost unavoidable to include them in the machine design and testing. It is, however, essential to 

develop suitably accurate computational tools and validate them extensively. Therefore, a computational model of an axial fan is 

presented in the current study. Numerical simulations of a single stage axial fan on variable conditions have been performed to obtain 

the detailed flow field of the centrifugal fan. The research of the present work is focused on the rotor–stator configuration and the 

modeling of aerodynamic behavior of the blade rows. The accurate prediction of axial force and efficiency has important significance 

for the optimized operation of axial fan and the selection of thrust bearing. In addition, it can provide reference and guidance for the 

structural design of high speed axial fan production and the study of axial force prediction. 

 

Keywords: Axial fan, CFD, Computational Fluid Dynamics, rotor dynamics. 

 

1. Introduction 
 

Axial flow fans are extensively used in many industrial applications because of their simplicity, compactness and 

relatively low cost. They are applied from traditional cooling systems to the most innovative propulsion systems. 

Generally, axial flow machines have high specific velocity and low specific diameter on a single-stage basis. It means 

that the specific energy usually is quite small and the flow rate is relatively large, [1].  

 

For better understanding of the flow phenomena through the axial fan and the rotor dynamic behavior, CFD techniques 

are commonly used and today almost unavoidable to include them in the machine design and testing, Matai et al. [2]. It is, 

however, essential to develop suitably accurate computational tools and validate them extensively, such as the 

comparison study of Prachar [1], where a comparison between CFD simulations and experimental results of an axial flow 

fan rotor was carried out with good agreement between both. Masi et al. [3] proposed several analytical formulas and 

charts to calculate the efficiency of different axial fan configurations on a tube. Matai et al [2] proposed quite a few 

design parameters to evaluate the performance of an axial fan using Computational Fluid Dynamics CFD techniques. 
 Corresponding Author: unai.fernandez@ehu.eus 
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Furthermore, Pelletier et al. [4] and Yoon et al. [5] investigated the three dimensional flow in a three-bladed rotor of an 

axial fun for aircraft applications. In this case the rotor was modeled as an actuator disk. Matai et al [2] evaluated the 

effects of different design parameters on the aerodynamic performance of an axial fan by means of computational 

techniques. Mathematical models such as Twizell et al [6] have been also developed to empirically formulate the 

connection between the fan static pressure, the blade pitch angle and the volume in the inlet. 

 

According to [7], the performance parameters for a turbo machine are usually taken to be: 

 

 Efficiency 

 Machine shaft power 

 Energy exchange of the fluid (i.e. pressure drop) 

 Fluid flow rate through the machine 

 

These previous performance parameters are related each other and to the machine operating parameters: rotational 

velocity and fluid density and viscosity. The relationships between these parameters are the most important information 

for an optimal device design, Lazari et al. [8]. In this study, the sound/noise generated by the axial fan is not treated as 

performance variable. Usually, the machine performance experiments are done with utensils and procedures specifies by 

recognized standards to ensure the device accuracy, acceptance and the reproducibility of the test results, Heo et al. [9]. 

For fans, the most suitable standard is the Laboratory Methods of Testing Fans for Ratings, [10]. Another option of field 

test can be found in ASME-PTC 11, [11]. 

 

There are several important things to notice from the performance curves of an axial fan. Firstly, the so-called best point 

of efficiency BEP, which is reached in the point of maximum efficiency in the curve defined by  versus air flow Q. BEP 

is defined by the corresponding values of volume flow rate Q, pressure raise Δp, shaft input power Psh, and the machine 

noise Lw, as illustrated in Figure 1. In the right side of BEP, the variable of pressure raise Δp decreases as the volume 

flow rate Q increases, yielding a negative slope that represents a stable range of performance for the fan. In the left side of 

the BEP the pressure raise curve goes to zero slope condition. After that, the positive slope comes and it is the zone where 

the fan would operate unstably. 

 

 
Figure 1. Pressure and efficiency curves, [7]. 

 

The overall efficiency for an axial fan for incompressible flow can be calculated by equation (1): 

P

p

sh

T

T

Q )(
       (1) 

 

The dynamical behavior of an industrial axial fan has been simulated using CFD tools. A computational model of an axial 

fan rotor is presented in the current study, as illustrated in Figure 2. The reason of this work is to study the method and 

precision of simulating axial flow fans with three-dimensional CFD models. The results and knowledge gained will be 

used to improve currently used axial ventilators. 

 

In the work of Castegnaro [12], the fan blades design was based on NACA65 series of airfoils and shown the damaging 

effects of the low Reynolds numbers on the blades performance. Carolus et al. [13] compared two fan rotors blade types 

based on NACA 4512 and FX60-126 airfoil designs with satisfactory results for NACA based designs. S-type blades with 

symmetric NACA based airfoils are also used for reverse axial flow fans, such as in the study of Huang [14]. 
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2. Computational settings  
 

In the present work, the aerodynamic performance of an axial fan rotor has been investigated. The rotor has been 

designed with 30 blades inclined an angle to the oncoming flow and their geometry is based on the traditional NACA 

   
a) Front view    b) Side view    

Figure 2. Axial flow fan rotor geometry. 

 

 

 
Figure 3. NACA airfoil based blade. 

 

airfoils to achieve high efficiency. Figure 3 shows a detailed view of the blade chord length and inclination respect to the 

rotor disc. The diameter of the rotor is D = 0.33m and the thickness is 0.01m. The rotor has been specially designed for 

ventilation and cooling applications of electric generators, such as the ones used on vertical axis wind turbines VAWT. 

 

The problem involves an axial fan rotor whose axis and 30 equally spaced blades are rotating at 200 rpm while the 

external body remains stationary. Air enters through the inlet at 5 m/s and exits through a pressure boundary in the outlet. 

Figure 4 represents the boundary conditions and the dimensions of the computational domain used in this study. The axial 

fan rotor has been placed in a circular cylinder with length three times the rotor diameter. 

 

 
Figure 4. Computational domain. 

 

 

INLET OUTLET 
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2.1. Mesh distribution and physics models 

 

The grid of the current model consists of two regions: Fluid and Rotating. However, only one continuum is 

needed for the simulation since the two regions contain the same fluid. The physical models for this continuum 

are specified in Table 1. 

 
Table 1. Physics properties. 

Properties Models 

Time Unsteady 

Fluid Air (Standard Conditions) 

Flow Incompressible flow 

Viscose regime Turbulent 

Reynolds Averaged Turbulence model K-Epsilon 

 

In this work, two interfaces between the Fluid and Rotating regions have been created. This process involves 

creating so-called “In-place” interfaces between the default wall boundaries enclosing each region. The 

transient Rigid Body Motion model to solve the problem has been used in these simulations. 

 

    
a) Front view    b) Side detailed view   

Figure 5. Meshed rotor views. 

 

3. Results 

 

Pressure and velocity field around the rotor have been studied and computed during the period of 20 seconds, which 

corresponds to 66.67 revolutions of the rotor. Figure 6a illustrates the absolute pressure distribution around the airfoils of 

the rotor. This figure shows the difference pressure between the upper and the lower part of the blade. Figure 6b 

represents the axial velocity distribution according to the reference frame axis coordinate used for the rotor rotation. The 

flow is completely attached in the upper part of the blade. However, some flow separation has been detected in the lower 

part of the airfoil. Some negative values of the axial velocity have been found in the lower surface of the airfoils, which 

means that there is reverse flow in that region. The separation of the flow could be the result of the adverse pressure 

gradient formed in the convex part of the lower surface of the airfoil, close to the region with the maximum camber. 

 

4. Conclusions 

 
Numerical simulations of a single stage axial fan rotor at Reynolds number of Re= 1.1 105 based on the rotor diameter 

have been performed to obtain the detailed flow field of the centrifugal fan rotor. The present work has been focused on 

the rotor configuration and the modeling of aerodynamic behavior of the blade rows. In addition, the rotor of the axial fan 

has been designed according to the requirements of the application to the cooling system of a vertical axis wind turbine. 

Preliminary results show a good aerodynamic behavior of the rotor at the studied conditions of velocity in the inlet of 5 

m/s and rotor rotational speed of 200 rpm. However, some improvements in the airfoil design of the rotor must be done to 

avoid separation of the flow in the lower surface of the airfoil of the blade. 
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a) Absolute pressure field   b) Axial velocity field     

Figure 6. Pressure and velocity fields distribution around a rotor blade. 

 
 

As a future work, more computations should be carry out at different Reynolds numbers to check the aerodynamics 

performance of the rotor. Also, convenient calculations should be done for the design and validations of the axial fan 

shroud 
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Abstract 

 
Over the past few years, it has been established that vibration energy harvesters with intentionally designed nonlinear stiffness 

components can be used for frequency bandwidth enhancement under excitation for sufficiently high vibration amplitudes. Pipelines 

are often necessary means of transporting important resources such as water, gas and oil. A self-powered wireless sensor network could 

be a sustainable and consistent alternative for in-pipe monitoring applications. The use of an energy harvester as the power source 

becomes a viable option. A computational study of a piezoelectric energy harvester for underwater applications is presented in the 

current work to enable a self-powered wireless sensor node for in-pipe monitoring using kinetic energy of water flow. 

The device consists of a piezoelectric beam assembled to an oscillating body, a circular cylinder of 2 cm of diameter, inside the water 

of pipes from 2 to 5 inches of diameter. Therefore, 2D unsteady simulations at different water velocities have been performed to study 

the dynamic forces under different water speeds. A computational model has been developed to characterize the dynamic performance 

of the harvester. 

 
Keywords: Energy harvesting, piezoelectric harvesting, pipelines, underwater networks, wireless sensor networks.. 

 

 

1. Introduction 
 

According to Cottone [1] and Nickolaus et al. [2], the demand of portable power source devices is increasing in the last 

decade because it is not satisfied by batteries, the subject of energy harvesting from ambient has attracted extensive 

attention, Farsangi et al. [3] and Kurt [4].  

Energy harvesting devices permits energy deliver for low power electronic equipment such as wireless sensors, 

pacemakers and health monitoring systems. In addition, harvesters have can be used as an supplementary power device, 

which increases the life-time of the batteries with appropriate maximal power point tracking mechanisms, Brunelli et al. 

[5], Dini et al. [6] and Lopez-Lapena et al. [7]. These devices are usually designed to obtain electrical power from 

ambient and they convert it into energy for low power devices. Numerous energy harvesting methods such as vibration, 

solar, thermal gradient, wind etc. have been developed in the last years; see Wu et al. [8] and Zulueta et al. [9]. There are 

a lot of ambient vibrations such as human and machine motions, wind or seismic actions in the environment, see 

O’Donnell [10] and Zulueta et al. [9]. 
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Some advantages of the energy harvesters are based on long-term operability, cost efficient, maintenance free, no require 

of charging points and inaccessible sites operability. Additionally, these systems are very helpful in applications for hard 

natural conditions. The most of WSNs cannot be enabled without Energy Harvesting technology. Vibrations can be 

converted into energy by numerous techniques: electromagnetic, electrostatic/capacitive and piezoelectric [10]. 

Moreover, the piezoelectric devices are appropriate to be optimized for a certain excitation frequencies and that can 

facilitate the raise of the system efficiency [11] and [12]. According to Cottone [1], non-linear oscillators can offer the 

option of broadening the response of vibration energy systems, in that way they can physically respond to changes in 

driving frequency. They can also harvest energy from sources where vibrations are present in several frequencies, see 

Frizzell et al. [13] and Cottone et al. [14] and [15]. 

 

2. Harvester description  
 

The device investigated in the current work is based on [16] consists of a piezoelectric beam assembled to an oscillating 

body, a circular cylinder of 2 cm of diameter, inside the water of pipes from 2 to 5 inches of diameter, see Figure 1. 

 

The harvester device includes a housing and at least one energy transducer. A circular cylinder is arranged to receive 

collisionally transferred kinetic energy from the fluid, resulting in vibration due to the vortices formed closely 

downstream of the cylinder. The energy transducer is attached to the housing. 

 

 
Figure 1.  Energy harvester assembly on a pipe. 

 

3. Computational Domain  
 

A computational model has been developed to characterize the behavior of the circular cylinder of the harvester. The 

dimensions of the computational domain are shown in Figure 2. Downstream of the cylinder, a domain of 20 times the 

cylinder diameter has been chosen to investigate the vortices caused by the fluid passing around the body. Symmetry 

condition has been selected for the top and bottom boundaries and velocity inlet at the inlet of the domain. 

 

 
Figure 2  Computational domain. 

 

The mesh consists of 56.000 2D cells, the most of them where located around the cylinder and downstream of the 

cylinder in order to capture the vortex shedding in the wake. Around the cylinder 20 prismatic layers of cells where 

located to obtains a wall Y+ less than 1 and polyhedral cells where chosen for the rest of the domain, as illustrated in 

Figure 3. 

 

4. Results 
 

Two-dimensional computational simulations were carried out in the present study at nine different Reynolds numbers based 

on the cylinder diameter: ReD= 50, 75, 200, 500, 1000, 5000, 10.000, 50.000 and 100.000. The simulations as unsteady 

state and with laminar flow at low RE numbers and turbulent flow at higher Re numbers. The solutions were computed 

during a time from 0 to 20 seconds. According to Table 1, it is clearly visible how at Reynolds numbers of 75 and 200 a 

vortex shedding appears in the wake of the cylinder which provokes an oscillating in the lift coefficient. 
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Figure 3. Mesh distribution around the cylinder. 

 

Table 1. Wake comparison at different Re numbers. 

 

Re Wake behind the cylinder 

50 

 
75 

 
200 

 
500 

 
103 

 
 

Re Wake behind the cylinder 

5 103 

 
104 

 
5 104 

 
105 
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Table 2 represents the lift coefficient evolution at the range of Reynolds numbers studied in the current work. At the 

lowest Reynolds number of 20 the oscillations are not significant, however, at Re= 75 and 200 the oscillations in the lift 

coefficient are noteworthy. From that Re number until the highest one Re=100.000 the variations in the lift coefficient are 

less prominent or sometimes almost constant with any variation. Thus, according to the results presented in Table 2 the 

most suitable re numbers for the energy harvester system illustrated in Figure 1 could be from Re=75 to Re=200. 

 

 

Table 2. Lift coefficient evolution for different Reynolds numbers 

  

 
 

  

 
 



ECRES – 5th European Conference on Renewable Energy Systems, Sarajevo, Bosnia and Herzegovina, 27-30 August 2017 

5 

 

 

 

 

4. Conclusions 
 

A computational study of a piezoelectric energy harvester for underwater applications has been studied for using the 

kinetic energy of water flow. The device consists of a piezoelectric beam assembled to an oscillating body, a circular 

cylinder of 2 cm of diameter. Therefore, two-dimensional computational simulations around a circular cylinder have been 

carried out in the current work at nine different Reynolds numbers. Unsteady state simulations were performed for a 

period of time of 20 seconds to investigate the evolution of the wake and the vortex shedding as well as to check the 

dynamic behavior of the cylinder. The largest amplitude in the lift coefficient was found at Re=200 with a range of 

oscillation from -0.38 to +0.38 in the lift coefficient. In addition, the behavior of the cylinder at Re=75 is also remarkable 

with a range of oscillation from -0.18 to +0.18. 
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Abstract 

 
In this study, main electromagnetic analyses of a permanent magnet generator (PMG) have been presented. The machine is developed 

from the iron-cored “bifilar” coil topology to overcome the problems with current rotary type generators, which are dominant on the 

market. One of the problems is armature reactance XL, which is usually bigger than resistance Ra. This situation creates difficulties for 

engineers and a new topology is offered to partially remove or absolutely neglect the reactance of the machine. Besides, the experimental 

analyses of the PMG characteristics, such as no-load losses and EMF versus speed, loaded voltage drop, power output and efficiency 

versus load current at different speeds have been performed. The differences in findings have been discussed, when the separate rods are 

connected in parallel apart from the previous model, which has serial connection. 

  
Keywords: Special electrical machines, permanent magnet, voltage, bifilar coil. 

 

1. Introduction 
 

The morphologies of classical generators are based on the electrical induction via the electric currents and magnetic fields 

inside a certain volume [1,2]. One of the existent problems in terms of their manufacture is that the coil reactance XL 

frequently becomes greater than the active coil resistance Ra. This reality creates some artifacts for the designers.  

 

According to the literature there exist different types of permanent magnet (PM) generators for different applications. 

However the main classification can be realized in terms of their magnetic flux directions between the magnet pole and 

core tip, either in radial or axial direction [1,3]. In general, the radial flux machines have larger cogging torque values, 

lower power densities and worse cooling mechanism compared to the axial flux ones. Besides, the axial machines have 

simple geometry and manufacture mechanism by providing a shaft and the placements of single or multiple rotors on that 

shaft. The core manufacture is also easy for axial flux machines since the flux is directly send to one side to the other side 

of the machine.  

 

From the operational point of view, an effective cooling mechanism proves a good efficiency in that machines during long 

working hours. While the radial flux generators require additional fun or blade structures, the axial flux machines have 

natural cooling mechanism due to the centrifugal transfer of the air mass from the central regions to the lateral regions, 

while the machine is rotated about the shaft [4]. In the present machine, the windings have larger volumes in order to 

transfer the heat to the lateral region apart from the radial flux machines.  

 

The proposed generator should partially or completely compensate the reactance. It is claimed to have significant internal 

circuit reactance compensation by windings on the special coils by differing from earlier machines. Electromagnetic 

designs and analyses are performed by finite element method (FEM) [5-13]. The prototype machine has been designed with 

SolidWorks. For the construction of the electrical schematics, the EAGLE CAD has been used. The experiments have been 

conducted in Klaipeda University laboratories.  
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The paper is organised as follows: Sec. 2 mentions about the electromagnetic design features and geometry of the machine. 

The experimental details are presented in the next section. Finally, the concluding remarks are given in the conclusions.  

 

2. Design aspects of PMG 
Initially, the present machine can have two types of configurations in terms of rods and coils as shown in Figs. 1 and 2. 

While the configuration in Fig. 1(a) gives high voltages at the output with 3 phases, the second configuration (i.e. Fig. 1(b)) 

creates high currents but lower voltages for the same rotation speed. 
 

  
(a) (b) 

Figure 1. (a) Serial and (b) parallel connection of the rods and windings 

 
The isometric view of the PMG is shown in Figure 2. The windings have two circular orientation side by side. The main 

interesting point is that the flux occurred by one winding affects the other windings. The half of this PMG construction is 

unfolded into linear type and modeled in 2D environment. 

 

 
Figure 2. 3D isometric view of PMG construction 

 

In order to clarify the fluxes and magnetic circuit, Fig. 3 has been sketched. The cores and relevant poles and windings 

around them are shown in Fig. 3. The magnets from both sides are surface-mounted on the iron plate. 

 

 
Figure 3. Magnetic flux lines of the machine 

 

This topology has 4 magnets for 3 stator rods or 2 pole pairs for 3 phases. The original orientation is to put ten permanent 

magnets on each of the four parts of the rotor. The reason for that is the lowering of the magnetic field interaction locally. If 

every second magnet from top and bottom is eliminated, there exists only half area left for the other magnet pole, while the 

first one covers a full area, which causes high cogging torques in the operation, thereby only half of the flux from magnets 

is used. That issue has been solved by mounting 20 permanent magnets on each of the four parts of the rotor. With that 

configuration, while one coil is wrapped with one pole (north for instance), the other two wraps 3 quarters of a south pole 
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and a quarter of a north pole, thereby the magnetic force of the coil A is equal to the magnetic forces of the coils B and C 

(Fig. 4). 

 

 
Figure 4. Magnetic circuit flux lines of PMG topology with double magnets 

 

A 3D finite element analysis has been carried out in order to show the magnetic fields and relation among the magnets and 

stator rods. In that manner, a 1/5 segment of the generator is cut out and shown below (Figs. 5(a,b) and 6(a,b)). 

 

  
(a) (b) 

Figure 5. (a) The radial direction appearance of windings and magnets: 1-magnets, 2-windings, 3-ferromagnetic cores,  5-

iron or steel non-laminated core. (b) Flux density. 

 

As in general, the flux density maximizes around the magnets up to 1.2 T, whereas lower flux densities occurs for air gap 

and the inner volume of the cores. For the axial direction, the components and the flux densities are shown in Figs. 6(a,b). 

 

  
(a) (b) 

Figure 6. 1/5 segment of patented PMG active material, magnetic flux density vector plot (top view) 

 

The flux densities are found around 1.2 T around the magnet and lowers to 0.4 T for some places of cores as in Fig. 6(b). 

Several fringe plos are presented in Fig. 7(a,b). According to radial and longitudinal fringes in Fig. 7(a), some component 

parts of components can have higher flux densities, which are not good for the field inhomogeneity. Some other regions 

can have moderate values such as 1.4 T. In Fig. 7(b), the axial appearance fringes are shown. The field becomes 2 T just at 

the vicinity of PMs. However, the flux densities yield to 1.6 T in average for the most of the rod surface. 
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(a) (b) 

Figure 7. Magnetic flux density continuous fringe plot on several sections: (a) A: cross section of magnet array, B: cross 

section of coils, (b) C: axial section of core phase C, D : axial section of core phase A 

 

3. Experimental and Theoretical Discussion 
 

The no-load results of the experiments provide the information of power losses in mechanical and magnetic (eddy currents) 

parts, the strength of EMF induced. The curve in Fig. 8(a) is plotted to show the relationship of power loss and speed. All 

power losses consist of mechanical, magnetic and electric. Indeed, the mechanical losses due to friction in bearings, 

ventilation, whereas, the magnetic losses occur due to core hysteresis, eddy currents. In terms of electrical losses, ohmic 

losses occurring in the copper governs the losses. The no-load data plot of EMF versus speed curve is shown in Fig. 8(b). 

 

  

(a) (b) 

Figure 8. (a)Mechanical and magnetic power losses and (b) EMF versus frequency 

 
While the losses increase substantially via the signal frequency, the EMF linearly changes by the frequency. The plot is 

constructed from raw data to show relationship of output characteristics Vt = f(Ia, n) at different speeds. Armature active 

resistance is Ra = 0,317 Ω per phase.  

 

The calculated parameters are presented in Table 1, where: f, Ef, Xs, Isc and Pout  denote frequency, EMF, short circuit 

current, synchronous reactance, and useful output power. The relation between the synchronous reactance Xs and frequency 

f is plotted in Fig. 9. A linear fitted line is also shown and the equation describing the curve generated. This proves that 

there is no nonlinearity in PMG stator circuit. 

 

 
Figure 9. Synchronous reactance vs. frequency 

 

The achieved inductance is calculated as L=17,1±1,6 mH. 
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Table 1. The parameters of calculated curves 

f, Hz 44,10 56,54 71,00 91,45 115,00 

Ef, V 56,85 72,70 91,50 117,25 146,70 

Isc, A 10,95 12,13 12,06 12,03 12,58 

Xs, Ω 5,18 5,99 7,58 9,74 11,66 

 

The terminal voltage of PMG performance results are plotted in Fig.10 and an interpolated surface plot is generated to have 

a better view (Fig.11). The voltages decrease via current to a certain value around 0 V and the current has the maximal 

value 12.5 A for 114 Hz. When the frequency decreases, the voltage and current values also decrease with the similar trend. 

 

 
Figure 10. Achieved terminal voltage vs. load current performance characteristics at different speeds 

 

 

Figure 11. Terminal voltage vs. load at different speeds (surface plot) 

 

In the 3D appearance, that trend is more obvious. For “zero” current, the voltage increases linearly by frequency, whereas 

th increasing trend is lost for high currents (see in Fig. 11). The curve of independent PMSG displays armature voltage fall 

by quarter ellipse trajectory because of synchronous reactance Xs of the system, the curve tend to straighten if more 

reactance connected. Measured curves are a bit lower than if calculated due to asynchronous driving motor slip, during the 

power load. The power output curves Pout = f(Ia, f) have been calculated from Vt=f(Ia, f) performance characteristics. Three 

phase electric power of SG can be stated as . This equation is used to get results plotted in Fig 12. 

 

 
Figure 12. Achieved power output vs. load current performance characteristics at different speeds 
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Evaluated measured maxima is found as max Pout (8,33 A; 111,6 Hz) = 2334W. Compared with series connection, the 

power output was insignificantly lower max Pout (1,6 A; 70,8 Hz) = 1414W, in parallel max Pout (8,25 A; 70,65 Hz) = 

1439W. This is due to the winding configuration. System has 15 rods, each of phase has 5 independent rods with mutually 

winding coils, thereby, it really does not matter if they are connected in parallel or series, the power results are the same. 

Power output is shown on an interpolated surface plot in Fig 13.When the frequency increases the output power increases. 

For larger load currents, the maximal power is obtained.  

 

 
Figure 13. Output power vs. load at different speeds (surface plot) 

 

The efficiency versus load current performance characteristics is shown in Fig. 14 for different speeds. Note that a good top 

point is obtained for the efficiency from 3 A to 10 A, which is indeed very important for stable operation of the machine. In 

general, the rated current is observed around 7 A with 95% efficiency, which is a good result for that new machine. The 

frequency does not affect much the efficiency at the rated current, whereas for low and high currents the frequencies have 

different attitudes to affect the efficiencies. For low currents, the minimal frequencies have larger efficiencies, whereas in 

high currents, higher frequencies have high efficiency values. 
 

 
Figure 14. Achieved efficiency vs. load current performance characteristics at different speeds 

 

 

A 3D surface plot (Fig. 15) is generated to have a better view in terms of efficiency, load current and frequency (i.e. speed). 

It is obvious from the figure that a better current hill is obtained for high speeds (i.e. frequencies). 

 

 
Figure 15. Efficiency vs. load current at different speeds (surface plot) 

 



ECRES – 5th European Conference on Renewable Energy Systems, Sarajevo, Bosnia and Herzegovina, 27-30 August 2017 

7 

 

In Table 2, the parameters of the patented generator are shown. Table 3 gives the material features and obtained values. 

Thus, both the parallel and series connected information is obtained in the frame of that work.  

 

Table 2. Practical parameters of the PMG topology with parallel rod configuration 

Parameter Value Number of rotors 2 

Load current  8,33 A Number of poles (pair poles) 20 (10) 

Output power  2334 W Number of coils 30 

Rated speed 1380 rpm Number of loops per coil 375 

No-Load EMF 146,7 V Active diameter 150 mm 

Voltage at rated power 93,4 V Rotor inertia 29,58E-10 kg m2 

Efficiency  93,1 % Phase armature resistance  0,317 Ω 

Rated Power factor 0,66 Phase synchronous reactance  11,6 Ω 

Total mass  55 kg Phase inductance (17,1±1,6) mH 

Output power per active mass  42,4 W/kg Output frequency  70 Hz 

Output power per volume  214,7 W/l Cooling Natural 

 

Table 3. Comparison with series parameters at 70Hz 

Parameter Series Value Parallel Value Efficiency  92,4 % 92,1 % 

Load current  1,65 A 8,25 A Rated Power factor 0,69 0,65 

Output power  1414 W 1439 W Phase armature resistance  8,7 Ω 0,317 Ω 

No-Load EMF 446 V 91,5 V Phase synchronous reactance  186,7 Ω 11,6 Ω 

Voltage at rated power 309 V 58,2 Phase inductance 442,5 mH (17,1±1,6) mH 

 

Table 4. Consumed material quantity 

Material  Mass, kg Number of pcs. or pkg. NdFeB N45 magnets 3,3 80 

Copper 13 30 coils Getinax 10,3 5 parts 

Laminated steel 20,7 15 rods 20x25x352 Polyethylene 1,8 2 cylindroids 

Non-laminated steel 4,4 4 rings, 1 shaft, fasteners Bearings 0,2 3 

Table 4 gives the material properties for the construction. 

4. Conclusions 

The power no-load losses vs. speed characteristic is a square function of speed has been explored for a special PMG. The 

analyzes include friction, ventilation and iron losses (induction, eddy currents). It has been proven that 100 W of power loss 

occurs at the speed 1380 rpm. The no-load EMF versus speed (frequency) characteristic has a linear relationship. Besides, 

when PMG is loaded, terminal voltage fall by quarter ellipse trajectory due to synchronous reactance Xs. The evaluated 

measured power has been determined as max Pout (8,33 A; 111,6 Hz) = 2334 W. Compared to the series connection, the 

power output becomes insignificantly lower at max Pout (1,6 A; 70,8 Hz) = 1414W in parallel max Pout (8,25 A; 70,65 Hz) = 

1439W. This is due to winding configuration. System has 15 rods, each of phase has 5 independent rods with mutually 

wound coils. Thus, it really does not matter if the rods are connected in parallel or series, the power results are similar. 

Efficiency of the machine covers a large area at different speeds and load currents at Ia = 7A indeed, the efficiency almost 

same with η ≈ 95 %. The bigger the speed, the bigger the load currents available for higher efficiency. The nominal thermal 

current is the limit with practically Isc = 12 A, t° → 70°C, which is preferred to be rated, because magnet’s Curie 

temperature  t° = 70°C . The machine can be driven to produce S =5,4 kVA in that respect. The comparison between 

parallel and series connected rods has shown that power difference is insignificant. 
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a b s t r a c t

This paper presents the designing and modeling of the Asymptotic Perturbed Extremum

Seeking Control (aPESC) scheme that is capable to locate and track the Global Extremes on

the multimodal patterns. The multimodal patterns may appear on power generated by a

photovoltaic (PV) array under Partial Shading Conditions (PSCs), but also on net power

generated by a Fuel Cell (FC) system. The proposed aPESC scheme uses a scanning tech-

nique to determine the GMPP on different multimodal patterns based on two components

of the searching signal: (1) the scanning signal locates the LMPP by sweeping the PV pattern

based on a asymptotic dither modulated by the first harmonic of the PV power and

controlled by the dither gain (k2); (2) the tracking signal finds and tracks accurately the

GMPP based on similar loop used in PESC schemes proposed in the literature that is

controlled by the loop gain (k1). These tuning parameters are designed based on the

averaged model of this aPESC scheme. Also, the averaged scheme and local averaged loop

of the aPESCH1 scheme are used to estimate the searching gradient and analyze the closed

ESC loop stability. The design methodology is tested on generic multimodal patterns and

then is validated considering a PV system and a FC system.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The algorithms for multimodal optimization [1,2] are usually

borrowed for other problems, such GMPP tracking (GMPPT)

problem in PV hybrid systems [3e6] or energy harvesting ap-

plications [7,8]. The firmware-based GMPPT algorithms usu-

ally operate in two stages: (1) the GMPP is located in first stage

based on different intelligent algorithms such as Fuzzy Logic

Controller (FLC) [9], Artificial Neural Network (ANN) [10],

* Corresponding author. University of Pitesti, Faculty of Electronics, Communications and Computers Science, 1 Targu din Vale, Arges,
110040 Pitesti, Romania.

E-mail addresses: nicubizon@yahoo.com, nicu.bizon@upit.ro (N. Bizon), thounthong951@gmail.com, phtt@kmutnb.ac.th
(P. Thounthong).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 7 6 3 2e1 7 6 4 4

http://dx.doi.org/10.1016/j.ijhydene.2017.01.086
0360-3199/© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

mailto:nicubizon@yahoo.com
mailto:nicu.bizon@upit.ro
mailto:thounthong951@gmail.com
mailto:phtt@kmutnb.ac.th
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2017.01.086&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2017.01.086
http://dx.doi.org/10.1016/j.ijhydene.2017.01.086
http://dx.doi.org/10.1016/j.ijhydene.2017.01.086


Evolutionary Algorithms (EAs) (Genetic Algorithms (GAs) [11],

Differential Evolution (DE) [12], Particle Swarm Optimization

(PSO) [13] etc.), and Radial Movement Optimization (RMO) [14];

(2) the GMPP is quickly and accurately tracked in the second

stage using a MPPT algorithm (such as Perturb and Observe

(P&O) [15,16], Incremental Conductance (IC) [17], and Hill

Climbing (HC) [18], or their improved variants based on the

P&O [19], IC [20], and HC [21] proposed to solve the trade-off

between accuracy and speed). The EAs for multimodal opti-

mization locate the GMPP in multiple runs, preserving the

population diversity to solve the GMPPT problem.

The objective of a GMPPT algorithm is to track the GMPP of

the PV power generated by a PV array under PSCs to be ach-

ieved the target for 2030 of PV generation in total power gen-

eration [22]. Thus, the GMPP must be tracked instead of a

LMPP, which means an increasing of the PV power generated

with up to 45% [23], but the PV systems with MPPT controller

became ineffective if the shading coefficient is over to

30% [22].

The aPESCH1 scheme is based on the previous research of

the author [24], being here tested on different multimodal

patterns. Besides the GMPPT algorithms discussed above, the

aPESCH1 scheme operates in one stagewith high performance

regarding the searching resolution (ability to discern between

the LMPPs is 20 times lower that 5% resolution reported by

other GMPPT algorithms), tracking accuracy (the average

value is of 99.97%), and tracking speed (about 7 and 15 itera-

tions are necessary to locate and accurately track any LMPP).

The performance of the aPESCH1 scheme is evaluated

using generic multimodal patterns (see Fig. 1a) that simulate

the PV characteristic of different PV arrays operating under

PSCs.

The main findings of this study are: (1) A design meth-

odology for the tuning parameters k1 and k2 is proposed for

the aPESC scheme; (2) The design rules are developed based

on root locus and general information about the process

under test; (3) The aPESC scheme designed based on

nonlinear map of the process without dynamic part or with

Fig. 1 e a. Three multimodal patterns that have the GMPP in left side (top), in central side (middle), and in right side (bottom).

b. The diagram of the aPESCH1 scheme and its operation using a shading pattern.
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slow and fast dynamic part are tested to evaluate the per-

formance indicators: tracking accuracy and searching time;

(4) the performance obtained for PV system and FC system

are reported.

This paper is structured as following. The aPESC scheme is

introduced in Section 2, where its averaged scheme and local

averaged loop are developed. The model of the aPESCH1

scheme based on author's proposal [24] is shown in Section 3.

Section 4 presents the stability analysis of the aPESCH1

scheme based on averaged signal schema. The searching

gradient is estimated in Section 5 using a first order approxi-

mation in a point on multimodal pattern. Two components

are reveled, which assure the localization and searching of

GMPP, respectively. A design methodology for the tuning pa-

rameters k1 and k2 is proposed based on nonlinear map of the

process (without dynamic part) in Section 6. The design rules

are developed based on root locus. This design is validated on

processes with slow and fast dynamic part by using a FC

system and a PV system as process under test. The Results

section shows the performance obtained measured by

tracking accuracy and searching time. Last Section concludes

the paper.

The asymptotic perturbed extremum seeking
schemes

The aPESCH1 scheme proposed here to be analyzed is shown

in Fig. 1b. The dither component with minimum amplitude

may be canceled for internal perturbed processes. It can be

identified the ESC control loop based on Scalar PESC scheme

[25], with k1 and k2 gains as tuned parameters and Gd ¼ 1

(constant amplitude for the dither). The first aPESC scheme

was proposed in Ref. [26], where the dither amplitude, Gd,

decreases exponentially from initial value (a0) based on (1):

Gd

�
¼ qðGdÞ; qðtÞ ¼ �rt; Gdð0Þ ¼ a00Gd ¼ a0 expð � rtÞ (1)

where r is a positive constant. The design parameters must be

set appropriately for some multimodal patterns, but not for

any type (see the counter-examples provided in Ref. [27]).

Note that the aPESC technique proposed in Ref. [27] re-

quires two identical process units, so cannot be applied in

many industrial applications where this assumption is not

possible to be assured. The aPESC technique proposed here

requires one process unit defined by (1) [25]:

dx
dt

¼ fðxðtÞ; uðtÞÞ; y ¼ hðxðtÞÞ (2)

where the smooth functions f(x,u) and h(x) define the system

dynamic and nonlinear map (see Fig. 1b). The control law

u(t) ¼ g(x(t),p) assures the convergence of the process output (y

vector) to the GMPP based on the p seeking vector, which

define the equilibrium point as a smooth function xe:

fðx; gðx;pÞÞ ¼ 0 ⇔ x ¼ xeðpÞ (3)

So, the parameter-output map can be represented as

multimodal patterns (see Fig. 1a):

y ¼ hðxÞ ¼ hðxeðpÞÞ ¼ hðpÞ (4)

The aPESCH1 scheme has two adaptive control loops (see

Fig. 1b), the tracking loop and scanning loop, which generate

the p1 and p2 components of the searching signal (p).

The shape of the scanning signal (p2) depends by the

asymptotic function that modulates the dither, giving the

dither amplitude (Gd). The asymptotic function proposed in

Refs. [24,28] is represented by the magnitude of first harmonic

(AH1) of the process output, which is appropriately gained.

Here, instead of the Fast Fourier Transform (FFT), the

asymptotic function is represented by the approximation of

AH1 based on a Band-Pass Filter (BPF) and Mean Value (MV)

block (that implement a moving average filter using the Pade

approximation). If the BPF and MV blocks are appropriately

designed, then the shapes of the asymptotic function (Gd) for

both implementations mentioned above are very similar.

Consequently, only the shape of the asymptotic function for

aPESCH1 scheme is shown in Fig. 2. This is compared with the

shape of the asymptotic function for the aPESCd scheme

based on the gradient (the derivative) of the output:

Gd ¼ kd$

����dydp
���� (5)

where kd is set appropriately to use the same k2 value for both

aPESCH1 and aPESCd schemes.

Note that the implementation of the aPESCd scheme is not

practical even if the derivative is Low-Pass filtered to remove

Fig. 2 e The asymptotic function (Gd) for aPESCH1 and

aPESCd schemes.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 7 6 3 2e1 7 6 4 417634

http://dx.doi.org/10.1016/j.ijhydene.2017.01.086
http://dx.doi.org/10.1016/j.ijhydene.2017.01.086


the noise on the output. So, the aPESCd scheme will not be

further investigated here. It can be observed that the

asymptotic function decreases to zero when the GMPP is

tracked after about 20 iterations (20 periods of the 10 Hz si-

nusoidal dither) for different value of the k2 value (see the

zooms in Fig. 2, where the multiple scanning of the GMPP is

also shown). A sinusoidal dither of 10 Hz and 100 Hz will be

used in simulation to show that the tracking speed (the

number of iterations until the GMPP is tracked) is indepen-

dent to dither's frequency. The dependence to dither's shape

is minor and will be also analyzed in next paper of the

authors.

Other proposal for the asymptotic function of the dither

can be defined by commutation between a constant and

exponential function based on the Lyapunov switching func-

tion [29]. It is worth to mention that the Lyapunov switching

function has three variables acquired from the tracking loop,

so it is difficult to tune the switching threshold.

It is obvious that the aPESCH1 scheme shown in Fig. 1b is

practical to be implemented with reduced cost for the MPPT

controller based on analog or digital circuits such as opera-

tional amplifiers or a cheap microcontroller. The model of the

aPESCH1 scheme will be shown in next section.

Model of the aPESCH1 scheme

The operating relations of each signal processing block of the

aPESCH1 scheme (see Fig. 1b) are given below:

y ¼ hðpÞ; yN ¼ kNy$y (6a)

y
�
f ¼ �uh$yf þ uh$yN; yHPF ¼ yN � yf ; y

�
BPF ¼ �ul$yBPF þ ul$yHPF

(6b)

pDM ¼ yBPF,sd; sd ¼ sinðutÞ; (6c)

p
�
Int ¼ pDM (6d)

Gd ¼
��yMV

��; yMV ¼ 1
Td

$

Z
yBPFdt (6e)

p1 ¼ k1$yInt; k1 ¼ gd$u (6f)

p2 ¼ k2$Gd$sd (6g)

p3 ¼ Am$sd; (6h)

p ¼ kNp$
�
p1 þ p2 þ p3

�þ p0; (6i)

where relations (6a)e(6i) represent the static map and output

normalization, BPF filtering, demodulation, integration,

computing of Gd, p1, p2, and p3 signals (signal that modulate

the dither, and the three components of the searching signal),

and computing of p signal by adding the gained components

of the searching signal and the initial value (p0). The yf and yMV

variables are related to operation of HPF and MV blocks.

The parameters used in simulation for the dither are the

following:

- the dither frequency, fd ¼ 1/Td ¼ u/2p, is set to 100 Hz or

10 Hz;

- the dither amplitude is set to 1.

The cut-off frequencies used in simulation for the BPF are

fh ¼ bh$fd and fl ¼ bl$fd, where bh ¼ 0.5 and bl was set in range

1.5e5.5 in order to test the best compromise between the

approximation of the first harmonic and a good dither

persistence on the control loop.

The kNy and kNp gains are used to adapt the aPESCH1

scheme to all multimodal patterns without change the tuning

parameters: the loop and dither gains (k1 and k2). For example,

kNyy 1/yN and kNpy pN, where yN and pN valuesmay be set as

mean values of the y and p variables in ranges of variation for

a multimodal pattern. These values could be in relative large

ranges around the above mentioned values. For patterns

shown in Fig. 1a, kNy and kNp values may be in range 0.5e2,

and 1e4, respectively, due to intrinsic adaptive loop of the ESC

control.

The minimum amplitude of the p3 signal may be set lower

than Am ¼ 0.001, being used for starting the search on the

static multimodal patterns, y ¼ h(p).

The dither must to scan all range of the p variable, so the

dither gain is set to k2y Dp, where Dp¼ jpGMPP�p0j. The dither

gain may set to k2 ¼ 3 for patterns shown in Fig. 1a. The

tracking speed increase if the loop gain, k1 ¼ gsd,u, is set

higher, up to the maximum value designed based on the dy-

namic performance analysis of the aPESCH1 scheme shown in

Fig. 3. The stability analysis of the PESC scheme is usually

investigated based on averaged signal schema or local aver-

aged loop [30]. The gsd value will be designed based on the

stability analysis shown in next section.

Stability analysis of the aPESCH1 scheme

The average value of the tracking signal (bp1) will be obtained

based on averaged signal schema shown in Fig. 3 [31]. The

stability analysis will be investigated based on local averaged

loop shown in Fig. 3 that use a quadratic approximation of the

multimodal pattern y ¼ h(p):

yyh
�
pGMPP

�þ �
p� pGMPP

�
$
dh
dp

����
pGMPP

þ �
p� pGMPP

�2
$
1
2
$
d2h
dp2

����
pGMPP

y

yh
�
pGMPP

�þ �
p� pGMPP

�2
$
1
2
$
d2h
dp2

����
pGMPP

¼ h
�
pGMPP

�þ k3$
�
p� pGMPP

�2
(7)

where

d2h
dp2

����
PGMPP

¼ 2k3 < 0;

and the values of the jk3j uncertain parameter are in range

[0.5, 5] [30].

Thus, the multimodal pattern ~y ¼ y� hðpGMPPÞ is given by

(8):

~yyk3$~p
2 (8)

where ~p ¼ p� pGMPP.
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Consequently, the transfer functions HBPF(s),k1/s and

k3,Gd(s) ¼ k2,k3,HBPF(s) are involved on the tracking and

scanning blocks, where Gd(s) is the Laplace transform of the Gd

(t) defined by (6e) and HBPF(s) is defined by (9):

HBPFðsÞ ¼ blu$s
ðsþ bluÞ$ðsþ bhuÞ

(9)

where u ¼ 2pfd, and cut-off frequencies of the BPF (fh and fl)

are set by the bh ¼ fh/fd and bl ¼ fl/fd.

Thus, the loop transfer function is given by (10):

GLðsÞ ¼ 1� kNy$kNp$HpðsÞ$ðHBPFðsÞ$k1=sÞ$ðk2$k3$HBPFðsÞÞ ¼

¼ 1þ kL$
HpðsÞ$HBPFðsÞ$HBPFðsÞ

s
¼ 1þ kL$HdðsÞ

(10)

where Hd(s) ¼ Hp(s),HBPF(s),HBPF(s)/s and

kL ¼ �kNy,kNp,k1,k2,k3 > 0.

The transfer function, Hp(s), which will model the system

dynamic, was not shown in Fig. 3 (bottom) because the pro-

cess under test is considered as a nonlinear map, without

dynamic part, due to choosing of the dither frequency lower

than cut-off frequency of the process.

For example, Hp(s)¼ 1 for PV system if the dither frequency

is lower than 1000 Hz, but this aspect will be latter discussed

for case of the Fuel Cell (FC) system for different values of the

dither frequency.

The root locus and step responses are shown in Fig. 4 for

Hp(s) ¼ 1, fd ¼ 10, bh ¼ 0.5, and bl ¼ 1.5 and bl ¼ 5.5.

The GL(s) transfer function has a zero in origin (see Fig. 4) in

both cases, so the aPESCH1 scheme is relative sensitive to high

frequency noise. Themaximum value of the kL gain (kL(max)) is

about 950 and 515 for bl ¼ 1.5 and bl ¼ 5.5. The step responses

are shown for two values of the kL gain, which are lower than

kL(max) value (see Fig. 4).

Note that the BPF and the MV blocks will mitigate the high

frequency noise that may appear on the probing signal.

The searching gradient

The searching gradient will be estimated in this section in

case of ideal BPF, having bh ¼ 0.5 and 1.5<bl < 5.5. Conse-

quently, the asymptotic function (Gd) will be an approxima-

tion of the first harmonic's magnitude, noted in (12) with a1m:

p2 ¼ k2a1m$sinðutÞ (11)

The harmonics are considered to estimate the initial

components of the p signal:

pinit ¼
X5

i¼1

ai sinðiutÞ þ k2a1m$sinðutÞ (12)

The multimodal pattern ~y ¼ y� hðpGMPPÞ is locally linear-

ized by (13):

~yyh
�
$~x (13)

where h
�
¼ dy

dx.

Thus, the initial output signal is:

y ¼ h
�
$pinit (14)

and the signal after demodulation is given by (15):

pðDMÞðtÞ ¼ h
�
"X5

i¼1

ai sinðiutÞ þ k2a1m$sinðutÞ
#
$sinðutÞ (15)

So, the searching signal will be given by (16):

pðtÞ ¼ gS$tþ
X5

i¼1

bi$sinðiutþ fiÞ (16)

where the searching gradient is:

gS ¼ h
�
$
k1a1

2
þ h

�
$
k1k2a1m

2
(17)

The searching gradient (17) has the second component in

addition to the gradient obtained with a Scalar PESC scheme

[31].

If the k1 and k2 design parameters are appropriately set,

then the searching process is not blocked in local extremes.

Tracking of the Global extreme based on PESCH1 scheme will

Fig. 3 e The averaged scheme and local averaged loop of

the aPESCH1 scheme.
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be shown in next section using a systematic design for the

multimodal pattern (18) (for example, three patterns were

shown in Fig. 1a):

y ¼ sat
�
L� ðp� 1Þ2

�
þ sat

�
M� ðp� 2:5Þ2

�
þ sat

�
R� ðp� 4Þ2

�
(18)

where the saturation function (sat) has the lower and upper

limits set to zero and infinite, and the (L, M, R) triplet set the

shape of the multimodal pattern. For example, if the (L, M, R)

triplet is (1.5, 2, 1), (1, 2, 1), or (1, 2, 1.5), then the GMPP is

located in the left, middle, and right side of the respective

multimodal pattern (see Fig. 1a).

Design of the PESCH1 scheme

Case of process modeled by a nonlinear map

A PV array under partial shading condition has a power

characteristic that could be modeled by a nonlinear map of

multimodal type as it is shown in Fig. 1a. The PV patterns have

multiple extreme, so the GMPP must be searched and then

tracked under variable irradiance. The Wind Turbine (WT)

system under variable wind has a power characteristic that

could be modeled by a nonlinear map with only one MPP that

depend by the level of wind speed.

For different type of processes, the aPESCH1 scheme will

operate stable if the kL < kL(max), where the maximum value

kL(max) depends by the BPF cut-off frequencies (see Fig. 4). The

values of fd ¼ 10, bh ¼ 0.5, and bl ¼ 1.5 and bl ¼ 5.5 (for Fig. 4 top

and bottom) are used to define the BPF cut-off frequencies

fh¼ bh,fd and fl¼ bl,fd. Themaximumvalue, kL(max), is 515 and

950 for the values bl ¼ 1.5 and bl ¼ 5.5 considered as case

studies in Fig. 4.

The response to step of the closed loop that use the

aPESCH1 scheme is shown in Fig. 4 (plots on the left side) for

both values bl ¼ 1.5 and bl ¼ 5.5 and the following values of the

kL gain: on (top) 600 and 200; on (bottom) 300 and 100.

The roots locus is shown in Fig. 5 (top) for fd ¼ 100 and the

same values for the BPF cut-off frequencies: bh ¼ 0.5, and

bl ¼ 1.5 and bl ¼ 5.5. Note that kL(max)/fd parameter has the

same value.

The step responses are shown in Fig. 5 (bottom) for

kL ¼ 3000. Thus, if the dither frequency is 10-times higher,

then the response time is 10-times lower.

The shapes of the responses have shown that:

- for same value of the kL gain, the response time without

high oscillations is shorter for bl ¼ 5.5 that bl ¼ 1.5;

Fig. 4 e The root locus (left) and the step responses (right) for fd ¼ 10 Hz.
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- the response time with high level of oscillations start at kL
gain higher than about kL(max)/2.

Note that the step responses are less depending to bh

values.

The steps in design are the following. First, the bl value can

be set to 5.5. Note that if a higher value will be set, then the

searching loop may be perturbed by noise. Second, the kL gain

must be set lower than the kL(max)/2 value in order to have high

gain in the closed loopwith reduced level of oscillations. Thus,

considering kL(optim) y kL(max)/2, the design condition (10) will

become:

kNykNpk1k2jk3jykLðoptimÞ < kLðmaxÞ (19)

The ESC design is independent to dither's frequency if the

tuning parameter k1 is set proportional with the dither

frequency:

k1 ¼ gdu ¼ 2pfdgd (20)

If the tuning parameter gd will be considered in (19), then

the design condition will become:

kNykNpgdk2jk3jykLðoptimÞ
�
2pfd

(19 ’)

where the right term is independent to dither frequency.

Themultimodal patterns given by (18) have jk3j ¼ 2, and the

normalization gains kNy and kNp can be chosen 1 and 3 based

on the previous discussion (see Fig. 1a).

Thus, considering kL(optim) ¼ 120p, the design condition

(19’) will become:

gdk2y1 (21)

If starting point is p0 ¼ 0, then the initial range of search is

Dpmax¼ kNpk2(max)< 5, so k2(max) < 5/3y 1.66. Also, the range to

locate the GMPP on all patterns shown in Fig. 1a is

Dpmin ¼ kNpk2(min) > max(1.75, 2, 3,25), so k2(min) > 1.08. For

example, k2(min) ¼ 1.1 < k2 < 1.6 ¼ k2(max), and if the tuning

parameter k2 is set 1.5, then gd � 2=3 from (21). The value

gd¼ 0.5 (whichmeans k1¼ 100p) will be used for searching the

GMPP.

So, if the process to be optimized is a black box, then the

GMPP will be always located accurately if the tuning param-

eter k2 is set in the GMPP searching range: k2(min) < k2 < k2(max).

The results shown below will highlighted than the values

designed using above algorithm are feasible and not restric-

tive due to adaptive feature of the aPESC scheme.

The dither frequency is recommended to be set higher to

reduce the response time, but usually must be lower than the

natural frequency of the process under test, fn ¼ un/2p:

fd <un=2p ¼ fn (22)

Case of process modeled by a nonlinear map and a fast
dynamic part

The PV system shown in Fig. 6 can be modeled by a nonlinear

map (the PV power characteristic) and a dynamic part (the

DCeDC boost converter). Besides these block, the PV system

contains the Energy Storage System (ESS), the aPESCH1

scheme, and the hysteretic controller. The loadmodel uses DC

current source andAC current sources in order to simulate the

inverter current at DC port.

The parameters for PV panel under standard test condi-

tions (irradiation intensity of 500 W/m2, AM1.5G, and tem-

perature of 25 �C) are the following: short-circuit current,

Isc ¼ 78 A, the open-circuit voltage, Voc ¼ 60 V, the current at

MPP, IMPP¼ 60 A, and the voltage at MPP,VMPP¼ 40 V. Thus, the

PV power at MPP is PMPP ¼ 2400W. The power characteristic of

the PV panel will represent the nonlinear map which is

dependent to irradiance level.

The boost DCeDC converter operates in continuous-

current mode as power interface between the PV panel and

the DC bus using C ¼ 100 mF and L ¼ 800 mH as second-order

filter:

HpðsÞ ¼ VDC

D
¼ u2

n

s2 þ 2xunsþ u2
n

(23)

where VDC is the DC voltage on low voltage bus, D is the duty

cycle, and un ¼ 1ffiffiffiffi
LC

p y3535 ½rad=s� and x y 0.7 due to series re-

sistances chosen for the inductor (L) and capacitor (C).

The DC voltage, VDC, was set to about 200 V in order to have

the duty cycle, D, in range 0.5e1, where the control sensitivity,

vIPV/vD, is highest. For example, at MPP the duty cycle is:

D ¼ 1� VMPP=VDCy0:8 (24)

Fig. 5 e The root locus (left) and the step responses (right)

for fd ¼ 100 Hz.
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Thus, if switching frequency is fsw ¼ 50 kHz, and the

thresholds of hysteretic current control is ±DI ¼ ±0.4 A [32,33],

then the value of boost inductance is given by (25):

L ¼ DVMPP

��
2fswDI

�
y800 mH (25)

The power flow balance on DC bus is assured by 20 A h/

200 V battery from the ESS.

A 100 Hz dither frequencywas chosen to satisfy (22), fd < fn,

and to obtain response time lower than 100 ms.

The roots locus for the PV system is shown in Fig. 7, so

kL(optim) y kL(max)/2 ¼ 1440.

The design condition (19’) will become:

kNykNpgdk2jk3jykLðoptimÞ
�
2pfd

y2:3 (26)

The PV power characteristics have jk3j in range 0.5e5 [30],

and the normalization gains may be chosen as kNy ¼ 1/

PMPP ¼ 1/2400 and kNp ¼ Isc ¼ 78.

Thus, the design condition (26) will become:

gdk2y14:15 (26 ’)

If starting point is p0 ¼ 0, then the initial range of search is

Dpmax ¼ kNpk2(max) y jIMPP � p0j ¼ 60, so k2(max) < 60/78 y 0.77.

The tuning parameter k2 can be chosen in range 0.5e0.77. If

k2 ¼ 0.7, then gd ¼ 20. The results obtained with these values

for tuning parameters will be shown in Results section.

Case of process modeled by a nonlinear map and a slow
dynamic part

Fuel cell system can bemodeled by a nonlinearmap (see Fig. 8)

and the slow dynamic part (27):

HpðFCÞðsÞ ¼ 1
TFCsþ 1

(27)

where TFC is the FC time constant.

The net power characteristics of the 6 kW PEMFC stack

with the air supplied by the two compressors (CM1 and CM2)

are shown in Fig. 8 under different load power levels.

The preset 6 kW PEMFC model included in the Matlab-

Simulink® toolboxes was used in simulation and the FC time

constant (TFC) was set to 100 ms. If the compressor 1 (CM1) is

used, then the Maximum Efficiency Point (MEP) for the 6 kW

PEMFC system fueled with 300 lpm air and 50 lpm hydrogen is

about 5400 W. If the compressor 2 (CM2) is used, then

PMEP y 4500 W for the same fueling conditions.

The roots locus of the FC system without DCeDC boost

converter is shown in Figs. 9 and 10 for dither frequency of

1 Hz and 100 Hz.

For FC system without DCeDC boost converter, the values

for kL(max) parameter are given in column 2 of Table 1.

The roots locus of the FC system with DCeDC boost con-

verter modeled by (23) is shown in Figs. 11 and 12 for dither

frequency of 1 Hz and 100 Hz.

For FC system with DCeDC boost converter, the values for

kL(max) parameter are given in column 3 of Table 1.

The design condition (19’) will become:

kNykNpgdk2jk3jykLðmaxÞ
�
4pfd

(28)

where the values for kL(max) parameter are given in Table 1.

Note that use of the DCeDC boost converter don't change in

muchmeasure the values of the kL(max) parameter due to high

value of the natural frequency (fn) of DCeDC boost converter

model (23) in comparison with 1/TFC. Thus, the design using

Fig. 6 e The PV system.

Fig. 7 e The roots locus for the PV system.
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the minimum value of kL(max) parameter will be performed

below.

The FC power characteristics have jk3j in range 3e7 [34],

and the normalization gains may be chosen as kNy ¼ 1/

PMEP y 1/5000 and kNp ¼ IFC(max) y 150.

Thus, if the dither frequencywill be set to 10 Hz, the design

condition (26) will become:

gdk2y51 (26’)

If starting point is p0 ¼ 0, then the initial range of search is

Dpmax ¼ kNpk2(max) y jIMPP � p0j ¼ 130, so k2(max) < 130/

150 y 0.87.

Fig. 8 e The net power characteristics of the 6 kW PEMFC stack.

Fig. 9 e The roots locus for the FC system (fd ¼ 1 Hz).

Fig. 10 e The roots locus for the FC system (fd ¼ 100 Hz).

Table 1 e Values for kL(max) parameter.

Dither
frequency
[Hz]

kL(max) parameter

Without DCeDC
boost converter

With DCeDC boost
converter

0.1 5.98 5.79

1 43.3 41.7

10 1350 1550

100 76,200 132,000
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The tuning parameter k2 can be chosen in range 0.5e0.87. If

k2 ¼ 0.8, then gd ¼ 60. The results obtained will be shown for

different dither frequencies in Results section considering

appropriate values designed as above for the tuning

parameters.

Results

Searching of the GMPP on different PV multimodal patterns

In this case Hp¼ 1 and, if it is not elsementioned, the values of

the parameters used in simulation are the following:

fd ¼ 100 Hz, Am ¼ 0.001, kNy ¼ 1, kNp ¼ 3, bh ¼ 0.5 and bl ¼ 5.5

(which defines the cut-off frequencies for the BPF, fh ¼ bh,fd
and fl ¼ bl,fd), p0 ¼ 0, gd ¼ 0.5, and k2 ¼ 1.5.

The GMPP search on PV patterns considered in Fig. 1 is

shown in Fig. 13 for the tuning parameters mentioned above

(gd ¼ 0.5 and k2 ¼ 1.5).

Note the high tracking accuracy and short searching time

obtained for each PV pattern. The tracking accuracy is of

99.99% during the stationary regime and the searching time is

less to 100 ms (about 10 dither periods).

Searching of the GMPP of a PV system under variable
irradiance

In this case Hp is given by (23) and, if it is not else mentioned,

the values of the parameters used in simulation are the

following: fd ¼ 100 Hz, Am ¼ 0.001, kNy ¼ 1/2400, kNp ¼ 78,

bh ¼ 0.5 and bl ¼ 5.5 (which defines the cut-off frequencies for

the BPF, fh ¼ bh,fd and fl ¼ bl,fd), p0 ¼ 40, gd ¼ 20, and k2 ¼ 0.7.

The GMPPs’ search of a PV system under variable irradi-

ance is shown in Fig. 14 for the tuning parameters mentioned

above (gd ¼ 20, and k2 ¼ 0.7).

Note the short tracking time obtained for step changes in

the irradiance profile due to increase of the Gd gain of the

dither amplitude during the searching regime (see the second

plot in Fig. 14). The tracking accuracy is of 99.8% during

transitory regime and the searching time is less to 100 ms (see

the third plot in Fig. 14). The tracking process of all GMPPs of

the PV system under variable irradiance is shown in phase

plane (see Fig. 14 e bottom).

Searching of the MEP for the FC system

The values of the parameters used in simulation are the

following: fd ¼ 10 Hz, Am ¼ 0.001, kNy ¼ 1/5000, kNp ¼ 150,

bh ¼ 0.5 and bl ¼ 5.5 (which defines the cut-off frequencies for

the BPF, fh ¼ bh,fd and fl ¼ bl,fd), p0 ¼ 130, gd ¼ 60, and k2 ¼ 0.8.

The real FC net surface has a plateau before the MEP given

by the simplified FC model, where many peaks can be found

[35,36]. Thus, it is important to find the Global MEP between

these peaks.

Searching of the MEP for the FC system is shown in Fig. 15

for fd ¼ 10 Hz, but also for other two values of the dither fre-

quency, fd ¼ 1 Hz and fd ¼ 100 Hz, which are lower and higher

than 1/TFC. Thus, the 100 Hz dither frequency interferes with

the dynamic part of the FC systemand the tracking accuracy is

a bit lower than that obtained with 1 Hz dither frequency. The

tracking accuracy is of 99.8% and 99.9%, respectively, because

this depends by the dither frequency with a factor of O(ud
2)

[37]. Also, the searching time is about 10 dither periods for step

in load demand of 10% from the rated power [28,37]. So, a high

dither frequency means a short searching time. Furthermore,

to avoid oxygen starvation during high steps in the load de-

mand, two rate limiters are needed for both fueling rates.

Consequently, the dither period must be about TFC/10 in order

to have a transitory time of same order with the FC time

constant (TFC). Thus, the searching speedwill not be limited by

the rate limiters and the best compromise between the ac-

curacy and search speed will be obtained.

Note that all MEPs are found for almost the same FC cur-

rent (which set the Fuel flow rate), but for values of the Air

flow rate a bit different. So, the Air flow rate must be the

control variable to optimize the FC net power and the Fuel

flow rate can be used to assure the load demand in the

imposed range of the stoichiometric limits.

Fig. 11 e The roots locus for the FC system including the

DCeDC boost converter (fd ¼ 1 Hz).

Fig. 12 e The roots locus for the FC system including the

DCeDC boost converter (fd ¼ 100 Hz).
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Fig. 13 e Searching of the GMPP on PV patterns R, M, and L.
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Conclusions

In this paper the designing and modeling of the aPESCH1

scheme are approached in order to evaluate its robustness

and performance using different processes under test. Besides

the component obtained using the Scalar PESC scheme, the

searching gradient of the aPESCH1 scheme reveals a compo-

nent that is proportional with the dither amplitude. This

amplitude decreases asymptotically in samemanner with the

first harmonic's magnitude or derivative of the PV power and

assures the localization and finding of the global extreme.

The stability analysis of the aPESCH1 scheme is system-

atically presented and the designing rules for the tuning

parameters, the dithers gain (k2) and loop gain (k1), are

shown. The two adaptive control loops have the perfor-

mance set by the tuning parameters in the tuning ranges

that are quite large due to the adaptive feature of the

aPESCH1 scheme. The design methodology was shown in

order to obtain the best performance: high tracking accuracy

and short searching time. The performance indicators are

estimated for aPESC scheme designed based on nonlinear

map of the process without dynamic part and the following

values are obtained: at least 99.99% tracking accuracy and

searching time of about 10 dither periods. In case of the PV

system and the FC system (process with fast and slow dy-

namic part) the performance remains high, tracking accu-

racy being of 99.9% and 99.8%, respectively. The searching

time depends to the time constant of the process, being

almost the same for the PV system, but limited for the FC

system due to safe reasons.
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H I G H L I G H T S

• The Extremum Seeking Control (ESC) algorithm is efficient optimization tool.

• 99.9% accuracy and 0.12 s searching time for Wind Energy Conversion (WEC).

• Global ES (GES) Real Time Optimization (RTO) strategy is tested for 6 kW FC/WEC HPS.

• Up to 10% fuel economy for GES-RTO strategy as against Static Feed-Forward strategy.

• The fuel economy is less dependent on wind turbulence.

A R T I C L E I N F O
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A B S T R A C T

In this paper is proposed a new Extremum Seeking Control (ESC) algorithm for optimal operation of Wind
Turbine (WT) under turbulent wind. In this proposal the dithers’ amplitude is WT system dependent, not con-
stant or decreasing exponentially as in the classic ESC schemes. So, instead of one, the proposed ESC scheme has
two loops: (1) the classic ESC loop controlled by the loop gain (k1) to accurately find the Maximum Power Point
(MPP); (2) the anticipative ESC loop controlled by the dither gain (k2) to speed-up the localization of the current
MPP under turbulent wind. The obtained results for a 100 Hz dither highlight the performance of the ESC-based
MPP tracking algorithm proposed: about 99.9% tracking accuracy and a searching time less than 120ms. This
performance assures a tracking efficiency higher than 99% even for gusts of wind that may occur. The Fuel Cell is
proposed as backup energy source for WT Hybrid Power System to sustain the load demand and reduce the size
of the Energy Storage System (ESS), even for a high variability of the WT power. In comparison with Static Feed-
Forward (sFF) strategy, a fuel economy of 5 lpm can be obtained using the ESC-based Real-Time Optimization
(RTO) strategies proposed here, which means about 10% from the nominal fuel consumption.

1. Introduction

The energy generated from the renewable energy sources (RES) is in
attention of all specialists due to environmental concerns that will be-
come more grave than now if the government policies to reduce the
energy generated from the conventional sources based on fossil fuels,
such as oil, coal, and natural gas, will not be strongly promoted.

Besides this, the control and optimal operation of the RES Hybrid
Power Systems must be implemented based on intelligent concepts and
advanced technologies [1–5]. Thus, the Wind Energy Conversion (WEC)
system must be operated at Maximum power point (MPP) using a MPP
tracking (MPPT) algorithm [1]. A detailed analysis of control and op-
timal operation of the HPSs is performed in [2]. The energy efficiency

of HPSs is approached in [3] based on experimental results for different
HPS topologies. The optimal design of grid-connected HPS is shown in
[4], but here the power flow of the grid-connected inverter is modeled
by load demand on DC bus in order to focus the analysis on optimal
operation of the Fuel Cell (FC) system, which is used here as backup
energy source. Anyway, if the issue of partial shading has to use Global
MPPT (MPPT) algorithms [6,7], then these algorithms could be also
used for FC system to optimally operate the FC HPS. The fuelling rate
may be both controlled to track the Maximum Efficiency Point (MEP)
based on different Energy Management Strategy (EMS) [8].

The multimodal optimization algorithms locate all peaks in the
search space, because the Global Maximum Point (GMP) may not be
always available due to operational constraints. Furthermore, the GMP
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is not unique in some cases, so the GMMs’ knowledge may be useful for
the user to switch from the current solution to other more appropriate
from the GMPPs set in order to maintain the system efficiency to an
acceptable level [4,9,10].

In practice, the GMPPs can be located based on off-line or real-time
identification algorithms, which will search these points on the dy-
namic multimodal function that models the process, but with different
performance due to the physical constraints and high dynamic of the
process [11]. A typical case is the Hybrid Power Source (HPS) of the
Fuel Cell Vehicle (FCV) that depends by: (1) the HPS topology chosen
[9]; (2) the kESS ratio, which defines the operating mode of the Energy
Storage System (ESS), such as the charge-sustaining mode (kESS= 0),
the charging-mode (kESS < 0), and the discharging-mode (kESS > 0),
related to load cycle and HPS energy efficiency [2,3]; (3) the re-
generative braking factor, kL, which is the percentage from load power
profile of the total braking energy that can be regenerated by the
electric motor [12]; (4) the kFC ratio, which sets the controlled ratio
from FC power flow that will charge the ESS [2,3]; (5) the energy ef-
ficiency of the power converters involved in that topology [13]; (6) the
EMS applied for optimal control of the FC System [14]. Thus, the op-
timal operation of the FCV is still a challenging task because it is ne-
cessary to be used a RTO strategy in order to control the fueling flows
rates considering the above mentioned parameters, besides the load
demand, the data from the signaling sensors and the communication
unit, and the driver requests [2,3]. Also, even if the optimal control of
wind energy systems is global approached in [15], the optimal opera-
tion of the WEC system is still challenging due to need of advanced
control, without measuring the wind and a prior knowledge of the WT
characteristics, but simple to be designed, and with high efficiency and
robustness during the wind turbulence.

The MPPT algorithms used for WEC system are classified in
[1,4,15–17] and compared in Table 1.

Some MPPT methods generally require a priori knowledge of some
WT parameters from direct measurements, such as the optimum power
coefficient [29], the pitch angle [30], the wind speed [31] etc. Other
MPPT methods, such as the P&O and HCS algorithms, do not require a
priori knowledge of WT parameters from direct measurements, but they
fail to search the MPP when are used for large WT under high dynamic
profile of wind speed due to the inertial loads on WT rotor [32].

The adaptive MPPT algorithms can search accurately the MPP or
Maximum Torque Point (MTP) without measuring the wind or a prior
knowledge of the power or torque characteristics [1,33], or of the WEC
system losses [34]. The Extremum Seeking Control (ESC) algorithms
based on sliding mode schemes [35] or dither schemes [36] are of
adaptive type, but have some shortcomings related to high values of the
power ripple and low tracking accuracy of the MPP, if the ESC loop gain

is set large to increase the MPP searching speed [2,3,33]. Besides the
ESC algorithms, different other adaptive algorithms are proposed to
optimize the power coefficient, such as the nonlinear sliding mode
control [37], the optimal direct shooting control [38], and the Lya-
punov-based control [39]. Compared with the previous MPPT algo-
rithms, the nonlinear controller proposed in [38] increases the tracking
efficiency while maintaining the drivetrain ripples within the interval
of safe operation. The tracking accuracy is improved using the optimal
direct shooting control [38], but the knowledge of the profile of in-
coming wind is the major deficiency of this method. The Lyapunov-
based control [39] improves the searching speed and maintains the
tracking accuracy despite the large variations in profile of incoming
wind. Furthermore, this method can use both the generator torque and
blade pitch angle to optimize the power coefficient, but its design is
system dependent, with too many parameters which must be rede-
signed for a different WEC system.

The ESC scheme proposed in [40] to track the MPP on the PV power
characteristic is simple to be designed and is improved here considering
the new features of GMPPT algorithms proposed in [6,7]. So, besides
the classic ESC loop [41], an additional dither loop is added to locate
the MPP or the MTP on the power or torque characteristics. This ad-
ditional loop will generate an anticipated effect to the dither amplitude
based on the profile of the wind speed. So, in other words, the ampli-
tude of the dither is not constant or decreasing exponentially as in
classic ESC schemes [41,42], being WEC system dependent.

It is obvious that the changes in incoming wind produce variations
on the WT power and WT torque as well. So, the proposed ESC scheme
can use the power or torque characteristic as optimization function,
being in both cases a ESC scheme with one input (dimension), named
below as ESC 1D – scheme. As it was mentioned above, the ESC 1D –
scheme has two loops: (1) the classic ESC loop is controlled by the loop
gain (k1) to find accurately the MPP; (2) the anticipative ESC loop is
controlled by the dither gain (k2) to speed-up the localization of the
current MPP under turbulent wind. The results presented here highlight
the high performance of the proposed ESC-based MPPT algorithm in
comparison with other MPPT algorithms proposed in the literature
[1,17,33]: 99.9% tracking accuracy and a searching time lower than six
dither periods (about 120mss for a 100 Hz dither). Thus, the tracking
efficiency may be higher than 99% even for noisy wind profiles.

To sustain the load demand and reduce the size of the ESS, even for
a high variability of the WT power, the Fuel Cell (FC) is proposed in this
study as backup energy source for the FC/WT Hybrid Power System
(FC/WT HPS). In general, the Static Feed-Forward (sFF) strategy [43] is
used as reference to evaluate the performance of new real-time opti-
mization (RTO) strategies. Note that the fuel economy for FC/WT HPS
could be larger if the optimization of the FC system operation is

Table 1
Comparison of the MPPT algorithms used for WEC system.

Performance indicators

Class Algorithm Tracking speed Tracking accuracy Power ripple Robust-ness References

Indirect power controller (IPC) Tip Speed Ratio (TSR) High Average Average Average [18]
Optimal Torque (OT) High Average Average Average [19]
Power Signal Feedback (PSF) High High Average Average [20]

Direct power controller (DPC) Hill Climb Search (HCS) Low Average Average Average [21]
Incremental Conductance (INC) Low Average Average Average [22]
Optimal-Relation-Based (ORB) Average Average Average Average [17,23],
Hybrid MPPT algorithm High Medium Average High [23–25]
Perturb and Observe (P&O) Low Average Average Low [23]
Multivariable P&O (MVPO) Low High Low Average [1]

Soft Computing-based MPPT Algorithm Fuzzy Logic Control (FLC) Average High Average Very High [1,26,27]
Neural Network (NN) Average High Average Very High [1,17,28]

Adaptive MPPT algorithm Extremum Seeking (ES) control High High Average High [35,36]
Proposed Global ES control Very High Very High Low Very High
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performed using a RTO strategy [44]. In this study, the RTO strategy is
based on the same ESC scheme proposed here for WT. This will high-
light the ESC features to be easy designed for different processes. Fur-
thermore, the ESC – based searching scheme can be extended to mul-
tiple variables using different frequencies for the dither on each
variable [41,44–46]. The ESC 2D – scheme will include two ESC 1D –
schemes with the same input, the WT power, and will have two outputs:
for example, one is the TSR and the other one is the blade pitch angle.
In this case, the blade pitch angle is used to quickly find the peak value
of the WT power (the MPP on the 2D – surface). If small increments of
the pitch angle to enhance the tracking efficiency will be used, then the
searching time will also increase [47]. In the same manner, the ESC 2D
– scheme can be applied to FC system considering the FC power as input
and the fuelling flows rates as outputs [44]. Here, only the performance
of the ESC 1D – scheme will be highlighted for WEC system and FC/WT
HPS as well. Note that only the normalization gains (kNy and kNp) and
the tuning parameters (the loop gain k1 and the dither gain k2) must be
designed for ESC 1D – scheme considering the process under test.

Therefore, the originality and added value are related to main ob-
jectives of this paper, which are as follows: (1) proposal and testing of
an new advanced ESC 1D – scheme for WEC system; (2) analysis and
testing of WEC system operating under smooth and turbulent wind; (3)
proposal and testing of two new FC/WT HPS architecture with ESC-
based RTO strategy and the Load-Following (LF) control of one of the
fueling flow rate, the Air Flow rate (AirFr) or the Fuel Flow rate
(FuelFr), in order to sustain the variable load demand and intermittent
WT power; (4) testing of FC/WT HPS under both ESC-RTO-LF strategies
for smooth and turbulent wind, and constant and variable load; (5)
testing of both ESC-RTO-LF strategies for FC/RES HPS using a variable
RES power profile.

The simulations performed for WEC system based on benchmark
patterns for wind speed and load profiles indicate the better perfor-
mance for the proposed ESC 1D – scheme in comparison with classic
ESC 1D – scheme. The performance indicators used for WEC system are:
tracking accuracy, tracking speed, and tracking efficiency [41,42,48].
Furthermore, the ESC 1D – scheme may be implementable for real-time
applications with wind turbulence used as dither signal [18], instead of
external dither of sinusoidal type.

The performance of the ESC-RTO-LF strategies proposed herein is
highlighted in comparison with the sFF strategy for 6 kW FC/6 kW WT
HPS.

The analysis of the FC/WT HPS was made based on the gap between
the following indicators: the fuel consumption efficiency (Fueleff, which

is defined as net energy produced for consumed fuel, Fueleff= PFCnet/
FuelFr), the FC system efficiency (ηsys= PFCnet/PFC), and Total Fuel
consumption ( ∫=Fuel FuelFr t dt( )T ) during a load cycle.

The same performance indicators are used for FC/RES HPS using a
variable RES power profile.

Therefore, the paper has the following structure: The WT test model
is described in Section 2 and its diagram is implemented in Matlab&-
Simulink®. The searching models for both classic and proposed ESC 1D
– schemes are briefly analyzed in Section 3, detailing the main differ-
ence between them: an auxiliary control loop is implemented for the
dither gain in proposed ESC 1D – scheme, which reduces the tracking
speed, the tracking accuracy, and the power ripple during the sta-
tionary regimes. The performance of both classic and proposed ESC 1D
– schemes is evaluated in Section 4 for searching of the MPP or the MTP
on the power or torque characteristics. The robustness of MPP searching
is evaluated for noise added on the wind speed profile or on the WT
power measured as well. The estimated performance indicators are the
tracking accuracy and the tracking speed. In Section 5 is presented the
FC/WT HPS, including the involved models and the RTO function used
to evaluate the fuel economy. The results for turbulent and smooth
wind are presented in Section 6 for both GES-LF-RTO strategies in
comparison with sFF strategy. Last Section concludes the paper.

2. Wind turbine model

Fig. 1 presents the test diagram for WT controlled by the ESC 1D –
scheme under different profiles of the wind speed.

The WT mechanical power (Pm) or the WT mechanical torque (Tm)
can be selected as input of the ESC 1D – scheme, with or without noise
measurement. The Initial Condition (IC) sets the starting point in
searching of the extreme (MPP or MTP).

The WT model included in the Matlab&Simulink® toolbox is slightly
modified so that both Pm and Tm are output variables (see Fig. 2). The
WT model is described by (1) [49]:
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Fig. 1. The wind turbine test diagram.
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where cp is WT performance coefficient, ρ is air density (kg/m3),
A= πR2 is WT swept area (m2), R is the radius of the turbine blade, λ is
the tip - speed ratio (TST) defined by (2), and β is the blade pitch angle
(degree).

=λ Rω
v

m

w (2)

The power gain kp is defined by (3):

=P k c λ β v· ( , )·m pu p p pu wind pu( ) ( ) ( )
3

(3)

The value of the power gain kp and the coefficients c1 to c6 are:

kp= 0.73, c1= 0.5176, c2= 116, c3= 0.4, c4= 5, c5= 21, and
c6= 0.0068.

The default values of the WT model are used (Pm=1500W, the
base power of the electrical generator is 1.5/0.9 MVA, and base wind
speed is 12m/s) and the pu values are obtained through normalization
of current values to base values.

The WT characteristics can be obtained for different wind speeds by
selecting the generator speed ramp (see Fig. 3). The position and value
of the MPP are marked on each WT characteristic.

The WT dynamical model is obtained if the above model is com-
pleted with the dynamic part (4):

= − −J dω
dt

T T B ω·m
e m m (4)

where Te is the electromagnetic torque (N·m), J is the combined inertia
of the wind turbine and rotor (kg·m), and B is the viscous friction of the
rotor (N·m·s/rad).

In this paper, in order to highlight the dynamic performance of the
proposed ESC 1D-scheme in comparison with the classic ESC 1D-
scheme, the WT static model is used to find the Maximum Power Point
(MPP) or the Maximum Torque Point (MTP), named also as Optimal
Torque (OT) value. The results can be easily extended to WT dynamic
model [44–46].

The MPP Tracking (MPPT) algorithm based on ESC 1D-scheme
proposed is very simple and easy to be implemented in engineering
application. Besides the searching loop, which is similar with that used
by the classic ESC 1D-scheme to accurately find the MPP and then to
track it, the proposed ESC 1D – scheme contains the scanning loop,
which quickly locates the MPP by sweeping the WT characteristic using
an asymptotic dither. Both models are briefly described in the next
section.

3. The ESC 1D-scheme

The signal processing in the searching loop is the same as in classic
ESC loop (see Fig. 4) [41], containing the normalization gain kNy of the
input, the Band-Pass filter (BPF), the demodulation of yM signal with
the dither, the integration, the loop gain k1, the normalization gain kNp
of the output, and the process under control.

In classic ESC scheme the dither is not modulated (the constant
amplitude is selected, so yM = 1), being only amplified with the dither
gain k2 [41,42].

If the Mean Value (MV) block is used to further filter the ybpf signal,
then the absolute value of yMV signal, Gd, can be used to modulate the
sinusoidal dither sd = sin(ωdt) (see Fig. 4). Consequently, in the ESC
1D-scheme proposed, the dither will decrease asymptotically to zero
during the searching phase of the MPP. The dither gain k2 sets the
searching speed in correlation with process dynamic without increase
the ripple during the stationary phase when the dither amplitude is
almost zero [48].

Fig. 2. The static model of the wind turbine.

Fig. 3. The wind turbine characteristics.
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Thus, the relations (5) define the model of the both ESC 1D-
schemes, which are generically displayed in Fig. 4, being selected by
choosing the modulation signal yM:

= =y f p y k y( ), ·N Ny (5a)

= − + = − = − +y ω y ω y y y y y ω y ω y· · , , · ·f h f h N HPF N f BPF l BPF l HPF
• •

(5b)

= =y y s s ωt· , sin( ),DM BPF d d (5c)

=y yInt DM
•

(5d)

∫= =G y y
T

y dt| |, 1 ·d MV MV
d

BPF (5e)

= =p k y k γ ω· , ·Int sd1 1 1 (5f)

=p k y s· ·M d2 2 (5g)

= ⎧
⎨⎩

y
G proposed ESC

classic ESC
,

1,M
d

(5h)

=p A s· ,m d3 (5i)

= + + +p k p p p p·( ) ,Np 1 2 3 0 (5j)

where Eqs. (5a)–(5j) represent the static map, normalization, the BPF
filtering, the demodulation, the integration, computing of the dither
gain (Gd), the modulation signal yM, and the components p1, p2, and p3
of the searching signal (p). The signal yf is an intermediate variable
related to HPF operating, and the Mean Value (MV) block filters the ybpf
signal. The same parameters are set for both classic and proposed ESC

Fig. 4. The ESC 1D-scheme.

Fig. 5. Searching the MPP using the classic ESC 1D – scheme.

Fig. 6. Searching in phase plane of the MPPs using the classic ESC 1D – scheme.
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schemes: loop gain k1 = 0.5ω, the dither frequency is set to fd =
100 Hz, the BPF cut-off frequencies are bh fd = 10Hz and bl fd =
350 Hz, the normalization gains are kNy = 1/1000 and kNp = 1, and the
dither component p3 has the amplitude Am = 0.001. Note that the
dither gain (Gd) approximates the shape of the first harmonic (H1) of
input y [40]; The dither gain k2 are set to 1 and 0.05 for the proposed
ESC scheme and classic ESC scheme in order to have a reduced power
ripple in the second case. In the first case, as it was mentioned before,
the power ripple is almost zero during stationary phase due to
asymptotic evolution of the dither gain (Gd).

4. Results for wind energy conversion

The values used for the tuning parameters of the ESC 1D – schemes
are mentioned in the previous section. The input of the ESC 1D –
schemes will be selected to be Pm and Tm signal in Sections 4.1 and 4.2,
respectively.

4.1. Searching of the maximum power point

Searching of the MPP using the classic ESC 1D – scheme is shown in
Fig. 5 for a certain wind speed profile (which is shown in the first plot).
The pu reference for the generator speed produced by the ESC scheme is
indicated in the second plot. The signals Pm and Tm are shown in the
next plots of Fig. 5. Note that a high ripple appear on both Pm and Tm

signals, being of approximately 70 Nm and 7W, respectively, during
the stationary phase a peak-to-peak value.

The evolution in the phase plane is represented in Fig. 6. The value
of the signals Pm and Tm for different levels of the wind speed is close to
the MPPs indicated in Fig. 3. For example, considering the zooms in
Fig. 5, the tracking accuracy is 100·1090.5/1095=99.59% for wind
speed of 12m/s. Note that extreme found for final value of 6m/s is a bit
different to initial extreme found due to large value of the tracking time

(which is higher than 0.1 s).
Searching of the MPP using the proposed ESC 1D – scheme is pre-

sented in Fig. 7 for the same wind speed profile. Besides the plots of the
pu reference for the generator speed and signals Pm and Tm, the dither
gain (Gd) is presented in the second plot of Fig. 7. It can be noticed that
the dither gain has small and large values during the stationary and
transitory phases of the wind speed profile. Consequently, the dither
amplitude is large during the transitory phases of the wind speed profile
and the search speed is high as well, because the search speed is pro-
portional with the product k1·k2·Gd. Thus, the search speed using the
proposed ESC 1D – scheme will be Gd/0.05= 20·Gd times higher than
the search speed using the classic ESC 1D – scheme. If the tuning
parameter k2 will be set larger than 0.05 for the classic ESC 1D –
scheme in order to speed-up the MPP searching, then a higher ripple
than that indicated in Fig. 5 will be obtained. This is not happening
using the proposed ESC 1D – scheme because the dither amplitude is
small (Gd is almost zero) during the stationary phases of the wind speed
profile, so the power ripple is negligible (see the zooms shown in
Fig. 7). The ripple on Pm and Tm signals has the peak-to-peak value of
about 3 Nm and 0.5W, respectively. Note that the tracking efficiency
will increase if a lower ripple appears during the stationary phase and
the search speed is high enough (up to the safe limit) to reduce the
tracking time. Considering the zooms in Fig. 7, the tracking accuracy
increased a bit, being of 100·1094.25/1095= 99.93% for the same
wind speed of 12m/s.

The evolution in the phase plane is presented in Fig. 8 for the
proposed ESC 1D – scheme. Because the tracking accuracy is high, close

Fig. 7. Searching the MPP using the proposed ESC 1D – scheme.

Fig. 8. Searching in phase plane of the MPPs using the proposed ESC 1D – scheme.
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to 100%, the values of the Pm and Tm signals for different levels of the
wind speed are closer to the MPPs as indicated in Fig. 3.

4.2. Searching of the maximum torque point

Searching of the Maximum Torque Point (MTP) using the proposed

ESC 1D – scheme is presented in Fig. 9 for the same wind speed profile
(the first plot in Fig. 9). The structure of plots is the same as in Fig. 7.
The dither gain (Gd) is presented in the second plot of Fig. 9 and has

Fig. 9. Searching the MTP using the proposed ESC 1D – scheme.

Fig. 10. Robustness of searching the MPP for low noise on the wind speed profile.

Fig. 11. Robustness of searching the MPP for high noise on the wind speed profile.

Fig. 12. Robustness of searching the MPP for noise on WT power measured.
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small and large values during the stationary and transitory phases of the
wind speed profile. Besides the pu reference for the generator speed,
which is represented in the third plot of Fig. 9, the signals Tm and Pm
are indicated in the last two plots. Note that the WT torque ripple and
WT power ripple is negligible during stationary phase (the zooms in
Fig. 9). Considering the zooms in Fig. 7, the tracking accuracy for the
WT torque is of 100·994.2/998=99.62% for the wind speed of 12m/s.
Of course, the WT power for this MTP value is lower than MPP of
1095W because now the WT torque is the optimization function, not
WT power.

4.3. Robustness of MPP searching

Robustness of MPP searching is evaluated for noise added on the
wind speed profile (Figs. 10 and 11) or on the WT power measured
(Fig. 12).

The noise is random with sample time of 0.1 s. Two level of noise
are added on the wind speed profile: the low noise has the minimum
and maximum values of 0m/s and 1m/s (the first plot in Fig. 10), and
the high noise has the minimum and maximum values of 1m/s and
3m/s (the first plot in Fig. 11). In both cases, the WT power generated
follows the relation (1a), where the WT performance coefficient has the
maximum value tracked based on the ESC 1D – scheme proposed. If
high variations appear on the wind speed, the dither gain (Gd) has high
value as well (the second plots of Figs. 10 and 11).

If some noise appears on the WT power measured (the last plot in

Fig. 12), this noise is filtered by the BPF and the profile of WT power
generated is similar with that represented in Fig. 7. The noise used is
random with sample time of 0.1 s, and the minimum and maximum
values are of 100W and 300W. It can be noticed that this noise is
mainly filtered by the BPF on the main ESC loop (see the WT power
generated, Pm, indicated in 4th plot of Fig. 12 in comparison with the
4th plot of Fig. 7).

Thus, the robustness of the proposed ESC 1D – scheme is shown to
high variations on wind speed profile, which include random noise with
sample time of 0.1 s and different levels of amplitude, and also to noise
added on measurement signals.

5. FC/WT hybrid power system

The diagram of the FC/WT Hybrid Power System (FC/WT HPS) is
presented in Fig. 13. Besides the Wind Energy Conversion (WEC)
system, the FC/WT HPS contains a 6 kW/45 V Polymer Electrolyte
Membrane (PEM) FC stack and an Energy Storage System (ESS). The
ESS contains a 100 Ah lithium-ion battery stack connected directly at
the 200 V DC bus and 100F ultracapacitors’ stack connected via a bi-
directional buck-boost converter at the DC bus. The diagram of the
battery/ultracapacitors hybrid ESS is shown in Fig. 14, where the bi-
directional buck-boost converter is controlled to regulate the voltage on
DC bus at 200 V, and the capacitor CDC is used to filter this voltage. The
boost converter (between the FC stack and the DC bus) is hysteresis
controlled (Iref(boost)≅ IFC)). So, if the GES-RTO strategy will be used, the

Fig. 13. The diagram of the FC/WT hybrid power system.
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FC current will follow the reference current IGES, which is generated by
the GES controller based on the optimization function f (which is
computed in bloc Function). If the sFF strategy will be used, the FC
current will follow the reference current IrefLF, which is generated by the
LF controller based on power flow balance on DC bus. The reference
current IrefLF will be used in GES-RTO strategy to control one of the
fueling regulators. Thus, the FC stack is used as backup energy source,
the battery stack as energy storage device, and the ultracapacitors’ stack
as power storage device in order to sustain on the DC bus the in-
stantaneous power flow balance defined by (6) [50]:

= + + −C u du dt η p p p p/dc dc dc boost FCnet WT ESS Load (6)

where ηboost is the energy efficiency of the boost converter, and pFCnet,
pWT, pESS, and pLoad are the net power flows from the FC, WT, ESS, and

load. Note that·ηboost(AV) will be set to 0.95 in all simulation [51].
The FC stack has the nominal and maximum power of 6 kW and

8.325 kW, being selected to assure the load demand in range up to
8 kW, with or without wind power. The FC stack will generate the re-
quested FC net power using LF control for AirFr. The power flow bal-
ance under dynamic load profile will be compensated by the ultra-
capacitor stack due to slow transitory response of the FC stack and the
use of slope limiters for both fuelling rates. The recommended values
are set for slope limits and the following values are set for ESS: the
initial State-of-Charge (SOC) for batteries’ stack at 80%; the initial
voltage of ultracapacitors’ stack, at 100 V; the equivalent series resistor
(ESR) and parallel resistor (EPR) at 0.1 Ω and 10 kΩ.

The models used for 6 kW FC stack and 100 Ah battery stack are
from the SimPowerSystems library of the Matlab – Simulink®

Fig. 14. The diagram of the battery/ultracapacitor hybrid ESS.
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considering the default model’s parameters [52]. The dynamics of the
FC stack and battery stack are set are time constants of 1 s and 30 s.

Other models proposed in the literature and used here are briefly
explained below. For example, the power requested by the air com-
pressor, Pcm, is (7) [7]:

= = + + +P I V a AirFr a AirFr a b I b· ( · · )·( · )cm cm cm FC2
2

1 0 1 0 (7)

where a0 = 0.6, a1 = 0.04, a2 = −0.00003231, b0 = 0.9987, and b1
= 46.02.

Consequently, the FC net power is given by (8) if other losses are
neglected:

≅ −p p pFCnet FC cm (8)

where pFC is the power generated by the FC stack.
The battery will operate in Charge-Sustained (CS) mode due to use

of LF control. Thus, considering PESS(AV)≅ 0 in (6), the average value
(AV) of the FC net power flow, PFCnet(AV), will be given by (9):

= − ⇒ =η P P P P η0 · /boost AV FCnet AV Load AV FCnet AV Load AV boost AV( ) ( ) ( ) ( ) ( ) ( ) (9)

Consequently, the reference current IrefLF will be estimated by (10),
considering the load power (PLoad), the WT power (PWT) and FC voltage
(VFC):

= = −I I P P V η( )/( · )refLF FC AV Load WT FC boost AV( ) ( ) (10)

The optimization function, y= f(v1,v2), for FC system can be de-
fined by (11) considering the input of the boost converter, IRefBoost, to be
GES controlled variable:

+ =k P k Fuel f x FuelFr AirFr P
Maximize:

· · ( , , , )net FCnet fuel eff Load (11a)

= ∈x g x FuelFr AirFr P x X
Subject to:

̇ ( , , , ),Load (11b)

where x is the state vector of the FC system and function g represents
the FC dynamics.

The weighting coefficients knet and kfuel could be designed to mini-
mize the total fuel consumption, but here only one case will be shown:
knet = 0.5 and kfuel = 25. The output of the function block (where the
optimization function f is computed) is the input of the GES control
block (see Fig. 13). The GES control has the same diagram as in Fig. 4,
but the GES parameters for FC system are designed as following:

– the dithers’ frequencies: ω = 100Hz;
– the ESC loops’ gain (which is one of the tuning parameters): k1 = ω;
– the dithers’ gain (which is the other tuning parameters): k2 = 2;
– the normalization gains: kNp = 10, kNy = 1000;
– the BPF cut-off frequencies: ωl = 3.5ω, ωh = 0.1ω;
– the minimum amplitude of the dither p3: Am = 0.001.

The tuning parameters have been designed based on the process’
dynamic, the transfer functions of the band pass filters (BPFs), and the
gains involved in the GES control loops [53]. The reader could also read
[54,55] for further explanations about the design and modeling of the
GES control.

The FCHPS will operate under sFF strategy in both switches are set
in sFF position. The input of the boost converter, IRefBoost, will be the LF
variable controlled by the LF reference current (Iref(LF)) in order to
sustain the load demand.

The FCHPS will operate under the ESC-Air_LF-RTO strategy if the
switches are set as in Fig. 13 (Sw1 on Air-LF position and Sw2 on sFF
position) and under the ESC-Fuel_LF-RTO strategy if Sw1 is set on sFF

Fig. 15. Searching with sFF strategy of the op-
timal operation point for FC/WT HPS under 6 kW
load (left: turbulent wind with about 27% turbu-
lence; right: wind without turbulence).
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position and Sw2 on Fuel-LF position. So, under ESC-Air_LF-RTO
strategy, the AirFr regulator is LF controlled by the reference current
Iref(LF), FuelFr regulator is controlled by the FC current IFC, and the
hysteretic boost controller has as inputs the reference current IGES and
the FC current. The reference current IGES is adjusted in the optimiza-
tion loop by the GES controller to find the maximum value of the op-
timization function. On the other hand, under sFF strategy, both fueling
regulators are controlled by the FC current and the boost controller is
controlled by the LF reference current (Iref(LF)).

It is known that GES control can quickly locate and accurately track
the global optimum of a multimodal function [56]. The optimization
surface f(AirFf, FuelFr) has a unique maximum (GMP) and other local
peaks on the plateau around the GMP position, but these peaks vary
with operating conditions [57]. The ESC-RTO strategies proposed
herein can accurately locate the GMP if the starting point is set ap-
propriately in the searching range [48]. Some results will be described
in the next section.

6. Results for FC/WT hybrid power system

Searching with sFF strategy of the optimal operation point for FC/
WT HPS under 6 kW load is presented in Fig. 15 during a day (for
turbulent wind with about 27% turbulence on plots of left side and for
wind without turbulence on plots of right side). The plots in Fig. 14 are:
the 6 kW load in the first presented plot; the WT power (PWT) in the
second plot; the FC net power (PFCnet) in the third plot; the ESS power
flow in forth plot (where it can be observed that its average value (AV)
is zero due to the use of the LF control); the fueling flow rates are
presented in the next two plots (it can be observed the same shape of
the fueling flow rates with the FC net power generated); the perfor-
mance indicators (Fueleff and ηsys,) are presented in last two plots.

The behavior of the FCHPS using the both GES-RTO strategies (ESC-
Air_LF-RTO and ESC-Fuel_LF-RTO) is almost the same, so the results for

ESC-Air_LF-RTO strategy will be shown.
For example, the searching of the optimal operating points of FC/

WT HPS under variable load profile and wind without turbulence are
indicated in Fig. 16 (for the sFF strategy on plots of left side and for the
ESC-Air_LF-RTO strategy on plots of right side). It can be observed
minor differences in shape of the PESS signal, but in both cases
PESS(AV)≅ 0 due to the use of the LF control. Also, minor differences in
shapes of the performance indicators are observed due to optimization
process.

Robustness of searching with ESC-Air_LF-RTO strategy is presented
in Fig. 17. Because of frequency-based technique to split the load de-
mand into low and high frequency components implemented in LF
block, the low frequency component of the WT power is followed by the
FC system and the high frequency component of the WT power is dy-
namically compensated by the ultracapacitors’ stack (the third plot in
Fig. 17). Thus, only minor differences in shapes of the fueling rates and
performance indicators are observed in Fig. 16 (right) and Fig. 17 due
to optimization process. The similar results will be obtained for the
ESC-Fuel_LF-RTO strategy. Consequently, the differences in fuel
economy for case of turbulent wind and smooth wind are evaluated for
both GES-RTO strategies (see Tables 2 and 3 for ESC-Air_LF-RTO and
ESC-Fuel_LF-RTO strategy, where the gap in fuel economy is defined as
FuelT(sFF)− FuelT(GES-RTO)), and FuelT is the Total Fuel consumption
under considered strategies).

The gap in fuel economy is in range 1.2–1.35 lpm for the ESC-
Air_LF-RTO strategy in comparison with the sFF strategy (see Table 2).

The differences in fuel economy under smooth and turbulent wind
are approximately 1.275–1.2= 0.075 lpm and 1.35–1.275= 0.075 lpm
for 6 kW load and variable load profile (with AV of 6 kW) if the ESC-
Air_LF-RTO strategy is used.

The gap in fuel economy is in range 3.85–5.425 lpm for the ESC-
Fuel_LF-RTO strategy in comparison with the sFF strategy (see Table 3).

The differences in fuel economy under smooth and turbulent wind

Fig. 16. Searching with sFF strategy (left) and ESC-Air_LF-
RTO strategy (right) of the optimal operation points for
FC/WT HPS under variable load profile and wind without
turbulence.
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are approximately 4.05–3.85=0.2 lpm and 5.425–5.025= 0.4 lpm for
6 kW load and variable load profile (with AV of 6 kW) if the ESC-
Fuel_LF-RTO strategy is used.

The proposed ESC-Air_LF-RTO strategy can be implemented in the
same way for FC/RES HPS considering the RES power (PRES) in (10)
instead of WT power (PWT). Consequently, the reference current IrefLF

will be estimated by (12):

= = −I I P P V η( )/( · )refLF FC AV Load RES FC boost AV( ) ( ) (12)

where the RES power (13) is the sum of the power flows from RESs used
in that HPS, such as Wind Turbine (WT), photovoltaic (PV), and small-
hydro (SH):

= + +P P P PΣ( )RES WT PV SH (13)

The proposed GES-RTO strategy will track accurately the global
optimum of the optimization function (11) for FC system, assuring the
power flow balance on DC bus under variable profile of RES power and
load demand as well. Consequently, the advantages of the proposed
GES-RTO strategy for different FC/RES HPS topologies will be: (1) a
small size of the battery stack due to use of the LF control; (2) assuring
of the load demand under intermittent and variable RES power due to
the use of the FC stack as backup energy source; (3) saving fuel under
variable RES power profile due to use of the GES-RTO strategy.

7. Conclusion

The proposed ESC 1D – scheme has two loops: (1) the scanning loop,
which locates the peak (the MPP or the MTP) by sweeping the WT
power characteristic or WT torque characteristic using an asymptotic
dither controlled by the dither gain (Gd·k2); (2) the locating loop, which
finds accurately this peak based on the classic ESC loop controlled by
the loop gain (k1). The asymptotic evolution of the dither is obtained by
modulation of the sinusoidal signal with the output signal (ybpf) of the
BPF that has as input the WT power or WT torque.

The results reveal the high performance of the proposed ESC-based
MPP tracking algorithm (approximately 99.9% tracking accuracy and a
searching time of approximately 120mss for a 100 Hz dither) in com-
parison with the classic ESC scheme (less than 99.5% tracking accuracy
and a searching time higher than 1 s for the same dither of 100 Hz). A
higher tracking accuracy with about 0.4% will mean more power
generated during the stationary regimes (for example, the extra power
for 1MW WT could be up to 4 kW). Also, a higher tracking speed will
assures for the proposed ESC 1D – scheme a higher tracking efficiency,
which can be up to 0.5% more even for turbulent wind. This means
more power generated during the transitory regimes. So, in comparison
with the classic ESC scheme, the proposed ESC-based MPP tracking
algorithm will assure an extra power in all regimes of WT (with up to
0.5% from WT nominal power).

Also, the robustness of MPP searching was evaluated for random
noise with sample time of 0.1 s added on the wind speed profile or on
the WT power measured. The results have shown the robustness of the
proposed ESC 1D – scheme for different levels of noise from smooth
wind (about 9% turbulence) to turbulent wind (about 27% turbulence).
The proposed ESC scheme can be implemented for WEC systems in the
same way as the classic ESC scheme [15].

The noise on WT power measured is filtered by the BPF and the WT
power generated is approximately equal with the WT power generated
without noise on measurement signals. Minor differences may appear if
the noise level is higher than 20% from the maximum WT power.
Therefore, minor differences in fuel economy for FC/WT HPS in case of
turbulent wind and smooth wind were observed (see Tables 2 and 3)
due to use of the GES-RTO strategies. A fuel economy (=
FuelT(sFF)− FuelT(GES-RTO)) in range of 1.2–1.35 lpm can be obtained for
GES-Air_LF-RTO strategy in comparison with the sFF strategy (see
Table 2). The fuel economy for GES-Air_LF-RTO strategy in comparison
with the sFF strategy (see Table 3) increases to approximately 4 lpm
and 5 lpm in case of smooth and turbulent wind. The results are ob-
tained for 6 kW FC/WT HPS under 6 kW load or variable load profile
(with AV of 6 kW). Because the 6 kW FC system has the nominal FuelFr
of 50.06 lpm, a fuel economy of 5 lpm means about 10% from nominal
FuelFr.

The proposed GES-Air_LF-RTO strategy can be implemented for FC/

Fig. 17. Searching with ESC-Air_LF-RTO strategy of the optimal operation point for FC/
WT HPS under variable load profile and turbulent wind.

Table 2
Fuel economy for ESC-Air_LF-RTO strategy in comparison with the sFF strategy.

Load type 6 kW load 6 kW AV load

Wind type Turbulent
wind

Smooth
wind

Turbulent
wind

Smooth
wind

Gap in fuel
economy
[lpm]

1.2 1.225 1.275 1.35

Table 3
Fuel economy for ESC-Fuel_LF-RTO strategy in comparison with the sFF strategy.

Load type 6 kW load 6 kW AV load

Wind type Turbulent
wind

Smooth
wind

Turbulent
wind

Smooth
wind

Gap in fuel
economy
[lpm]

4.05 3.85 5.425 5.025
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WT HPS using the FC system in flow-through operating mode in order
to minimizing the risk of degradation due to the anode “starvation”
phenomenon. Note that the amount of unreacted hydrogen is very small
due to the high conversion of hydrogen (99.56%), without too much
impact on performance indicators considered here. The optimization
strategy will be implemented first for constant load and then for vari-
able load with LF control having about 5 ranges for the full range of the
FC power.
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a b s t r a c t

This paper presents the capability of the Asymptotic Perturbed Extremum Seeking Control

(aPESC) scheme to track the Global Extreme on multimodal patterns. The multimodal

patterns are simulated based on power characteristics generated by a photovoltaic (PV)

array under Partial Shading Conditions (PSCs). The aPESC scheme is tested to evaluate the

performance of locating, searching and tracking of the Global Maximum Power Point

(GMPP). The following performance indicators such as the searching resolution, tracking

accuracy, tracking efficiency, and tracking speed are used to compare the performance of

the GMPP tracking (GMPPT) algorithms. The aPESCH1 scheme proposed has been imple-

mented in MATLAB/Simulink package to evaluate the performance indicators mentioned

above. The results prove that the proposed aPESCH1 scheme is effective and simple to be

implemented.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The aPESC schemes were briefly introduced in Refs. [1e3] and

its modeling, stability, and design rules were analyzed in Refs.

[4,5]. According to literature, researches focus on the locali-

zation, searching and tracking of the Global Maximum Power

Point (GMPP). The main performance indicators (searching

resolution, tracking accuracy, tracking efficiency, and tracking

speed [6e9]) will be evaluated in the present study for the

proposed GMPPT algorithm.

The proposed GMPPT algorithm is compared with other

GMPPT algorithms reported in the literature [6e9] to show its

performance. Initially, the firmware-based GMPPT algorithms

that are analyzed in reviews [6e9] operate in two stages,

instead of the proposed GMPPT algorithm that may find the

GMPP in one stage. Secondly, the firmware-based GMPPT
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algorithms use in first stage advanced algorithms based on

Fuzzy Logic Controller (FLC) [10], Artificial Neural Network

(ANN) [11], Genetic Algorithms (GAs) [12], Differential Evolu-

tion (DE) [13], Particle Swarm Optimization (PSO) [14], or Ant

Colony Systems (ACSs) [15]), and chaotic search [16]. However,

after the GMPP is located, the GMPPT is tracked in the second

stage using a classical MPPT algorithm such as Perturb and

Observe (P&O) [17], Incremental Conductance (IC) [18], and Hill

Climbing (HC) [19]. It is worth to mention that the classical

MPPT algorithm may fail in tracking of GMPP, if the shading

coefficient is over 30% or high variations appear on the irra-

diance profile [20,21]. So, the main objective of any GMPPT

algorithm should be to track the GMPP under dynamic irra-

diance profile as in reality, quickly and accurately in order to

increase the PV power generated with up to 45% in compari-

son with classical MPPT algorithms [22].

The main findings of this study are: (1) A systematic anal-

ysis of the aPESCH1 scheme is performed in order to estimate

the tracking accuracy and the searching resolution of the

GMPP onmultimodal patterns; (2) The robustness of the GMPP

searching on PV patterns under partially shaded conditions

was shown using dynamic sequences of shaded PV power

characteristics; (3) The tracking efficiency and tracking speed

was estimated based on these dynamic sequences; (4) The

robustness analysis to dither shape reveals that this is not

important and the performance remains almost the same.

Some performance obtained are mentioned as follows: (1)

Ability to discern the GMPP among the Local Maximum Power

Points (LMPPs) is 20 times lower that 5% resolution reported by

other GMPPT algorithms [6e9], (2) the average value of the

tracking accuracy is of 99.97%, and (3) tracking speed is given

by about 23 dither periods. The performance will be validated

by the simulation results shown in sections below.

The paper is structured as follows: The PV characteristics

of 1Px3S and 1Px5S arrays are shown in Section 2 under PSCs.

The parameters of the solar cell and PV panel used in simu-

lation are also mentioned here. Thus, a generic PV pattern is

defined to be used in the simulation. In Section 3, the perfor-

mance indicators (the searching resolution, tracking accuracy,

tracking efficiency, and tracking speed) are defined. The re-

sults obtained for the performance indicators and robustness

to irradiance profile with dynamical change of the PSCs, PV

pattern with noise, and dither's shape are mentioned in Sec-

tion 4. Finally, last section concludes the paper.

The scheme of aPESCH1 and power
characteristics under partially shaded conditions

The robustness of the aPESCH1 scheme (see Fig. 1) are tested

for rapid change of the shading coefficients for the PV irradi-

ance profiles' sequences, noise on the PV irradiance profile,

and use of different shapes for the dither signal.

The power characteristics generated by PV panels in series

(S) and parallel (P) that are integrated into a large array of

pPxsS structure, where p and s represent the number of

panels that are connected in parallel and series, havemultiple

peaks if the panels are shaded. The power characteristics for

PV array having the structure 1Px3S (top) and 1Px5S (bottom)

are shown in Fig. 2 for different irradiance sequences.

The functions, variables and parameters used in aPESCH1

scheme are the as following:

- the multimodal pattern is defined by function y ¼ h(x),

Fig. 1 e The aPESCH1 scheme and their operation using

three shading patterns.
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y ¼ hðxÞ ¼ hðxeðpÞÞ ¼ hðpÞ; (1a)

- the equilibrium point is defined by the smooth function

xe,

fðx; gðx; pÞÞ ¼ 0 ⇔ x ¼ xeðpÞ; (1b)

where p is the searching signal;

- the smooth function f(x,u) defines the system dynamic;

- the control law is u(t)¼g(x(t),p).

The variables and parameters used in aPESCH1 scheme

and relations (2) below are as follows:

- the periodic dither sd has the amplitude set to 1, and the

frequency is fd ¼ 1/Td ¼ u/2p;

- the minimum dither has the amplitude Am;

- the cut-off frequencies for the Band Pass Filter (BPF),

fh ¼ bh,fd and fl ¼ bl,fd, where bh and bl parameters will be

set in range 0.1e0.9 and 1.5 to 5.5 in order to test the best

compromise to design the BPF for a good approximation of

the H1 harmonic and sufficient dither persistence on the

control loop as well;

- the normalization gains, kNy and kNp, are used to adapt the

input and output signals of aPESCH1 scheme to used

multimodal pattern without change the tuning

parameters;

- the tuning parameters are the loop and dither gains, k1 and

k2.

The relations (2) define the model of aPESCH1 scheme that

are shown in Fig. 1:

yN ¼ kNy,y; y ¼ fðx1; x2Þ (2a)

y
�
f ¼ �uh,yf þ uh,yN; yHPF ¼ yN � yf ; y

�
BPF ¼ �ul,yBPF þ ul,yHPF

(2b)

pDM ¼ yBPF,sd; sd ¼ sinðutÞ; (2c)

p
�
Int ¼ pDM (2d)

Gd ¼
��yMV

��; yMV ¼ 1
Td

,

Z
yBPFdt (2e)

p1 ¼ k1,pInt; k1 ¼ gsd,u (2f)

p2 ¼ k2,Gd,sd (2g)

p3 ¼ Am,sd; (2h)

p ¼ kNp,
�
p1 þ p2 þ p3

�þ p0; (2i)

where (2a) to (2i) represent the static map, normalization, BPF

filtering, demodulation, integration, computing of the gain

dither (Gd), and p1, p2, and p3 components of the searching

signal (p). Note that p and y denote the input and output var-

iables for the aPESCEH1 scheme, yf is an intermediate variable

related to HPF operating, pInt is the output of the integration

block, and the Mean Value (MV) block uses the Pade approxi-

mation to filter the ybpf signal. The initial value of the scanning

signal, p0, is used in closed loop to estimate the level of har-

monics in different points of the function y ¼ h(x) (the PV

power characteristic in case of Fig. 2).

In general, the large PV array operates under PSCs due to

real environment conditions, because parts from the PV array

installed on rooftop or/and facades of buildings or on ground

may be shaded by the clouds, neighboring buildings, snow or

dust [23]. Consequently, the power characteristics for such PV

arrays would exhibit multiple LMPPs (Fig. 2).

The PV array uses PV module of SX60 type that is built as

one column with 34 cells connected in series. Considering the

one-diodemodel and neglecting the parallel resistance, Rp, the

solar cell model is given by (3) [24]:

IPVðcellÞ ¼ KIGðcellÞ,G� I0R,

�
exp

�
VPVðcellÞ þ RsIPVðcellÞ

nVT

�
� 1

�
(3)

where:

- VPV(cell) is the solar cell voltage;

- IPV(cell): the solar cell current;

- Rs: the series resistance of the solar cell;

- KIG(cell) ¼ Isc(cell)/GR: the irradiation to short-circuit current

gain;

Fig. 2 e The power characteristics for PV array having the

structure 1Px3S (top) and 1Px5S (bottom), and panels under

different irradiance sequences.
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- IL(cell)¼Isc(cell),G/GR: the light-generated current;

- G: the irradiance's level;

- n: Diode ideality factor;

- I0R: Reverse saturation current at reference temperature TR;

- VT: Thermic voltage;

- other parameters are defined in Table 1.

If the parameters of solar cell model and standard test

conditions mentioned in Table 1 are used, then the open-

circuit voltage, Voc, and the short-circuit current, Isc, of the

SX60 panel will be about 21 V and 7.8 A. The MPP value will be

about PMPP ¼ 51,2 W (obtained for VMPP ¼ 14.63 V and IMPP ¼ 3.5

A). If the irradiance level decreases at 500 W/m2, then the

power generated will decrease as well. Thus, the power

generated depends by the irradiance level. The power gener-

ated by the PV panels can be increased if these are integrated

in series (S) and parallel (P) into a large array of type pPxsS,

where p and s represent the number of panels that are con-

nected in parallel and series, respectively. The power char-

acteristics for a PV array of 1Px3S and 1Px5S types are shown

in Fig. 2. The irradiance sequences are mentioned in each

case. It can be observed that multiple LMPPs appear on power

characteristics. The PV pattern depends by the topology type

used to implement the PV array, use or not of the bypass di-

odes for the PV panels, and the PSCs that may occur [25].

Different PV patternswill be obtained based onmultimodal

pattern (4) (three are shown in Fig. 1):

y ¼ sat
	
L� ðp� 1Þ2



þ sat

	
M� ðp� 2:5Þ2



þ sat

	
R� ðp� 4Þ2




(4)

where the saturation function (sat) has the lower and upper

limits set to zero and infinite and the (L, M, R) triplet set the

position of the GMPP (in the left (1.5, 2, 1), middle (1, 2, 1), and

right (1, 2, 1.5) side of the respectivemultimodal pattern shape

of the multimodal pattern, see Fig. 1 e top).

Performance indicators

The performance indicators used to compare the GMPPT al-

gorithms are the searching resolution, tracking accuracy,

tracking efficiency, and tracking speed.

The searching resolution (SR) is defined by (5) [6]:

SR ¼
min

i

��yGMPP � yLMPPi

��
yGMPP

,100½%� (5)

The tracking accuracy (Tacc) is defined by (6):

Tacc ¼ yGMPP

y*
GMPP

,100½%� (6)

where yGMPP is the global extreme and y*GMPP is the tracked

value using a GMPPT algorithm.

So, the searching resolution is bonded by the tracking ac-

curacy that can be obtained using a GMPPT algorithm:

SR > 100�Tacc (7)

The tracking efficiency (Teff) is given by (8):

Teff ¼

Z t

0

ydt
Z t

0

y*dt

,100½%� (8)

where y is the output of the multimodal pattern, and y* is the

current value tracked by a GMPPT algorithm.

The Teff value is mainly dependent by the transitory accu-

racy during the searching phase, because the stationary ac-

curacy is higher than 98% formost of GMPPT algorithms [6e9].

Thus, a short searching time may improve the tracking

efficiency.

The tracking speed is defined by number of iterations until

the global extreme is tracked with the imposed stationary

accuracy. It is obvious that an iteration for the aPESC1 scheme

means a dither period, but this can be defined for all GMPPT

algorithms as the time to compute a specific function [9].

Simulation results

The values of the parameters used in simulation are the

following: fd ¼ 100 Hz, k1 ¼ 100p, k2 ¼ 3, p0 ¼ 0, kNy ¼ 1, and

kNp ¼ 3. The cut-off frequency parameters of the BPF are set to

bh ¼ 0.5 and bl ¼ 5.5. If it is not else mentioned, a sinusoidal

dither with the amplitude of 1 V is used and the minimum

dither amplitude, Am, is set to 0.001 V.

Table 1 e Parameters of solar cell model.

Parameter Description Value [unit]

GR Reference irradiation 1000 [W/m2]

TR Reference temperature 298 [K]

Q Electron charge 1.6e�19 [C]

kB Boltzmann's constant 1.38e�23 [JK�1]

N Diode ideality factor 1.3 [-]

VG Silicon band-gap energy 1.12 [eV]

VT ¼ kBTR/q Thermic voltage 26 [mV]

I0R Reverse saturation current at T ¼ TR 2e�9 [A]

a Short-circuit current temperature coefficient 0.0025 [AK�1]

Rs Cell series resistor 3 [mU]

Rp Cell shunt resistor 10 [U]

Voc(cell) Cell open-circuit voltage 0.61 [V]

Isc(cell) Cell short-circuit current 3.8 [A]
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Tracking accuracy and searching resolution of the GMPP on
static multimodal patterns

The simulation results for the proposed aPESCH1 scheme is

shown in Figs 3e5 for the multimodal patterns that has the

GMPP located in the left, middle, and right side of the

respective multimodal pattern (see the top of Figs. 3e5). The

structure of these Figures is the following: the PV pattern is

shown on top; the output (y) is shown in the first plot; the

asymptotic function (Gd) in the second plot; the searching

signal (p) in third plot. The output of the aPESC scheme pro-

posed in Ref. [2], yaPESC, is also shown in the first plot. It can be

observed that yaPESC remains blocked in first LMPP located

from the starting point p0 ¼ 0. Some zooms are shown to

evaluate the performance indicators or validate the discus-

sion above.

The tracking speed is about 12e15 iterations. The p signal

scans the searching range of about 6 times to locate the GMPP

and then this is accurately found during the next 6e9

iterations. Note that the average value of the tracking speed

reported in Ref. [9] is in range 21 [26] to 473 [27]. The searching

resolution is SRy 15.78% (¼0.375/2.375) for the pattern L and R,

and SR y 6.25% (¼0.125/2) for the pattern M.

The tracking accuracy is of 99.99% for all patterns based on

the zooms shown for the y output. Considering (7), the

searching resolution is higher than 0.01%. Also, note that the

maximum value of the tracking accuracy reported in Ref. [9]

for the PSO-based GMPPT algorithms is of 99.96%.

It is important to evaluate the SR(100%hit) value, which is the

resolution for 100% hit count. The value of hit count is defined

as ratio of positive results of GMPP finding (instead of a LMPP)

to total number of tests performed [9]. The SR(100%hit) value is

close to 100% for the PSO-based GMPPT algorithm [28] using

PV pattern with SR y 4.36%. Note that 100% hit countmay also

be obtained the aPESCH1-based GMPPT algorithm using PV

pattern with SR lower that 6.25%. The simulation shown that

100% hit count may also be obtained for lower SR that 6.25%,

but higher than 0.25%.

Fig. 3 e Tracking of the GMPP on the pattern L: (L, M,

R) ¼ (1.5, 2, 1).

Fig. 4 e Tracking of the GMPP on the pattern M: (L, M,

R) ¼ (1, 2, 1).
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The robustness of the GMPP searching

Robustness to irradiance profile with dynamical change of the
PSCs
The robustness of the GMPP searching will be tested for a PV

patterns' sequencewith dynamical change of the PSCs defined

by the combination of three PV patternsmentioned above (see

Fig. 6).

The PV patterns (1.5, 2, 1), (1, 2, 1.5) and (1, 2, 1) are

dynamically changed at each 0.2 s. The structure of the Fig. 6 is

the following: the output (y) is shown in the top plot; the dither

gain (Gd) is shown in the middle plot, and the searching signal

(p) is shown in the bottom plot. The passing from one pattern

to other is made dynamically at each 0.2 s. The dither gain (Gd)

increases at each change to increase the searching gradient. It

is observed that tracking of the GMPP is obtained in less or

more iterations, depending by the order of the PV patterns in

sequence.

Robustness to PV pattern with noise
If noise is added for example to the PV pattern R (1, 2, 1.5), then

the GMPPswill be dependent by this level. The GMPP is located

at (p, y)¼ (3.25, 2.375) for PV pattern R without noise, and close

LMPP is located at (p, y)¼ (2.5, 2). Thus, the difference between

the levels of GMPP and LMPP is of 0.373 (¼2.375e2). If the level

of noise is lower than 0.373, then yGMPP > yLMPP and the current

position of GMPP (yGMPP) will be tracked (Fig. 7a).

If the level of noise is higher than 0.373, then yGMPP may

decrease to yLMPP during some periods, when the current po-

sition of LMPP (yLMPP y 2) will be tracked (Fig. 7c).

If the level of noise is around 0.373, then both cases may

occur (Fig. 7b). It is worth to mention that global extreme is

tracked in a few iterations. Note that noise is changed at each

10 ms (the sampling period of noise), so the current GMPP can

be effectively tracked only if the dither frequency is set higher

than 1000 Hz. Thus the dither frequency is important in

setting the tracking search, but high frequency for the dither

may interfere with the system dynamic. This aspect must be

further analyzed. In this paper, only the effect of dither's
shape will be analyzed in next section. Note that the output of

the aPESC scheme proposed in Ref. [2], yaPESC, is also shown in

the first plot. It can be observed in Fig. 7a that yaPESC remains

blocked in first LMPP located from the starting point p0¼ 0, but

for higher noise the aPESC scheme fails to track even this

LMPP (see Fig. 7b and c).

Robustness to dither's shape
The robustness of the GMPP searching for dither with the

period of 10 ms, but different shape is analyzed in this section

(see Fig. 8). Note that this aspect was investigated in Ref. [29]

for the aPESC scheme proposed in Ref. [2], and the

Fig. 5 e Tracking of the GMPP on the pattern R: (L, M, R)¼ (1,

2, 1.5).

Fig. 6 e The robustness of the GMPP searching for the PV

patterns' sequence: (1.5, 2, 1), (1, 2, 1.5) and (1, 2, 1).
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conclusion was that the shape of the dither is not important

and the performance remains almost the same.

The following shape for the dither will be considered to

validate this conclusion for aPESCH1 scheme proposed here as

GMPPT algorithm: sinusoidal, rectangular, combination of si-

nusoidal and rectangular signals, saw-tooth, and random

noise with sampling period of 10 ms.

It can be observed in Fig. 8 that the number of iterations

necessary to find the GMPP of the PV pattern R (1, 2, 1.5), which

is located at (p, y) ¼ (3.25, 2.375), is in range of 12e15. Thus the

searching time is in range of 120e150 ms.

If the dither is randomnoise with sampling period of 10ms

(see Fig. 8e), then the GMPP is also found. So, the proposed

aPSCH1 schememay use the inherent ripple from the inverter

inputs (voltage or current). The dither gain (Gd) and p1 and p2

components (mentioned in Fig. 1) are also shown in Fig. 8. The

average value of the p1 component (p1av) over a sampling

period is shown in Fig. 8e e last plot in order to highlight the

searching of GMPP after passing through the LMPPs.

Discussion

The aPESC scheme is tested here to evaluate the performance

of locating, searching and tracking of the Global Maximum

Power Point (GMPP). So, the PV applications are the main field

of use [30,31], but this aPESC scheme can be also used for Fuel

Cell (FC) applications [32] because will reduce the FC power

ripple [33] that may damage the FCmembrane and reduce the

efficiency as well [34].

If two aPESC schemeswill be used, one for the PV panel and

second for the FC stack, then high energy efficiency can be

obtained for Hybrid Power Sources (HPS) [35,36] by harvesting

the available energy from both energy sources [37].

Fig. 7 e The robustness of the GMPP searching for the PV pattern R with random noise added on PV power. a. ±0.1 W

random noise. b. ±0.3 W random noise. c. ±0.5 W random noise.
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Fig. 8 e Robustness to dither's shape. a. Sinusoidal dither. b. Rectangular dither (50% duty cycle). c. Combination of

sinusoidal and rectangular dither. d. Saw-tooth dither. e. Random noise (sampling period of 10 ms).
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So, the performance and robustness of the aPESC scheme

may be further analyzed for different energy sources used in

HPS for mobile and stationary applications [37] or in distrib-

uted generation [33].

Conclusions

In this paper the performance indicators used to compare the

GMPPT algorithms (searching resolution, tracking accuracy,

tracking efficiency, and tracking speed) are evaluated for the

aPESCH1 scheme proposed here. The performance obtained is

given by 100% hit count for 6.25% searching resolution or

lower, 99.99% tracking accuracy for stationary regime,

tracking speed of maximum 15 iterations, and about 99.96%

tracking efficiency.

The simulation shown that 100% hit count may also be

obtained for lower RS that 6.25%, but higher than 0.25%.

The robustness of the aPESCH1 schemewas shown using a

dynamic sequence of three PV patterns, where the GMPP is

located in right, middle and left side of these patterns. The

GMPP of noiselessly PV patterns was accurately tracked. The

robustness of the GMPP searching for noisy PV patterns is also

shown. The GMPP with random noise added is continuously

tracked.

The robustness analysis to dither shape reveals that the

shape of the dither is not important and the performance re-

mains almost the same. Besides the shape of sinusoidal,

rectangular, combination of sinusoidal and rectangular sig-

nals, and saw-tooth, the random noise with sampling period

of 10ms is used as dither. So, the inherent ripple on theDC bus

of the inverter may be used as dither as well.
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Abstract 

 
Energy consumption is an important factor which affects the welfare of a country's citizens. Energy is consumed not only locally but also 

abroad due to imported goods and services. For this reason, it is vital to calculate the energy footprint of a country to determine its energy 

sovereignty in an international context. These calculations determine the energy sovereignty of different countries within the 

international panorama in a highly interconnected world.  The aim of this paper is to study the degree of energy dependency of different 

countries and to analyse the relationship between this dependency and national welfare using the Human Development Index. This 

research compares energy independent countries (i.e. type A), low-level energy dependent countries (i.e. type B) and high-level energy 

dependent countries (i.e. type C). The research has been carried out by analysing raw energy dependency, transformed energy 

dependency, and goods and services embodied energy dependency. 

 
Keywords: energy dependency, energy footprint, hidden energy flows, energy sovereignty, energy democracy 

 

1. Introduction  

 
Energy is exported and imported between countries in three main forms: raw energy, for instance crude oil, coal, gas, 

etc.; transformed energy, such as electricity, gasoline, diesel, coke, etc.; and embodied energy in the form of various 

products and services. Therefore different energy dependencies exist among countries, according to their policies. The 

possibility of safeguarding the energy needed by a country, called energy security, has become a fundamental requirement 

for the economic growth and social welfare of any country as the main driving force [1].  

The relationship between the total primary energy supply of a country (TPES) and the gross national product (GNP), 

or even other “alternative” indicators like the human development index (HDI), is a well discussed topic.  According to the 

literature, there has been a decrease in the average energy requirement to obtain minimum levels of HDI during recent 

decades [2], a non-linear relationship between energy consumption and HDI in high energy consumption levels has been 

detected [3] or even future energy consumption forecasts have been developed to achieve acceptable living standards [4]. 

Generally, these analyses have not included energy embodied in imported goods. For this reason, recent energy footprint 

calculations have been carried out with the Multiregional Input Output (MRIO) methodology [5], formulating the energy 

requirements of a country based on its consumption rather than its production.  

Initially, high energy dependency may negatively affect the welfare of a country's inhabitants [1], especially within 

the panorama of the predicted global fossil fuel scarcity [6]. In recent years, steps towards quantifying energy security have 

been taken in an aim to capture the supply risks and provide the basis of a cost-benefit analysis [1]. The measurement of the 

energy security of supply (SOS) has initially taken into consideration four aspects: the availability (geological existence), 

accessibility (geopolitical elements), affordability (economical elements) and acceptability (environmental and societal 

elements) of energy [7].  
The fact that large quantities of the energy resources of one country could be used by another country, with no fair 

economic exchange, could generate a new “energy colonialism”. It has been observed that there is a tendency in the current 

centralized, large-scale energy system, whereby the Global North countries aim to maintain the own high energy 

consumption levels by introducing new Energy Infrastructures (EI) [8] and having negative effects on the welfare of the 

Global South. Further research papers, more focused on case studies, accuse certain Global North Countries not only of 

instigating social injustice but also of having a negative environmental impact on the planet [9], [10], [11]. 
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Furthermore, the fact that there is a limited amount of resources in the world means that the average energy footprint 

needs to be equal to “one world energy footprint per capita”. Thus, when a country uses more energy than the per capita 

average, this means that another country’s citizens or future generations would need to consume less for the sum always to 

be the average total energy consumption of “one world”. In 2014, the annual rate of energy extraction stood at 

159,320.85 TWh, of which 86.36% comes from fossil-fuels and nuclear [12]. The global annual average energy 

consumption per capita was 22 MWh. Nevertheless in the United States of America they consumed 81 MWh (367% more 

than the average) and in European OECD countries 35 MWh (158% above the average). Meanwhile, other regions such as 

Africa, Non-OECD America and Asia (excluding China) are consuming 35%, 70% and 38% less than the world average 

[12]. There is a finite amount of total available energy resources, renewable or not, in the world [13]. Moreover, certain 

authors consider that the existence of the so-called “developed countries” is only feasible by controlling the resources and 

shifting the impact to the lowest social classes, to the environment, to Global South countries, and even to future 

generations [14]. Furthermore, another author points to a lack of awareness in society, even among experts in the energy 

research field:  “[…] like many other consumers and even commentators and analysts in the energy studies field, did not 

see the ethical connection between her personal demand for oil, and military casualties related to securing that oil in the 

Middle East.” [15]. To counter this dissonance between cause and effect, “energy justice” [15] and “shared responsibility” 

[16] [17] have been presented as useful decision-making tools that could assist energy planners and consumers in making 

more informed energy management choices. 

Given this panorama, the aim of this paper is to contribute towards demonstrating the dependency of the so-called 

developed countries on the resources of the Global South. This paper aims to classify the 40 countries selected for this 

study according to their level of energy sovereignty. In order to calculate the energy sovereignty of countries, the Hidden 

Energy Flows (HEF) have been taken into account [18]. Lastly, how energy dependency among countries really affects 

national welfare, according to the Human Development Indicator (HDI), has been analysed.  

 

2. Methodology  
 

In order to calculate the specific percentage of energy sovereignty in the selected countries, the World Input Output 

Database (WIOD) has been used [19]. Furthermore, International Energy Agency (IEA) data have been used to adjust the 

WIOD data. By processing WIOD data with the multiregional input-output (MRIO) methodology, the Total Primary 

Energy Footprint (TPEF) was obtained. This methodology has been used previously by Arto et al. [5] and is based on 

extrapolating economic importation data on energy to obtain the resulting imported embodied-energy data.  

The research covers 40 countries from all over the world, including 12 non-OECD countries and 28 OECD countries, 

and one more country has been added to aggregate the rest of the world data (RoW). The analysis has been made by 

crossing the economic data for 35 different production sectors and 5 consumption sectors against the total primary energy 

supply by sector, using the mathematical Leontief-type models. 

Firstly, before crossing the economic and energy data, the WIOD Gross Energy Use (GEU) was adjusted to the Net 

Energy Use (NEU) for each country and sector. The WIOD GEU concept uses double entries [20] whereby energy is 

counted before and after each transformation process. However, the NEU calculated by the authors is equal to the Total 

Primary Energy Supply IEA data with no double entries. The WIOD sectors modified are shown in Table 1. Sector E, 23 

and 27t28 have been recalculated adding the “Base”, the “Auto-production” consumption based on Genty et al. [20] and 

have been complemented with the “Added” information. The remaining sectors have been calculated by subtracting from 

the current total sector energy consumption, the electricity produced in auto-production sectors. 

Table 1. Procedure to obtain NEU from GEU data. 
Data with double entries 

in WIOD 

Replace with corrected data from IEA 

WIOD 

Sector 

NACE 

Sector 

Base Auto-production Added 

E 

 

40,41 TCHARCOAL, ECHARCOAL, TGASWKS, 

EGASWKS, ELNG, EPOWERPLT, EPUMPST, 

MAINCHP, MAINELEC, MAINHEAT, 

EBLENDGAS, TBOILER, TELE, THEAT 

GASCOKE, GASWKSGS DISTLOSS,  

23 23 TBKB, EBKB, TCOALLIQ, ECOALLIQ, TGTL, 

EGTL, ENUC, TPATFUEL, EPATFIEL, 

TREFINER, EREFINER, TCOKEOVS*1, 

ECOKEOVS*1 

COKEOVGS, CRUDEOIL, 

ETHANE, PETCOKE, 

REFINGAS, REFFEEDS 

 

27t28 27 TBLASTFUR, EBLASTFUR*2, TCOKEOVS*1, 

ECOKEOVS*1, IRONSTL, NONFERR 

COKCOAL, OVENCOKE, 

BLFURGS, OXYSTGS 

 

     

AtB 01, 02, 05 AGRICULT, FISHING (not used) CHARCOAL*3, 

SBIOMASS*3, 

Rest of auto-producers 

 

C 10, 11, 12, 

13, 14 

EMINES, EOILGASEX, MINING (not used) BITCOAL, LIGNITE, 

PEAT,  SUBCOAL, 
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Rest of auto-producers 

24 24 CHEMICAL, TPETCHEM (not used) Rest of auto-producers NECHEM (not 

used) 

20 20 WOODPRO (not used) CHARCOAL*3, 

SBIOMASS*3, 

Rest of auto-producers 

 

21t22 21, 22 PAPERPRO (not used) CHARCOAL*3, 

SBIOMASS*3, 

Rest of auto-producers 

 

36t37 36, 37 - Rest of auto-producers  

F 45 CONSTRUC (not used) Rest of auto-producers  

L 75  NUCLEAR, 

Rest of auto-producers 

 

M 80 - Rest of auto-producers  

N 85 - Rest of auto-producers  

O 90, 91, 92, 

93 

BIOGAS (not used) GBIOMASS, INDWASTE, 

MUNWASTEN, 

MUNWATER,  

Rest of auto-producers 

 

*1 Proportionally distributed between industries 23 and 27 according to monetary terms from SUT-WIOD according to the 

“Use Purchase Tables” and data from NACE 10, “Coal and lignite; peat”. 
*2 Only computed transformation losses in sector 27. 

*3 Proportionally distributed between 02, 20, 21 according to energy consumption in the auto-production sector in IEA data. 

 

Secondly, NEU data (e) have been processed with MRIO methodology to obtain the energy embodied in goods and 

services (g) in Fig. 1. The total direct energy consumed by households (h) has been added to (g) to give the definitive TPEF 

by country. The difference between TPES and TPEF shows the Hidden Energy Flow (HEF), the average amount of energy 

that citizens of a country consumed outside the country embodied in goods and services, which is not currently recognized 

by the IEA. 

 
Figure 1. MRIO adequate scheme of the research (Source: developed by the authors) 

 

These data have been processed in a matrix form, shown in Fig. 1, following the steps: 1. Calculate the technical 

coefficient matrix, A (Eqn. 1); 2. Calculate the inverse Leontief matrix (Eqn. 2); 3. Calculate a condensed consumption 

matrix of consumption sectors by country, reducing these from five sectors to one (Eqn. 3); 4. Calculate the energy 

coefficient “c” (Eqn. 4); 5. Obtain the goods’ embodied energy footprint “g” (Eqn. 5); 6. Add the goods’ embodied energy 

footprint and household direct energy consumption to obtain the TPEF (Eqn. 6). All the calculations have been summarized 

in one single matrix-structure formula by Eqn. 7 and 8. 

 

A = z*inv(diag(x))      (1) 

InvLeon = inv(I-A)       (2) 

rf = [41, 1435]               (3) 
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c = e*inv(diag(x))                             (4) 

g = (diag(c)*InvLeon)*rf            (5) 

TPEF = g + h              (6) 

TPEF = (diag(e*inv(diag(x)))* inv(I- z*inv(diag(x))) )*rf  + h                (7) 

  
Once the TPEF data for each country has been calculated, the TPEF-based energy sovereignty is then calculated, 

resulting in the percentage of energy that is produced in the country from the total consumed in the country. This has been 

compared with the energy sovereignty data directly obtained from the TPES, provided by the IEA. According to the energy 

sovereignty data, countries have been classified into 3 types: Type A Countries, which produce >100% of the consumed 

energy; Type B Countries, which produce between <100% and >70 % of the consumed energy; and lastly Type C 

Countries, which produce <70% of the consumed energy. 

Lastly the relationship between energy sovereignty and HDI has been analysed in TPES-based calculations and TPEF-

based calculations. 

 

3. Results 

 

All the results obtained from the calculation model (developed by the authors, using Matlab software) for the year 

2009 are summarized in table 2. The table shows different energy consumption per capita levels for countries calculated 

using TPES and TPEF, and the respective Hidden Energy Flow for each country. Similarly the energy sovereignty for each 

country has been calculated based on TPES and TPEF data. This is the first time that the TPEF-based energy sovereignty 

data have been calculated. 

 

Table 2. Energy Sovereignty according to production-based (TPES) data versus consumption-based (TPEF data). 

Country 

Energy Consumption 
[MWh/(year p. capita)] HEF 

Energy Sovereignty 
[%] Category HDI 

TPES TPEF TPES based TPEF based 

RUS  52.70   41.67  -21% 184% 233% A 0.88  
AUS  65.04   83.65  29% 238% 185% A 0.93  
IDN  9.75   9.33  -4% 176% 184% A 0.66  
RoW  35.75   32.41  -9% 149% 167% A 0.67  
CAN  86.19   91.24  6% 157% 148% A 0.90  
MEX  18.06   19.61  9% 125% 115% A 0.75  
CHN  20.10   17.17  -15% 91% 107% A 0.70  

BRA  14.22   14.67  3% 96% 93% B 0.72  
DNK  38.75   57.52  48% 130% 88% B 0.91  
EST  42.26   43.08  2% 85% 84% B 0.84  
CZE  46.71   44.33  -5% 74% 78% B 0.86  
NLD  55.00   56.93  3% 81% 78% B 0.91  
IND  6.67   6.36  -5% 74% 77% B 0.58  
ROU  19.92   21.93  10% 81% 74% B 0.80  
POL  28.75   29.13  1% 71% 71% B 0.83  

USA  81.95   91.73  12% 78% 70% C 0.91  
BGR  27.37   23.53  -14% 56% 65% C 0.78  
GBR  36.50   48.86  34% 81% 61% C 0.90  
SWE  56.78   64.82  14% 67% 59% C 0.90  
FIN  72.58   79.57  10% 50% 45% C 0.88  
LTU  32.25   36.77  14% 50% 44% C 0.83  
SVN  40.14   48.56  21% 52% 43% C 0.88  
FRA  45.59   57.23  26% 51% 40% C 0.88  
HUN  28.86   31.90  11% 44% 40% C  0.82  
LVA  23.93   32.08  34% 48% 36% C  0.81  
SVK  35.91   38.19  6% 35% 33% C  0.83  
DEU  44.84   56.06  25% 41% 33% C  0.91  
AUT  44.33   58.88  33% 37% 27% C  0.88  
TUR  15.78   18.42  17% 67% 27% C  0.74  
BEL  60.62   68.08  12% 26% 23% C  0.88  
GRC  30.81   48.09  56% 34% 22% C  0.86  
KOR  54.21   47.98  -11% 19% 22% C  0.88  
ESP  32.03   40.84  27% 24% 19% C  0.87  
TWN  50.75   38.56  -24% 13% 17% C  0.89  
JPN  42.91   51.70  20% 20% 16% C  0.88  
PRT  26.79   33.14  24% 20% 16% C  0.82  
ITA  32.16   44.44  38% 16% 12% C  0.87  
IRL  36.30   57.49  58% 10% 7% C  0.91  
LUX  91.98   105.98  15% 3% 2% C  0.89  
CYP  36.71   59.57  62% 3% 2% C  0.85  
MLT  22.04   36.09  64% 0% 0% C  0.83  

 

 

   (8) 
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Contradicting the trends presented until now, energy consumption and the resulting HDI data trends are shown in 

Fig. 2. The chart shows that a rise in energy consumption only increases the HDI of the country up to certain maximum 

levels. After exceeding a maximum value, the increase in energy consumption per capita brings a decrease in the HDI of 

the country. In 2009, the maximum value up to which HDI continues to increase according to the TPES calculations was 

found to be a national consumption of 67,142 kWh which generated a HDI of 0.922. This maximum was higher when 

calculations were made using TPEF data whereby a national average energy consumption of 78,000 kWh resulted in an 

HDI of 0.921.  

 

 
Figure 2. Energy consumption effect on HDI. 

 

According to energy sovereignty values, Fig. 3 (a) shows that in 2009 the lower the energy sovereignty value, the 

higher the HDI level. It should be stated that when performing calculations there are 4 countries, Australia, Russia, Canada, 

and Denmark, which do not follow the aforementioned trend, thus Fig. 3 (b) has been developed in order to clearly 

demonstrate this trend. Denmark is one of the most critical countries in energy sovereignty calculations, since although 

based on TPES data it seems to be a Type A Country (with an average of 130% self-produced primary energy), it becomes 

a Type B Country when recalculating the data using TPEF values (by lowering the auto-produced primary energy to 88%). 

This illustrates a dangerous trend that is becoming increasingly common in OECD countries, whereby the production of 

goods and services is exported to other low-income countries, especially in the Global South. Therefore, the Global North 

countries in general, obtain a significant increase in their TPES-based energy sovereignty value. Redoing the calculations 

based on TPEF data, a completely different panorama emerges, presenting a much lower energy sovereignty value for the 

aforementioned Global North countries. 

 

    
    (a)       (b) 

Figure 3 Energy Sovereignty effect on HDI (a) with all the countries and (b) excluding AUS, CAN, DEN and RUS.  

 

4. Conclusions 

 

Firstly, this paper shows that energy consumption does not always raise the HDI of a country but that an increase in 

the former could actually have a negative effect on the living standards of a country. It should be emphasized that in the 

TPEF-based calculations, this maximum value remains higher than TPES-based calculation values. 

This paper also shows that calculating the energy sovereignty of a country should be conducted using TPEF values in 

order to avoid equivocal interpretations of the current international energy panorama. The paper also shows that although 

according to the aforementioned energy security research papers energy sovereignty seemingly results in a higher HDI 

value, this does not seem to be the case. Moreover, at least in 2009, high-energy dependent countries are shown to have the 
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highest HDIs. This effect seems to indicate that international energy resource exchanges are not conducted  fairly in that 

countries with the highest energy sovereignty do not benefit (in terms of an increase in HDI) from possessing these 

resources.  
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Abstract 

 
The need for a transition towards a more sustainable energy system is a concern shared by an increasing number of countries, many of whom 

regard the German energy system as a model due to its integration of renewable energy. However, the German system has also been 

criticized for overusing coal in the primary energy supply and in electricity generation. This paper aims to look beyond the German national 

paradigm by analysing four German case studies which present a very different dynamic to the policy adopted by the State, in an aim to 

demonstrate that other approaches to energy do exist and are in fact being put into practice parallel to national policies. This research aims 

firstly to analyse the origin and ideology of each case study and secondly to quantify the changes in consumption patterns against the 

national average. 

 

Keywords: energy transition, energy democracy, public management, community management, low-carbon, low energy consumption, 

energy sovereignty 

 

 

1. Introduction 
 

There is an urgent need for an energy transition to a new democratic equalitarian energy system [1], [2] with a low socio-

environmental impact [3]. In the process of identifying the path to follow, there has been a tendency to consider this transition in 

mainly technological terms in the shift from using fossil and nuclear fuels in favour of renewable sources. Germany is currently 

the country with both most photovoltaic panels installed in the world 38,200 GW [4], and the country with the greatest wind 

power capacity in Europe: 44,946.1 MW [5]. Nevertheless, if we define sustainable to mean meeting the needs of the present 

without compromising the ability of future generations to meet their own needs [6], the current low integration of renewable 

energy systems (RES) into the primary energy supply and the German high levels of  energy consumption bring us reflect as to 

whether this really is a model to emulate. 

As an analysis of the German national energy system, Figure 1 shows different critical aspects of the current national 

model. Firstly, one of the most crucial aspects is that 29.2% of the national total primary energy supply (TPES) represents 

transformation and losses, due to the current centralized non-efficient fossil-fuel based energy transformation processes.  

Secondly, Figure 1 (left-hand chart) shows that only the 4% of the national TPES is allocated to residential electricity use. 

For this reason, energy policies should not only target residential electricity use but also need to tackle the very root of the 

energy consumption issue by creating the real potential to change the energy system in its entirety: namely, the remaining 

96.3%. Regarding the aforementioned statement, as far back as 2006 the European Commission, in its report “Energy 

Technologies: knowledge, perception, measures” published by Eurobarometer, recognized the trend towards overestimating the 

impact of residential energy consumption: “However, respondents seem to have a somewhat vague idea of the ranking of energy 

consuming sectors: the impact of transport is underestimated while the impact of the sector related to housing (heating, lighting, 

electric equipment and air-conditioning) is overestimated.”[7]. 

The third crucial aspect is the disproportionate emphasis placed on electrical energy by policymakers and citizen actions 

whereas by analysing the electricity and non-electricity consumption (Figure 1 (right-hand chart) and Figure 2) shows that only 

17.07% of the national energy consumption is in the form of electricity.  
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Figure 1. Energy consumption percentage by sector (left), and energy consumption by sector 

identifying electric (e)  use or non electric (ne) use (right) (Source: developed by authors). 
 

Figure 2 also shows that the real presence of renewable energies in Germany stands at only 11.69% and the remaining 88.31% is 

made up of non-renewable fuels, with an extremely high presence of crude oil, carbon and natural gas. 

  

 
Figure 2. Total primary energy supply sources (left) in 2013. Electricity consumption sources (right) in 2013, 

based on IEA 2013 data (Source: developed by authors). 

 

Analysing the bleak panorama of the current energy system, it is at this point that “bottom-up initiatives” come into play. 

Firstly, these demonstrate that the integration of renewable energies can be far greater. In fact, recent research has demonstrated 

that “decentralised initiatives have played a crucial role in the expansion of RES (Renewable Energy Systems) in the German 

energy system” [8]. Secondly, they provide an answer to the main purpose of this paper, namely to conclude whether bottom-up 

initiatives could be more successful in the reduction of average energy consumption as a result of changes to the energy 

consumption model.  

This paper outlines how the coming energy transition would not only require a shift in energy generation technology but 

also a shift in energy management and consumption models. Transitions could behave differently in rural [9] or urban areas [10], 

but in all cases, the bottom-up approach could play an important role in translating energy transition ideas into real changes. 

Furthermore, bottom-up development of a new energy model (until now mainly analysed with a focus on the integration of RES 

technology [11]) could affect both Global North and Global South Countries. 

 

2. Methodology 
 

In order to analyse the behaviour and results of specific “bottom up” energy transition initiatives in Germany, the “case 

study” methodology has been chosen. Unlike the multi-level perspective (MLP) methodology [12], the case studio methodology 

is able to focus on the society that is generating the change and not on the external actors (in regional or national terms) [13] by 

offering the possibility to conduct broader research. The “case study” method does not require the control of behavioural events 

and focuses analysis on contemporary events by answering the principle questions “how” and “why” [14]. According to Simon 

[15] “Case study is an in-depth exploration from multiple perspectives of the complexity and uniqueness of a particular project, 

policy, institution, program or system in a ‘real life’ context.”.  

The first step was to select the cases. After identifying the different bottom-up energy transition cases in Germany, these 

were classified by types: social movements, intentional communities (and ecovillages) and energy generation co-operatives and 

sustainable neighbourhoods (with a particular emphasis on infrastructure optimization). One of each was selected for the case 

study research. Likewise, the aim was to select different cases according to their economy, scale or geographic location as can be 

seen in Table 1.  
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Each case study was then further analysed and qualitative and quantitative questionnaires were created. The persons 

responsible for the cases were contacted and the areas visited, with interviews conducted on location. In the qualitative 

questionnaire the goal was to understand the total primary energy consumption and the electricity consumption of each case 

study. The goal was not to take new measurements but to collect the data available on each case study. This quantitative data 

was compared against the national average figures (for the RLF case study, qualitative analysis was not undertaken due to the 

fact the case study did not take place in one specific location). In fact, in the qualitative analysis the goal was to understand both 

the philosophy behind each case study and the nature of each energy transition. When the results were compiled, no attempt was 

made to compare the cases against each other, rather the specific characteristics of each case were analysed in greater depth in an 

aim to integrate the different philosophies as parallel actions facilitating a shift towards the creation of a new energy model. To 

conclude the case study approach, key learnings were extracted from each case. 

 

Table 1. Analysed case studies. 

Initiative Subject 

Feldheim village A small town, with the help of a university undergraduate, creates a self-governed 

energy cooperative and its own energy grid. 

Sieben Linden ecovillage United by grassroots anti-nuclear movements, a group of people created a low-

energy consumption community. 

Solar Settlement neighbourhood An architect, inspired by the sustainable construction techniques and the 

approach to life in the district, builds a 52-house block which produces more 

electricity than it consumes. 

Rosa Luxemburg Foundation 

(RLF) 

The socialist foundation works to support national and local policies for energy 

democracy. 

 

3. Case studies 

 

3.1. Feldheim 
 

The village of Feldheim is renowned for being the only energy self-sufficient village in Germany. The village produces 

energy for the 128 inhabitants and the business activities taking place in the town, and the surplus energy is sold to the national 

grid. The main activity is livestock farming, with two medium-size farms, one with 400 cattle and the other with 600 pigs, which 

mainly feed on locally produced fodder and vegetables. For this reason, in the calculations contained in this paper the energy 

required to cover the total energy consumption of Feldheim has been considered as TPES. 

In Feldheim, the community opted to create its own renewable energy generation system and to have the right to choose 

how to invest their savings and both the source and the technology of the energy generation system. With this autonomy, the 

community has chosen not to elude or delegate the responsibility for the socio-environmental impact of their energy generation 

system to any national private or public policies. They set up a renewable energy generation cooperative called "Energiequelle", 

which allows them to create their own energy grid based on the local economy and with less impact on the environment and on 

society. 

Currently, the cooperative owns 47 wind mills with 71.1 MW installed capacity producing 175.1 GWh electricity per year; 

a 500 kW bio-digester biogas plant to mainly generate the heat for the pig farm and all buildings in the village with a 

3,000 meter long closed district-heating circuit; a 0.4 MW biomass plant for emergencies, which is normally not functional but is 

on standby for use in the event of a power outage; and lastly, a 2.25 MW solar photovoltaic installation. In addition, Feldheim 

has installed a 10 MW ion-lithium pilot plant, in order to solve the intermittency issues with their renewable energy generation 

plants. 

It is estimated that in 1995, before the village’s electricity generation system was changed, €500,000 was spent every year 

on the supply of electricity and thermal energy [16], taking into consideration not only residential demand but also the demands 

of the medium-size pig and cattle farms. However, after the creation of their own energy generation system, they are currently 

consuming what is ostensibly the most cost-effective supply of thermal energy in Germany. In 2014, when the national average 

price of the thermal energy stood at 28 cents per kWh, in Feldheim they were paying only 17.4 c€/kWh [16]. Regarding 

electricity, the cost is even lower, closer to 9 c€/kWh. To achieve this energy independence, in the case of the biogas plant, the 

inhabitants had to apply for a loan of €1.3 Million. 

In 2013, electricity production in Feldheim stood at 135.9 GWh and consumption at 855.95 MWh [17], meaning only 

0.63% of its electricity production was self-consumed. In addition they consumed 2,690.11 MWh of locally produced thermal 

energy, 1,903.74 MWh of which was used in households and farms. This means that electricity and thermal consumption per 

capita was 29,550.5 kWh/year. If we take these figures to represent the Primary Energy Supply, considering Feldheim a self-

sufficient community, and we compare them against the national energy supply per capita in 2013, the amount of Primary 

Energy Supply was 34.54% lower than the national average. 
 

3.2. Sieben Linden 
 

This is an ecovillage inhabited by 140 people, 100 adults and 40 children, based on austerity and a local production system. 

This is achieved through a communal participation-based model of resource management, the use of environmentally and 

socially aware quantifiable resources and collecting data on energy consumption. Having complete data on their own 
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consumption enables them to change patterns and technologies when necessary, and helps promote a responsible approach 

towards the environment in all types of consumption (food, building materials, energy, water purification systems, etc). They 

currently co-own 80 hectares, of which 45 are forestland, and in the future they expect to reach a population of between 250 and 

300 inhabitants. 

The first important key element to reducing the per capita energy consumption has been communal living and the 

communal use of items. People are entitled to use a maximum private space of 16 m2 in the private shelter, and another 16 m2 in 

buildings belonging to the community, such as dining areas, living rooms or work spaces. This enables them to use much less 

energy in building, maintaining and heating these spaces. Similarly, the common use of tools, such as kitchen appliances, 

electronic appliances, cars (with use limited to 300 km/person per year) or toolkits, enables the community to reduce the 

embodied energy consumed in the equipment manufacturing process. In Sieben Linden there is an average of one washing 

machine for every ten people, and one car for every twelve people, whereas average vehicle ownership in Germany is one car for 

every 1.5 people [18]. Note also that there is a “free” store, located at the entrance to the community house, where clothes and 

used objects are exchanged, giving them a longer life. 

The second key element in creating a low-energy model has been to build low impact shelters. In the first home built (Villa 

Strohbund) the ambitious challenge was to consume only 10% of the primary energy traditionally consumed in homes [19]. 

Energy consumed during the construction of the Villa Strohbund was estimated to be between 2 and 5% of that consumed by a 

conventional house with the same insulating properties (50 kWh/m2 per year) [20], [21]. The total thermal energy requirement of 

this first house was 1450 kWh/year per person provided by using 1.43 m3/year of firewood per person from the local forest. In 

order to reduce this, new efficient homes such as the "Libelle" were built whose solar heating system supplies 1980 kWh/person 

per year and which only requires 0.6 m3/year of firewood per person. 

Lastly, the ecovillage currently produces 70% of all the fruit and vegetables it consumes and they aim to become 100% 

self-producers.  Meanwhile the rest is purchased from an ecological wholesaler and they always aim to consume locally-grown 

food. It is also significant that all the meals served in the common dining room are vegetarian or vegan, reducing the energy 

needed to produce, process and transport their food [22]. 

Due to their lifestyle changes, and as a consequence of their consumption model, residents of the ecovillage were able to 

reduce total primary energy consumption (10,650 kWh) by 76% in comparison with national average primary energy 

consumption (45,140 kWh), according to the data collected in this study. 

 

3.3. Solar Settlement 
 

Located in Vauban (Freiburg) and designed by architect Rolf Disch, Solar Settlement is one of the most highly-acclaimed 

sustainable housing complexes in the world [23]. Disch applied the PlusEnergy concept in this complex of 59 dwellings, 

shopping centre, offices and parking area, the first housing community in the world to have a positive energy balance [24]. Disch 

coined the concept PlusEnergy in 1994 to mean that the energy consumed in a building is lower than the energy produced [25]. 

The balance includes electrical or thermal energy purchased externally and the surplus electricity generated which is sold to the 

grid. Therefore, the consumers manage to play a new role in the energy system becoming energy producers. Solar Settlement 

apartments are 75 to 162 m2 [26] and most are 3-story with 60 m2 gardens. The current average occupancy rate is 2.9 people per 

house [23] and they are occupied by upper middle class families with high incomes [27]. 

In line with the Passive House certification the thermal demand is below 15 kWh/m²/year, 91% less than the German 

average of 150 kWh/m2/year [28]. This thermal energy is provided by a neighbourhood-based combined heat and power system 

(CHP), with 1,150 kW heat capacity and which supplies 50% [29] of the heat demands of households in the neighbourhood, with 

a heat production of 14,000 MWh/year. In addition to this thermal energy, it generates 850 kW of electricity. 

Energy use in the transport sector and the transportation model for the Solar Settlement neighbourhood has also been 

tackled by Disch. The complex was designed as a vehicle-free area with pedestrian and cycle access. This affected the design of 

the dwellings and each has a wooden shed for bicycles, instead of a garage. The community has also been carefully integrated 

into the neighbourhood and into the city of Freiburg in terms of public transportation with tram access included in the design. 

The electric utility used by the vast majority of the inhabitants of Solar Settlement is Elektrizitätswerke EWS. This 

company was set up in the town of Schönau by the local anti-nuclear movement and guarantees a 100% renewable source energy 

supply [30]. This research study has taken the electricity and thermal data for four families to verify that the PlusEnergy targets 

are being fulfilled and hence, shows the calculations for the average electricity and thermal consumption per person. The average 

figure for thermal energy demand is 19.45 kWh/m2, almost in line with the Passive House certificate level. Yearly electricity 

consumption stands at 577 kWh/person, 69% lower than the national average of 1,893.91 kWh/person. 

 

3.3. Solar Settlement 
 

The energy-related actions implemented by the RLF aim to reduce the social and environmental impact of the current 

energy model [31] [32]. The RLF shares Hermann Scheer’s vision that “If the transition from nuclear and fossil to renewable 

energy is only carried out in a piecemeal and gradual manner, then it is highly likely that world civilization will be thrown into a 

staggering crisis affecting everyone and everything: dramatic climate change threatens to make entire habitats unfit to live in and 

to trigger mass misery and the migration of hundreds of millions of people. This burdens civilization with challenges and 

damage limitation costs greater than those required for the transition to renewable energy.” [33]. To tackle the environmental 

impact on society, the RLF has created an ecology working team to coordinate the social and political actions undertaken by the 

Foundation related to ecology. 
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The current work of the RLF ecology team is directly linked to the energy sector, to facilitate “an inevitable energy 

transition” [31] [32]. The goal is to find spaces to discuss how to create a more democratic more social energy model. Firstly, in 

terms of the management and control of consumption and secondly, in terms of the decision-making processes involved in 

selecting energy production types and sources.  

The RLF has staged the international conference “Socio-ecological transformation focus energy” organized in collaboration 

with Vienna University, under the guidance of Ulrich Brand. Since the first seminar, the aim has been to define the 

“emancipatory social-ecological transformation” as opposed to energy resource dependence and its methods of production, 

distribution and consumption [34]. An important connection has been made with the energy experiences and struggles in Latin 

America and Europe, to link this set of issues to the specific actions trying to define the requirements for a socio-ecological 

transformation, such as a North-South relationship based on solidarity, global sustainability in terms of real resource availability, 

or new technologies. 

One of the most important actions supported by the RLF has been its participation in actions to democratize the electricity 

utilities in Berlin [35]. The unification of social movements in the energy sector created a round table to set up a public 

electricity supplier in Berlin (Berliner Energietisch). This association forced the City Council to hold a referendum to vote on the 

need for the community-based management of the public power supply. The referendum was held on November 3, 2013 with a 

victory for the YES vote. However, only 24.1% of citizens voted, below the minimum 25% required to make the vote valid [36]. 

Several organizations have argued that the government chose the week after the government elections and that for this reason 

there was a very low turn-out [37]. Although the goals were not achieved, the RLF still currently supports this cause. 

 

4. Conclusions 
 

The key learning extracted from each case study could provide ideas for action to be performed by other communities, 

regions or nations wanting to progress towards a new energy model. The case studies show firstly that despite the high national 

average energy consumption, there is a real movement of “bottom-up” initiatives creating significant changes towards a new 

energy model in Germany. These four case studies show that in the energy transition, technological improvements are losing 

their status as the only key factor and in contrast social and environmental advances are being seen as increasingly important 

factors.  

The existence of bottom-up communities is especially relevant as this creates a sufficient amount of people (a critical mass) 

to put energy transition ideas into practise. Likewise, participatory processes play a critical role in constructing new 

infrastructures and buildings for energy-efficient models, as shown especially in the Sieben Linden case study. Lastly, these four 

case studies show that the new energy model can be economically viable when personal savings are invested in community 

projects, when renewable energy generation systems are installed. Furthermore, this model is a clear example of taking full 

responsibility for the social and environmental impact of the actual energy model. 

 
Figure 3: Conclusion extracted from the case studies analysed (Source: developed by the authors). 
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Abstract 

 
This paper is a short review on how the renewable energies and Model Predictive Control (MPC) can be used for climatization in 

buildings. They have been published in the last years in well-known research journals with the objective of showing the state of the 

art in this field, as well as some of the most interesting technological advances that can improve the efficiency of the management 

of buildings in the next years. Based on the documentation, the current technological development, some available databases and 

existing modelling applications, it would be feasible to define diverse recipes in a Predictive Control System using renewable 

energies. This would allow optimizing the energy management of air-conditioning in buildings for their heating / cooling, through 

two renewable energy sources, i.e., a radiant floor by solar system with collector panels and a high-performance heat pump system. 

 
Keywords: “Building energy systems”, “Energy-efficient buildings”, “Model predictive control”, “Smart buildings”. 

 

1. Introduction 
 

The energy consumption required to air-condition any building is very high. According to several institutional reports, 

it accounts for 40% of the total energy generated in the world and therefore it would be causing one third of the total 

greenhouse gas emissions (GHG) [1,2,3]. Obviously, these data justify the importance of improving in this area to 

achieve sustainability. On the other hand, a number of studies developed in the last years as well as the technological 

advances in applications of buildings modelling and the databases existing at the present time allow us to be 

optimistic with the launch of new strategies to improve the efficiency at technical and economic level in the 

management of the climatization in buildings: Ruparathna et al. [4] summarize different energy efficiency 

improvement initiatives and define a road map for improving the energy performance of operating commercial and 

institutional buildings, Harish et al. [5] review modeling and control of building energy systems, Roberts [6] analyzes 

passive and active measures in existing buildings, Chandel et al. [7] show codes, standards, regulations and energy 

efficiency alternatives, Santos et al. [8] identify the factors which have influence on any building energy systems and 

Kneifel [9] estimates life-cycle energy savings of energy efficiency actions in new commercial buildings. For 

feasibility to carry out a project to air-conditioning public and office buildings will be analyzed: Firstly, we review 

several researches which have been published in the recent state of the art with the objective of showing the current 

situation in this field and the different existing focus. Secondly, with the tools revised and determining the ones 

considered more appropriate, it will be proposed a first working hypothesis. For that, we will have to consider the 

historical data of the climatological conditions and the Geospatial information of the location of a building, as well as 

the expected occupancy data and the comfort conditions required by the current legislation. Also, we must assess 

several Heating, Ventilation and Air Conditioning (HVAC) systems with renewables energies, in order to reach the 

required comfort levels. Finally, it will be presented an approach of modeling through an energy performance 

simulation software for a public building with offices. It arises how minimize the energy demanded, through the 

definition of a series of "recipes" based on previous calculations made. These "recipes" could be applied according to 

the weather and occupancy forecast. This would allow to predefine a pattern of use in advance so that the predicted 

conditions of the building will conform to a predictable theory. For this purpose, several investigations have been 

reviewed, as shown in Table 1. 
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Table 1. Overview of the literature about Predictive Control: 

    Type of building Occupancy HVAC System Weather data  Energy Control 

Ref. Focus of the article: Dwelling Public Conduct Demand Sources Device Real Forecast Sensor  Predictive 

[10] 
Model predictive control: Theory 

and practice 
--- --- No No No No No Yes No Yes 

[11] 
Predictive control operated by 

radiant floor heating systems 
--- --- No Yes No Yes No Yes No Yes 

[12] 
Climate control using stochastic 

model predictive control 
--- --- No No No No No Yes No Yes 

[13] 
Stochastic Model Predictive 

Control 
--- --- No Yes No No No Yes No Yes 

[14] 
Use of model predictive control 

and weather forecasts 
--- --- Yes Yes No No Yes Yes Yes Yes 

[15] 
Experimental analysis of model 

predictive control 
Yes No No Yes No No Yes Yes Yes Yes 

[16] 
Implementing Model Predictive 

Control in building 
No Yes No No No Yes Yes Yes Yes Yes 

[17] 
Model Predictive Control for 

Buildings 
No Yes No No No No No Yes No Yes 

[18] 
Control of HVAC Systems via 

Explicit and Implicit MPC 
No Yes Yes Yes No No Yes Yes No Yes 

[19] 
Review of building energy 

modeling for control 
--- --- No No No No No Yes No Yes 

[20] 
Toolbox for development and 

validation of grey-box models 
--- --- No No No No No Yes No Yes 

[21] 
Practical implementation of 

model predictive control 
No Yes No Yes Yes Yes Yes Yes Yes Yes 

[22] 
Heating System use in aged 

buildings via MPC 
Yes No No Yes No No No Yes No 

Yes 
(8-20h.) 

[23] 
Simulation-based model 

predictive control 
Yes No Yes Yes No No Yes Yes No 

Yes 
(24h.) 

[24] 
Building Model Identification 

during Regular Operation 
No Yes No Yes No No Yes Yes Yes 

Yes 
(24h.) 

[25] 
Model Predictive Climate 

Control of a Office Building 
No Yes No Yes Yes Yes No Yes Yes 

Yes 
(58h.) 

[26] 
MPC of ventilation for 

underground stations 
No Yes Yes Yes No No Yes Yes Yes 

Yes 
(1h.) 

[27] 
Coupling a neural network 

predictor and a fuzzy logic 
No Yes Yes Yes No No Yes Yes No Yes 

[28] 
A Dynamic Fuzzy Controller to 

Meet Thermal Comfort 
--- --- Yes Yes No No Yes Yes No Yes 

[29] 
Adaptive Neuro-Fuzzy Inference 

Systems as a Strategy 
--- --- Yes Yes Yes No No No No Yes 

[30] 
Development of advanced fuzzy 

logic controllers in BAS 
No Yes Yes Yes No No No No No Yes 

 

2. Literature review 

 

Through the articles and researches reviewed (a summary of all these works have been shown in the Table 1), one can 

observe the evolution of Model Predictive Control (MPC) for buildings in the last years. Starting from late 80s till 

nowadays, there are many researches which study the best way to develop a MPC and also multiple trials and 

implementations have been carried out. 

García et al. [10] substantiated that MPC is an excellent control option because it takes into account the weather and 

occupancy forecast to find an optimal management of the energy. Cho et al. [11] probed strategies as a means of 

improving the energy efficiency of intermittently heated radiant floor heating systems. The results show that using the 

predictive control strategy could save between 10% and 12% energy. Oldewurtel et al. [12,13,14] performed climate 

controls using Stochastic model predictive control. Široký et al. [15] developed an experimental analysis of model 

predictive control. Cigler et al. [16,17] made a MPC implementation in building. Fabietti et al. [18] controlled HVAC 

Systems via Explicit and Implicit MPC. Xiwang et al. [19] reviewed building energy modeling for control and 

operation. De Coninck et al. [20,21] developed a toolbox making validated grey-box building models and did practical 

implementation of MPC. 
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During the year 2016, some implementations of MPC in different locations and types of building were realized: 

Carrascal et al. [22] a dwelling building in the Basque Country (Spain), Ascione et al. [23] a residential building in 

Naples (Italy), Hu et al. [24] a public building in California (USA), Sturzenegger et al. [25] a office building in 

Allschwil (Switzerland) and Vaccarini et al. [26] in a underground station in Barcelona (Spain). In this last 

implementation, a Wireless Sensor Network (WSN) was used to know real data of occupancy, temperature, humidity, 

etc, because nowadays, there are many possibilities that would allow do it. Other example with a WSN is shown by 

Reena et al. [31] in their paper where the real occupancy were obtained by means of sensors and used to control 

indoor climate in a Building Automation System (BAS). A WSN could be considered the best way to avoid 

disturbances related with any alteration of temperature or occupancy information, because as indicated by Oldewurtel 

et al. [32], the occupancy information is a very important factor to reach a correct building climate control. 

Furthermore, nowadays these detectors could be harvesters because they would be more easily installed and 

maintained. Having a wireless network, it could transmit real data to a control system to make small adjustments in 

real time on the HVAC system. This would improve the efficiency because it could give a more appropriate response 

to the required comfort requirements and also, it would minimize the energy consumption of the building.  

Finally, several papers have been reviewed which study different ways to manage the information and control the 

HVAC system, in order to have a nice comfort conditions but optimizing the energy consumption in the building: 

Marvuglia et al. [27] combined neuro-fuzzy model for indoor temperature dynamic and automatic regulation, Collotta 

et al. [28] proposed an artificial neural network to perform indoor temperatures forecast which were used to feed a 

fuzzy logic control unit, Dragomir et al. [29] identified the most used criteria, related to each modeling step, to define 

an optimal neural network forecasting tool and Ghadi et al. [30] developed an advanced fuzzy logic controllers in a 

smart building. 

 

3. Input data and information 

 

This section is going to describe the main factors that have been considered to the climatization of a building, using 

renewable energies and MPC. 

 

3.1. Meteorological data (associated with a location) 

 
In developed countries it is easy to access to the databases available from governmental organizations and National 

Meteorological Institutes [14,15] or even from meteorological stations located at airports or cities [24,28]. It is also 

possible to use applications which allow to calculate the incident solar radiation on flat surfaces arbitrarily oriented in 

any geographic location, for instance, Energyplus (http://www.eere.energy.gov/buildings/energyplus/) [16,23] or 

others site webs [18]. This information is possible complemented it with other climatic parameters such as 

temperature, cloudiness, infrared radiation, luminance, atmospheric pressure, wind speed and direction, etc. 

Much of this information is possible through Geographic Information Systems (GIS). This allows us to have a 

database to create a historical data with different ranges of temperatures and humidity to define patterns in basis of 

which to create different "recipes" to work on a HVAC system for a certain building. 

 

3.2. Usage data and occupancy of the building 
 

The number of people or occupancy density, the duration of the occupancy, the nature of the activity carried out in a 

building, the type and power of the lighting and other electrical elements (for example, computers) or ventilation 

requirements as well as the infiltrations, are determinant to perform a correct simulation [6,13]. 

It is also important to define its operation mode: continuous or intermittent, as well as a timetable of use at different 

seasons of the year. 

It is complex to have a full certainty of this information. However, some standards can be defined according to the 

degree of occupancy forecast and the level of comfort required [32] with the possibility of making adjustments based 

on the actual data acquisition by field sensors [31]. This detectors let us to know the real conditions and manage the 

HVAC system according to an optimal real demand. 

 

3.3. HVAC System Design Data 
 

The type and operation of HVAC systems are fundamental, as well as their performance and their ability to achieve 

the required comfort values optimizing the energy required for it. 

Furthermore, if the target is to minimize the economic cost, the electricity rates or fuels required in the HVAC system, 

they must be taken into account. 

Firstly, considering the different existing HVAC systems, a radiant floor could be an efficient system as justified in 

[33,34]. It would allow for air-conditioning different areas of a building at a set point temperature pre-set in function 

of the weather forecast and occupancy. Moreover, it could take advantage of the thermal inertia of the building 

envelope to minimize the energy cost depending on the applicable energy rate in function of its schedule. 

And finally, to improve the real requirements at different times, it would be possible to use a Wireless Sensor 

Network (WSN) that permits to know data of real temperature and occupancy online. For this last application of work 

Online, it is proposed to use high-performance heat pumps to adjust the comfort conditions demanded on a faster way 

and thereby avoid any disturbances in the system. These heat pumps can correct mismatches due to unexpected 

changes in the comfort and / or occupancy conditions. Nowadays, high performance heat pumps have a high 

http://www.eere.energy.gov/buildings/energyplus/
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efficiency and an excellent behavior as indicated in [35,36]. Both systems, radiant floor and high-performance heat 

pumps, have the capacity to heat or cool the space where they are installed. It is possible to adjust the air conditioning 

of the building during all the periods of the year, both in summer and winter. 

 

3.4. Building modelling data 
 

Each building is unique, not only due to its location but also for its orientation, geometry, dimensions and distribution 

of the zones, its characterization according to its construction type, the building materials used in its envelope, its 

surrounding conditions or the use of each one of its spaces. 

It is obvious that the building envelope is one of the most important factors because it includes fenestration properties, 

Wall-Window Ratio (WWR), wall and roof material properties, air leakage or envelope sealing, natural ventilation, 

orientation, building configuration, day lit area, shape and height of the building [37,38]. For this reason, a correct 

modelling of the building is necessary to develop an outstanding investigation. 

Obviously, the replacement of windows [39] or using phase change materials (PCM) in the roof [40] to enhance its 

thermal performance, or any other improvement over the thermal insulation of the opaque envelopes of a building, it 

is very interesting, because they can reduce thermal losses of the building. But in many situations, a MPC could be 

more effective, easier, cheaper and with better energy savings. 

 

4. Operative for a Predictive Control using renewable energies 

 

Two levels are proposed for the control of the HVAC system: the first one is managed by means of a MPC. It is 

possible to anticipate the temperature / humidity conditions of the building according to the forecast of weather, 

occupancy and comfort requirements established. For this, the forecast of the meteorological data from a National 

Meteorological Institute or another source of confidence obtained by Internet with 24 hours in advance can be used 

[23,24]. Moreover, the schedule and timetable of the building would be taken into account in order to create several 

recipes. These recipes will be generated thanks to the modelling and subsequent simulations by means of building 

energy performance simulation program, to optimize the energy consumption considering the building thermal inertia 

as well as the energy cost. For example in a working day in winter, when the activity in the building begins at 8:00 

am, it could take advantage of the thermal storage capacity of the building [12,19], to run the heating through the 

radiant floor with some hours in advance, based on a work pattern defined in a recipe considered the most adequate 

depending on the weather and occupancy forecasts defined. Even considering the energy cost, because we cannot 

forget that in some countries, it has a variable cost according to a time range. And above all, the operation of the 

HVAC system would be running in a controlled way to avoid energy peaks and achieve important energy savings 

[15,21]. The main target would be for the building to reach the comfort conditions required in the occupancy hours 

expected. Within the temperature range of these comfort conditions, the temperature set point of each building space 

would be adjusted according to incident solar radiation, its albedo, wall-window ratio (WWR), wall and roof material 

properties, air leakage or envelope sealing, natural ventilation, orientation, building configuration, day lit area, shape 

and height of the building. 

The obtained data could be managed in a control system using a family of controllers without expert intervention for a 

long time [10]. Nowadays, Grey-Box is considered the most adequate model [20]. For instance, Stochastic Model 

Predictive Control (SMPC) strategies have been successfully applied in different studies [14,16,18] for energy 

efficient building climate control. Specifically, a fuzzy logic controller (FLC) could be a nice way [27,28,29,30] to 

manage the different recipes generated by TRNSYS application in function of the input signals available (forecasts and 

in real time). The objective would be optimize the control over the HVAC system, composed of radiant floor and high 

efficiency heat pumps, whose sources are renewable energies, to reduce energy consumption adjusting the heating or 

cooling depending on occupancy profile and comfort requirement defined. 

With a second work mode, let's call it Online Mode, it would be used the high performance heat pumps because they 

can cool or heat the spaces of the building achieving a more flexible system. This would allow a faster response to 

sudden variations of conditions or simply any user could have a certain control over range temperature which it would 

improve its own sensation of comfort [6]. Online Mode would work with a Wireless Sensor Network (WSN) which 

would capture temperature and occupancy data in real-time of the different spaces of the building, it would make it 

possible to correct misalignments through the control of the high efficiency heat pumps. This approach with both 

indicated modes is shown in Figure 1. 

 

5. Conclusions and future works 
 

As it has been justified through the mentioned references, it is currently possible to improve the energy efficiency of 

any building with the available technologies and tools. But specifically in public and office buildings, the possibilities 

are huge with a predictive control system. It could be possible to manage a HVAC system with source from renewable 

energies, in an effective way, achieving considerable energy savings, and therefore, reducing CO2 emissions. It will 

be possible to reach the goal of ZERO EMISSIONS and in the not too distant future to have buildings that can supply 

themselves without external energy resources. 

Our next work will be a review of the application of renewable energy in buildings, especially solar collectors used 

with a radiant floor and high efficiency heat pumps. Furthermore, we will consider developing a modeling of an office 

building in the Basque Country (Spain) by a building energy performance simulation program, for instance the 

TRNSYS application. 
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Figure 1. Scheme of the Two Working Modes: Predictive and On-line. 
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Abstract 

 

Diverse type applications require wind speed time series (WSTS) for simulation purposes, this paper focuses on generation WSTS to 

be used for wind turbine pitch controller simulation. WSTS are normally generated using the probabilistic approach with Monte Carlo 

technique due to a large number of simulations required. Wind turbine simulations for pitch control require wind speed fluctuations to 

perform a proper controller assessment. These WSTS must assure realistic wind speed variations such as wind gusts and include some 

rare events such as extreme wind situations. An autoregressive method is proposed to produce a WSTS. The methodology used is 

generated in a precise and customised approach for a specific location. This methodology is explained and illustrated by mathematical 

notation as well as it is parametrized by means of data gathered from a weather station located in Vitoria-Gasteiz City. Simulations 

performed are showed by various figures. 

 

Keywords: Wind speed, time series, autoregressive models, pitch controller. 

 

1. Introduction  
 

Wind is air in motion originally produced by the effect of the non-uniform distribution of sunlight on Earth due to 

translation and rotation movements of Earth around the Sun. Sunlight is absorbed in different rates depend on Earth 

location. These effects produce variations of temperature, pressure, and composition at different layers of Earth 

atmosphere that produce bulk movement of air. The velocity of air displacement is called wind speed. 

 

There are various and diverse type applications that require a large chain of consecutive wind speed, some examples are 

fatigue analysis, wind energy exploitation studies, plume simulation of atmospheric pollutants, etc. These applications 

need a huge number of simulation to detect rare events such as extreme wind situations. These time series are normally 

generated using the probabilistic approach such as Monte Carlo method [1]. 

 

Modelling longitudinal wind speed is approached by several authors in different disciplines. A methodology for the 

simulation of bivariate non-stationary time series of wind speed and direction is proposed in [2]. In [3] shows a variogram 

function employed to measure the change rate exist between wind speed variations and daily periodicity. In [4] shows a 

model for deterministic wind speed forecasting by means of a combination of two methods: outlier robust extreme 

learning machine and time-varying mixture copula function. [5] 

 

This paper is focused on generating customised longitudinal wind speed time series for wind turbine controllers 

simulation purposes using autoregressive methods. This personalization resides on use data gathered from a specific 

weather station where wind turbine can be placed. Customised wind speed time series involve a better parametrization of 

wind turbine controller due to increasing the accuracy between real wind speeds and time series used in simulations. 

Autoregressive methods are powerful techniques to create time series in a stochastic way. Also, a post-processing data is 

carried out by a filter to wipe non-desired wind speed fluctuations 

 

This paper is organised into five sections organised as follow. Section 2 provides background information about the 

mathematical components used as well as the methodology applied to generate WTTS. Section 3 shows the 

meteorological sources from data is gathered. Section 4 presents the simulations performed by means of the methodology 

proposed and data parametrized. Section 5 brings main conclusions as well as future work planning. 

 

2. Autoregressive models 
 

WSTS for wind turbine pitch controller simulation purposes is generated by means an autoregressive component as well 

as post-data-process. The architecture proposed is represented by Figure 1. 
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Figure 1. The architecture used for WTTS. 

 

This section is organised as follows. The autoregressive component proposed as well as a short overview of 

autoregressive models are explained in Section 3.1. The post-data-process component to remove unwanted wind speed 

behaviour is explained in Section 3.2. 

 

2.1. Autoregressive models  
 

An autoregressive model is a stochastic method to successively generate values of the certain variable based on its own 

previous values [6]. These models are used to perform different types of applications such as predictions [6] and 

simulations that involve wind speed time series [7]. An autoregressive model with 𝑝 parameters is denoted by 𝐴𝑅(𝑞). 

Eq.(1) shows an 𝐴𝑅(𝑞) to produce a wind speed time series where 𝑣(𝑡) is the wind speed at time 𝑡, 𝑐 is a constant, 𝜑𝑖 is 

the 𝑖 − 𝑡ℎ autoregressive parameter and 𝜀(𝑡) is an independent random normal distribution with zero mean and constant 

variance 𝜎𝜀
2, mathematically denoted as 𝜀 (𝑡) ~ 𝑁 (0, 𝜎𝜀).  

 

𝑣(𝑡) = 𝑐 + ∑ 𝜑𝑖 · 𝑣(𝑡 − 𝑖) 

𝑖=𝑝

𝑖=1

+ 𝜀(𝑡)  (1) 

 

Parameters can be established by fulfilling statistics properties. On the one hand, the expected value properties are applied 

over Eq.(1) to obtain Eq.(2): i) The expected value at each instant is the same for the entire time series and it corresponds 

with mean value of entire time series, denoted by �̅�; ii) The expected value of autoregressive parameters and constant 

parameter are equal to themselves; iii) The expected value of a random normal distribution with zero mean and constant 

variance is zero. 

 

�̅� ∙ (1 − ∑ 𝜑𝑖

𝑖=𝑝

𝑖=1

) = 𝑐 (2) 

 

On the other hand, the expected variance and auto-covariance properties are applied over Eq.(1). Auto-covariance is the 

covariance of the same time series separated by k instants and it is calculated by Eq.(3). The variance of time series is a 

case of auto-covariance when there is no instant separated. 

 

𝐶𝑣𝑣(𝑡, 𝑘) = 𝐸[𝑣(𝑡)  ∙ 𝑣(𝑡 − 𝑘) ] − 𝐸[𝑣] ∙ 𝐸[𝑣] (3) 

 

By means of applying the premise of the expected variance and auto-covariance at each instant is the same for the entire 

time series to Eq. (1) gives a system of linear equations of p autoregressive parameters and p linear equations represented 

by Eq.(4). 

 

[
𝐶𝑣𝑣(𝑡, 1)

⋮
𝐶𝑣𝑣(𝑡, 𝑝)

] = [
𝑣𝑎𝑟(𝑣) ⋯ 𝐶𝑣𝑣(𝑡, 𝑝 − 1)

⋮ ⋱ ⋮
𝐶𝑣𝑣(𝑡, 𝑝 − 1) ⋯ 𝑣𝑎𝑟(𝑣)

] ∗ [

𝜑1

⋮
𝜑𝑝

] (4) 

 

To calculate AR(p) parameters. Firstly, the p autoregressive parameters are settled by Eq.(4) and secondly constant 

parameter is settled by Eq.(1). 

 

There are variations of the preliminary 𝐴𝑅(𝑞) model by adding one or more components. One case is the autoregressive 

moving average model that includes a second polynomial for the moving average to smooth short term fluctuations.  

An autoregressive moving average model with 𝑝 parameters of autoregression polynomial and 𝑞 parameters of moving 

average polynomial is denoted by 𝐴𝑅𝑀𝐴(𝑝, 𝑞). Eq.(5) shows an 𝐴𝑅𝑀𝐴(𝑝, 𝑞) model to produce a wind speed time series 

where 𝜃𝑖 is the 𝑖 − 𝑡ℎ parameter of the model [23]. Polynomial parameters can be calculated by means of least squares 

technique [8], Burg Method [9] and Shanks method [9]. 

 

𝑣2(𝑡) 
Autorregressive 

model 
Filter 

𝑣′1(𝑡) 𝑣3(𝑡) 

Saturation 
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𝑣(𝑡) = 𝑐 + ∑ 𝜑𝑖 · 𝑣(𝑡 − 𝑖) 

𝑖=𝑝

𝑖=1

+ ∑ 𝜃𝑖 · 𝜀(𝑡 − 𝑗) 

𝑗=𝑞

𝑗=1

+ 𝜀(𝑡)  (5) 

 

Another autoregressive model combining 𝐴𝑅𝑀𝐴(𝑝, 𝑞) model with an integral component is autoregressive integrated 

moving average model. This model is denoted by 𝐴𝑅𝐼𝑀𝐴(𝑝, 𝑑, 𝑞) with d difference instant. 

 

Another autoregressive model used when some statistics parameters (such as mean and variance) change over time is 

Autoregressive Integrated Moving Average (ARIMA) model. This model adds an additional component with 𝑑 

parameters of moving average polynomial and it is denoted as 𝐴𝑅𝐼𝑀𝐴(𝑝, 𝑑, 𝑞) [10]. Making a comparison with the 

previous models, on the one hand, 𝐴𝑅𝑀𝐴(𝑝, 𝑞) model is a particular case of 𝐴𝑅𝐼𝑀𝐴(𝑝, 𝑑, 𝑞) when there is not 

integration polynomial (𝑑 = 0). On the other hand, 𝐴𝑅(𝑞) is a particular case of 𝐴𝑅𝐼𝑀𝐴(𝑝, 𝑑, 𝑞) when there is neither 

integration polynomial (𝑑 = 0) nor autoregression polynomial (𝑝 = 0) [11]. 

 

An alternative variation of autoregressive model is by means of including autoregressive conditional heteroskedasticity 

models. In this type of models, the random variable variance value is not constant and it is adaptable by means of a 

function of the previous terms. For example, generalised autoregressive conditional heteroscedasticity models use an 

additional autoregressive model to calculate the random variable variance value [12]. The heteroscedasticity component 

improves wind speed time series due to the capability of modelling together moments with high variability combined 

with little variation [7]. 

 

3.2. Filter 
 

Enhance certain features of autoregressive sampled signal through a set of mathematical operations is needed by using a 

digital filter to removes unreal high fluctuations of wind speed. Although there are different types of filters according to 

the frequency response, a second order low pass filter is proposed to avoid high variations between two consecutive wind 

speed points. This filter is described in Laplace notation as: 

 

𝑉2(𝑠)

𝑉1(𝑠)
=

𝜔𝑛
2

𝑠2 + 2 ∙ 𝜉 ∙ 𝜔𝑛 ∙ 𝑠 + 𝜔𝑛
2

 (6) 

 

where s is the Laplace transform variable, ζ is the damping ratio and 𝜔𝑛 is the natural frequency in 𝑟𝑎𝑑/𝑠. These values 

are settled as following. On the one hand, natural frequency is assigned according to cut-off frequency desired by using 

Eq(7) where 𝑓𝑛 is the cut-off frequency. Frequencies above Cut-off are reduced by 40 𝑑𝑏/𝑑𝑒𝑐. 

 

𝜔𝑛 = 2 ∙ 𝜋 ∙ 𝑓𝑛 (7) 

 

On the other hand, damping ratio defines the overshoot of the response. This overshoot is defined as the maximum peak 

value of the response curve measured from the desired response of the system. Normally it is given in the range between 

0 and 1 and calculated by Eq(8) where 𝑀𝑝 is the overshoot response in parts per unit.  

 

𝑀𝑝 = 𝑒−(𝜉/ √1−𝜉22
) (8) 

 

The attenuated frequencies are represented by Figure 2 and Figure 3. These figures use a logarithmic scale. The left side 

shows the magnitude of the frequency response in decibels. The right side shows the phase shift in radians. 

 

 
Figure 2.  Magnitude attenuation at each frequency. 

 
Figure 3.  Phase at each frequency response.  
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The saturation block limits range of wind speed values fluctuates. This range is defined by Eq(9) with the wind speed 

lower limit and upper limit parameters. 

 

𝑣𝑚𝑖𝑛 ≤ 𝑣1 ≤ 𝑣𝑚𝑎𝑥  (9) 

 

4. Use case  
 

4.1. Gather data 
 

Data is collected from a weather station placed inside of Vitoria-Gasteiz, the capital city of Basque country, thanks for 

Basque Meteorology Agency Euskalmet. The exact location of this weather station is at -2.68899 and 42.8604 of 

longitude and latitude values respectively. The location of the weather station is 546 meters above sea level and sensors 

are installed 11 meters above the ground. Figure 4 shows three photos about this weather station and the place that it is 

sited. 

 

    
Figure 4. Weather station placed in one street of Vitoria-Gasteiz. 

 

Although this weather station can provide several public records, the only information used is shown in Table 1.  

 

Table 1. Data gathered from the weather station. 

Symbol Description Units 

𝑡 It is the timestamp that identifies uniquely date and time of event occurred. yy-mm-dd hh:mm 

�̅�𝑛 It is a statistical longitudinal wind speed averaged over a period of 10 minutes 

expressed in meters per second. 
(𝑚/𝑠) 

𝑣𝑚𝑎𝑥 It is the maximum longitudinal wind speed over a period of 10 minutes 

expressed in meters per second. 
(𝑚/𝑠) 

𝑣𝑚𝑖𝑛  It is the minimum longitudinal wind speed over a period of 10 minutes 

expressed in meters per second. 
(𝑚/𝑠) 

𝑆𝑛 It is a standard deviation of wind speed over a period of 10 minutes expressed 

in meters per second. 
(𝑚/𝑠) 

𝑇 It is a statistical air temperature averaged over a period of 10 minutes 

expressed in Kelvin degrees. 
(𝐾) 

𝐻 It is a statistical relative air humidity averaged over a period of 10 minutes 

expressed as a percentage. 
(%) 

𝑃 It is a statistical Atmospheric pressure over a period of 10 minutes expressed 

in Pascal. 
(𝑃𝑎) 

𝑧 It is the meters above sea level. (𝑚) 

 

4.2. Parametrize model 
 

Although air density fluctuates with temperature, pressure and humidity, WSTS are generally expressed with normalised 

value of air density at 1.225 kg/m3 [13]. This value is presented at sea level pressure and 288.15 K temperature 

according to the international standard atmosphere. Air density is denoted as 𝜌𝐴𝑖𝑟  and expressed in terms of pressure and 

temperature by Eq(10) where g is the gravity constant (9.81 𝑚/𝑠2 at sea level) and R is the specific gas constant for air 
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(287.05 𝐽/(𝑘𝑔 ∙ 𝐾)).This equation combines ideal gas law equation as well as constant pressure at sea level, 𝑝0, relates 

to its exponential decrement as height increases. 

 

𝜌𝐴𝑖𝑟 =
𝑝0

𝑅 ∙ 𝑇
· 𝑒𝑥𝑝 (−

(𝑔 ∙ 𝑧)

(𝑅 ∙ 𝑇)
) (10) 

 

Also, air density can be calculated more accurate according to the International Committee on Weights and Measures 

using temperature, pressure and humidity [14]. 

 

Autoregressive block uses longitudinal average and standard deviation wind speed to parametrize model. Autovariances 

values are settled experimentally due to the dependency of samples frequency.  

 

Extreme Operation Gust (EOG) is defined by the IEC 61400 norm and it is characterised by a wind speed decrement 

following a high increment as a Mexican hat wavelet. Cutoff frequency parameter is settled by inverse value of EOG 

characteristic time represented by Eq(11). EOG characteristic time is denoted by TEOG as well as it is fixed in 10.5 seconds 

according to the IEC 61400 norm.  

 

𝑓𝑛 = 𝑇𝐸𝑂𝐺
−1 (11) 

 

The saturation block is settled by maximum longitudinal and minimum longitudinal wind speed values from the weather 

station. 

 

6. Simulations results 
 

Although several simulations can be performed, only two simulations over a period of 10 minutes are shown in this 

paper. The first simulation is shown in Figure 5 that represents the WSTS generated by data gathered from the weather 

station on February 13, 2017, whose average wind speed was high. The second simulation is shown in Figure 6 that 

represents the WSTS generated by data gathered from the weather station on April 19, 2017, whose average wind speed 

was calm. 

 

 
Figure 5. 10 minutes of WSTS with data gathered on 

February 13, 2017. 

 
Figure 6. wind speed time series generated with AR() 

model. 

 

Average values, max values, min values and standard deviation are calculated over these WSTS to compare with 

parameters used to parametrize the autoregressive model. This assessment is shown in the following table. 

 

Table 2. Physical properties, italic is required 

Properties Figure 5. Figure 6  

Average error 0.20% 0.39% 

Standard deviation error 41.32% 41.25% 

 

6. Conclusions 
 

WSTS is generated by a methodology of three components: autoregressive model, filter and saturation block. The 

autoregressive model and saturation block are parametrized by data gathered from a weather station. The filter is 

parametrized by EOG characteristic time defined in the IEC 61400 norm. Two WSTS are generated with different 
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parametrization as well as they are shown in Figure 5 and Figure 6. Also, these two WSTS are evaluated by various 

statistic metrics to calculate the error performed. 

The standard deviation error resides on effect performed by filter component due to frequencies reduced decreases 

samples fluctuation. The Standard deviation error is very similar in both simulations, so in future work, another gain 

parameter will be needed to reduce the error commitment. Huge amount of simulations will be performed to check 

experimentally 
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Abstract 

 
We have developed a neural network model for Wind Turbine Model with real data, in order to accelerate the wind turbine dynamic 

simulation. The main objective is to develop a yaw control for a 100kW Wind Turbine. The control has different goals, the first one is 

the wind direction correct following, and the second one is to avoid yaw big changes, in order to avoid big fatigue increases. In this 

article we propose architecture for plant model using neural network in order to decrease the simulation time. This question is a key 

question because the Yaw Control is usually a very big time constant control loop that needs big time span simulation to verify the 

good behavior along big time spans. The proposed Yaw Control Loop has three parameters: An error dead band, a direction yaw error 

filter time constant and error correction gain. These three parameters have been synthesized using PSO intelligent algorithm, obtaining 

promising results. 

 
Keywords: Yaw control, Wind Turbine Control, Neural Network Modeling and Particle Swarm Optimization. 

 

1. Introduction  
 

In this article we show a yaw control proposal for a wind turbine of 100kW. The rotor speed is controlled by a pitch 

variable adaptive PI regulator as it is explained in [1]. The rotor dynamics much faster than the yaw control system as is 

explained in [2]. The main problem related to the yaw control is the big time constants that must to be keep by the control 

when the yaw control tries to adapt the yaw position in order to follow the wind direction. If the changes of yaw angle 

they appears big furling effect and the fatigue and load increases in the yaw mechanical systems. So, yaw control must to 

work with a rotor speed controller that has a much faster dynamic. So, the objective here is to try to simulate the wind 

turbine power production with the proposed yaw control. The problem has been solved because we have trained the rotor 

dynamics with an artificial neural network that is explained below in section 2.1. This neural network let us to simulate is 

a very quickly way the rotor dynamics and the power production, because the real data collected in a real wind turbine 

have been applied in the neural network training algorithm. In this way, we have reached mean value power production 

model with the trained neural network. Finally, the yaw control has three main parameters: the yaw error low-pass filter 

cut-off frequency, the yaw error dead zone and the yaw controller’s proportional gain. There are two main objectives that 

must to be fulfilled by the yaw control: the captured mean power and the reduction as much as possible the load fatigue. 

This problem has been posed as optimization problem that has been solved by an intelligent algorithm called Particle 

Swarm Optimization that has been applied very high results in many control applications [1], [3]-[5]. The optimization 

problem has been explained in section 2.3. 

 

2. Yaw Control design problem settlement  
 

2.1. 100kW Wind Turbine modelling 
The wind turbine modeling has been designed through neural networks. The system has been modelled using a MLP-BP 

in order to collapse the complete dynamic of the wind turbine, and leave as inputs the wind speed module and the yaw 

angle of wind speed. The output of this neural network is the power captured by the wind turbine. This model contains 

the dynamics of the power train, the dynamics of the rotor speed control and the aerodynamics of the wind turbine. The 

MLP-BP neural network has not any feedback variables because the yaw control time constant is bigger than the time 

constant of rotor speed control. Usually, the time constants of a rotor speed control is about 1 s to 10 s as it is mentioned 

and explained in [1], [6]. The yaw control time constant is about several minutes to a quarter of an hour [7]. 

The MLP-BP neural network has only one hidden layer with 10 neurons. The transfer function of these hidden neurons is 

a hyperbolic tangent function. The output layer has only one neuron because the networks has only one output (the 
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captured power). We have tried to apply different architectures but the best results have been achieved with this 

architecture. The proposed fitting function is the well-known mean square error function. The training algorithm is a back 

propagation one, Levenberg-Marquardt backpropagation algorithm[8]. 

 

We have devoted the 70% of data to training step, and the 15% of data to validation step, and the last 15% to test step. 

The data has been assigned to each step in a randomly manner. The µ ratio is 0.1 and the maximum number of iterations 

is 1000. We have set the maximum number of iteration with consecutive increases of mean square error to six. 

Nevertheless, the stop condition that stops the learning algorithm is the maximum number of iterations. 

In the figure below, we show the predicted power given by the trained neural network, and we compare with the real 

power captured by our wind turbine installed in Moreda, Araba, Spain (see fig 4). As we can see in fig 2, the neural 

network really follows correctly the captured power. 

 

Figure 1. Predicted power (in red) vs real captured power (in blue) 

 

Performance of designed neural network is compared to the real power. and the results show a very good estimate. Best 

training performance is achieved at epoch 1000, when the Mean Squared Error value (mse) is 1.945e+07.  

 

Figure 2. Mean Squared Error (mse) vs. Epochs  

 

In fig 3, we show the error function, and we have calculated the R coefficient that shows that our model is exact enough 

to explain our collected data (R is equal to 0.95615). 
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Figure 3.  R value 

 

The analyzed wind turbine is shown in fig. 4. This industrial plant provide energy to a wine cellar called Bodegas Piérola. 

This industrial activity’s energy needs are practically fulfilled by the wind turbine. 

 

 

 
Figure 4. Píerola famous Wine Cellar (Moreda, Spain)  

 

 

2.2. Yaw control algorithm proposal 
 

In the yaw control design, the wind direction data is available, but not the nacelle’s position data. Taking into account that 

the yaw error is the subtraction between the wind direction and the nacelle’s positon, a PI controller is implemented to 

take the error to zero. The condition imposed on the control is that the number of corrections must not exceed 5 per hour. 

Therefore, a filter must be added to ease off the error signal and a dead zone where no corrections are made. Thus, the 

control would be as follows: first, the yaw error signal passes through a filter; then, a dead zone is applied and next the 

signal passes by a proportional controller. At the exit, we will have the nacelle’s speed signal. The control regulates in 

speed, but the yaw mechanism can only rotate one grade per second, therefore saturation must be added.  Finally, this 

signal must be integrated to obtain the position of the nacelle. 

 

The yaw control proposal can be written as follows with Eq. (1) to Eq. (6): 

 

𝛾𝑤𝑖𝑛𝑑 − 𝛾𝑛𝑎𝑐𝑒𝑙𝑙𝑒 = 𝑒𝑟𝑟𝑜𝑟𝑛𝑜𝑡−𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑          (1) 

 

 
𝑑𝑒𝑟𝑟𝑜𝑟𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑

𝑑𝑡
= −

𝑒𝑟𝑟𝑜𝑟𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑

𝜏
+ 𝑒𝑟𝑟𝑜𝑟𝑛𝑜𝑡−𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑          (2) 
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Figure 5.  Yaw control scheme. The filter is shown in turquoise, Dead Zone in light blue, proportional controller in 

magenta, saturation in white and the integrator in purple.  

 

 

𝑒𝑟𝑟𝑜𝑟𝑑𝑒𝑎𝑑𝑏𝑎𝑛𝑑 = 𝑓𝑑𝑒𝑎𝑑𝑏𝑎𝑛𝑑(𝑒𝑟𝑟𝑜𝑟𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 , 𝐷𝑒𝑎𝑑𝐵𝑎𝑛𝑑)        (3) 

 

 

�̇�𝑛𝑎𝑐𝑒𝑙𝑙𝑒 = 𝐾𝑝(𝑒𝑟𝑟𝑜𝑟𝑑𝑒𝑎𝑑𝑏𝑎𝑛𝑑)          (4) 

 

 

𝛾𝑛𝑎𝑐𝑒𝑙𝑙𝑒 = 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛−2𝜋.𝑁𝑚𝑎𝑥
2𝜋.𝑁𝑚𝑎𝑥 (�̇�𝑛𝑎𝑐𝑒𝑙𝑙𝑒)         (5) 

 

The rotor speed control has been collapsed with the neural network proposed that can be mathematically expressed as 

function of wind speed modulus and direction yaw error angle. The output of this function is the captured power in these 

conditions. 

 

𝑃𝑜𝑤𝑒𝑟 = 𝑓𝑛𝑒𝑢𝑟𝑎𝑙𝑛𝑒𝑡𝑤𝑜𝑟𝑘(𝑉𝑤𝑖𝑛𝑑 , 𝑒𝑟𝑟𝑜𝑟)          (6) 

 

2.3. Yaw Control Parameter Adjustment problem 

 
As we can see in Fig. 1, there are three parameters that can be adjusted: the transfer function’s value, the upper and lower 

limits of the Dead Zone and the proportional coefficient. The adjustment of these parameters is performed by Particle 

Swarm Optimization algorithm in similar manner as in [3] and [9].  

 

The particle Swarm Optimization algorithm has been designed with 10 particles and 50 iterations. The velocity’s random 

values are between -0.001 and 0.001 with a uniform distribution. The maximum value of learning factors is 0.1. The 

inertia value can be set during the simulation. There are three main strategies. The first one uses constant values, in this 

case the constant value is worth 0.01. The second one is a time-varying strategy [10] that can follow a linear or non-linear 

strategy. The last one is an adaptive strategy that can be adjusted depending on several parameters as explained in [3], [4], 

[10]. 

The optimization cost function has been proposed in order the fulfilled two main objectives: 

1.-Maximize the captured mean power in one hour. 

2.-May not exceeds a maximum number of yaw corrections. The limit in one hour is set to 10 because the yaw servo 

motor cannot make more that this number due to the thermal limits of them. 

So the optimization problem can be described as follows by Eq. (7) and Eq. (8): 

 

𝐽 = {
1

𝑇
∫ 𝑃𝑜𝑤𝑒𝑟(𝑡). 𝑑𝑡

𝑇

0
∶  𝑖𝑓 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑦𝑎𝑤 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑠 ≤ 𝐿𝑖𝑚𝑖𝑡 

∞: 𝑒𝑙𝑠𝑒
     (7) 

 

[𝐾𝑝, 𝑑𝑒𝑎𝑑𝑏𝑎𝑛𝑑, 𝜏] = 𝐴𝑟𝑔𝑚𝑖𝑛𝑠.𝑡.:𝑒𝑞𝑠 (1) 𝑡𝑜 (7)(𝐽)        (8) 
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2.3.1. Increasing the Energy Production and minimizing the load fatigue reducing the number of yaw 

position corrections  

 
The objective of this project is the development of an advanced yaw system that allows improving the production, 

considering the load fatigue that the yaw mechanism will withstand. For that purpose, a condition has been added in the 

cost function of the PSO. The objective of the cost function is to minimize the average production, taking into account 

that the power production is negative, so that absolute value will be maximized.  The condition added in the cost function 

tries to get maximum production doing less than 10 corrections per hour. This can be done, counting the number of 

corrections per hour in each simulation. If the number of corrections exceed ten, the cost will be infinite and the algorithm 

looks for a minimum value. Thus this result will be discarded and only when the corrections are less than ten the cost will 

be the average production. 

 
Figure 5.  PSO algorithm results. Green circles represent optimal values  

 
 

4. Conclusions 
 

This paper describes an innovative methodology for the yaw control based on both the neural networks and the PSO 

algorithm. By means of the neural networks, it has been possible to model the behavior of the wind turbine obtaining a 

fast response, which would not have been possible based on differential functions. The estimation of the power 

production has been done using only wind speed and nacelle’s position in relation to the wind and the results have been 

positive. 

Furthermore, PSO has achieved a correct optimization of control variables (the value of the filter, the limits of the Dead 

Zone and the gain of the proportional controller). In this way, a good power production has been achieved and at the same 

time the load fatigue of the yaw mechanism has been reduced. The use of this algorithm gives satisfactory results without 

the need for major modifications. In other words, only a few parameters must be modified to apply it to one wind turbine 

or another. The best inertia optimization has done with the linear time-varying strategy.   
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