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Abstract. Renewable energy resources for electrical generation are normally free but are not continuously availa-

ble due to their sporadic availability. Thus, hybrid connections of various kinds of energy are made to increase utiliza-

tion of renew-able energy. This paper involves a design of a hybrid renewable energy system employing maximum 

power point tracking (MPPT) techniques. The hybrid system consists of solar PV panels, a small-scale wind turbine, 

and a thermoelectric generator (TEG) module. Four MPPT techniques are examined in this research. They are the in-

cremental conductance (IC) algorithm, fuzzy logic controllers (FLC) using 25 and 35 rules, and an interval type 2 fuzzy 

logic con-troller (IT2FLC). Each MPPT technique is tested in the system to determine which has the best maximum 

power tracking, stable operation, and efficiency. All of the studied energy resources are connected to a DC linked bus. 

The voltage of this bus is supplied to a three-phase inverter. Inverter output voltage is regulated for balanced and unba-

lanced loads. The generating capacity of the designed hybrid system is 5 kW and the system is simulated using 

MATLAB Simulink R2017a. 
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Аннотация. Возобновляемые источники энергии для производства электроэнергии, как правило, бесплатны, 

но не доступны постоянно из-за их спорадической доступности. Таким образом, для увеличения использования 

возобновляемых источников энергии используются гибридные соединения различных видов энергии. В этой 

статье рассматривается проектирование гибридной системы возобновляемых источников энергии, использую-

щей методы отслеживания точки максимальной мощности (MPPT). Гибридная система состоит из солнечных  

 

___________________ 

© Касим М.А.К., Велькин В.И., Алван А.Н.Т., Правинкумар С., 2022 

mailto:mkasim@urfu.ru
mailto:v.i.velkin@urfu.ru
mailto:nassir.towfeek79@gmail.com
https://orcid.org/0000-0003-3955-6420
mailto:ambatipraveen859@gmail.com
mailto:mkasim@urfu.ru
https://orcid.org/0000-0003-0651-5454
mailto:v.i.velkin@urfu.ru
mailto:nassir.towfeek79@gmail.com
https://orcid.org/0000-0003-3955-6420
mailto:ambatipraveen859@gmail.com


Qasim M.A., Velkin V.I.,         MPPT for hybrid wind, solar and thermoelectric 
Alwan N.T., PraveenKumar S.        power generation systems for off-grid applications 

Вестник ЮУрГУ. Серия «Энергетика». 2022. Т. 22, № 2. С. 56–68 
ISSN 1990-8512 (Print)    ISSN 2409-1057 (Online)  57 

Introduction 
In most countries worldwide, the cost of electrici-

ty from public utilities is continuously increasing. 

Over the last 25 years, renewable energy resources 

have become of great interest to researchers and cor-

porations. The importance of renewable energy is ra-

pidly increasing due to the very low costs of these 

types of energy resources and low manufacturing 

costs for the necessary equipment [1]. There are many 

kinds of renewable energy resources. They include 

wind, solar irradiation, biomass, and geothermal re-

sources, among others. Each can be converted to elec-

trical energy using a suitable converter. Wind turbines 

are used to extract energy from moving air, while pho-

tovoltaic (PV) panels are used to collect solar radia-

tion [2]. A thermoelectric generator TEG can be used 

with a suitable module [3]. Since renewable energy 

resources are not available all the time, it is desirable 

to make hybrid connections between them. Such con-

nections may be integrated with a national or private 

grid, battery charging, or may be used for off-grid 

applications. DC voltage is normally produced or is 

converted to DC voltage due to the ease of dealing 

with this type of voltage. In most cases, wind, solar 

radiation, and solar heat are not available in fixed 

quantities over a particular time period. Thus, DC/DC 

converters are used to regulate the voltage and power 

extracted from these resources [4]. Regulation is done 

using a suitable algorithm or technique to track  

the maximum power point (MPP) of each resource 

under various environmental and operating conditions 

[5]. Researchers designed such hybrid systems using 

MPPT techniques in numerous applications. Urbiola 

and Vorobiev [6] performed an experimental study of 

a solar concentrating system with TEGs. The system 

was comprised of six TEG units heated using concen-

trated solar radiation on one side and cooled with wa-

ter on the other. A sun-tracking concentrator with a set 

of mosaic mirrors was used. The temperature differ-

ence between TEG surfaces was 150 °C. It was con-

cluded that the TEG employing a solar radiation con-

centrator is a reasonable alternative to traditional elec-

tric/thermal solar hybrid systems. Madaci et al. [7] 

developed a hybrid renewable energy system using 

solar PV panels, wind turbines, and fuel cells. All these 

devices were connected via a DC bus to a three-phase 

load through an inverter. In their design, a control 

strategy for power flow management was employed. 

PV and wind systems are the major power supplies, 

while fuel cells provided additional support. A load 

dump was used to simulate consumption of the excess 

power available from PV and wind sources when  

the battery was fully charged. A perturb and observe 

(P&O) maximum power point tracking (MPPT) algo-

rithm was used to track the MPP of the PV panels. 

Other control schemes for wind turbines and fuel cells 

were employed. Kuchroo et al. [8] developed an ener-

gy harvesting system using solar panels integrated 

with TEGs. The TEGs were fixed at the back side of 

the solar panel to absorb the heat of solar irradiation 

with an appropriate temperature difference on TEG 

surfaces to generate an electrical output. A suitable 

heat sink was mounted on the TEGs employing a con-

tinuous water flow that helps to maintain an appropri-

ate temperature difference across its surfaces. The ob-

tained system efficiency was 49.7% and it is used for 

battery charging. Malik et al. developed a hybrid sys-

tem that was built to utilize waste heat and hot air un-

der high pressure from a generating station to produce 

electricity [9]. This system contains TEG cells and  

a wind turbine in which the TEG cells produce elec-

tricity using waste heat based upon the Seebeck effect. 

The wind turbine blades are specially made using 

modern aerodynamic design. The DC output voltage 

of the hybrid system is proportional to the temperature 

difference and the wind speed. This voltage can be 

converted into AC voltage using inverters or it may be 

consumed directly in systems that use this form of 

energy. Al‐Nimr et al. [10] carried out investigative 

research about hybrid systems combining TEGs and  

a wind turbine. Solar energy is converted into heat 

using an absorber plate. Some of the heat is converted 

into electricity using TEGs, while another portion is 

used to heat the air that flows in a tilted duct below  

the absorber plate. A wind turbine is located inside  

the duct that encounters parallel air flow before it is 

returned to the atmosphere. Concentrated solar radia-

tion is applied to the TEGs. Air cools the outer surfaces 

фотоэлектрических панелей, небольшой ветряной турбины и модуля термоэлектрического генератора (ТЭГ).  

В этом исследовании рассматриваются четыре метода MPPT. Это алгоритм инкрементной проводимости (IC), 

контроллеры нечеткой логики (FLC), использующие правила 25 и 35, и контроллер нечеткой логики интерваль-

ного типа 2 (IT2FLC). Каждый метод MPPT тестируется в системе, чтобы определить, какой из них обеспечива-

ет наилучшее отслеживание максимальной мощности, стабильную работу и эффективность. Все исследуемые 

энергоресурсы подключены к шине постоянного тока. Напряжение этой шины подается на трехфазный инвер-

тор. Выходное напряжение инвертора регулируется для сбалансированных и несбалансированных нагрузок. 

Генерирующая мощность спроектированной гибридной системы составляет 5 кВт, и система моделируется  

с использованием MATLAB Simulink R2017a.  

Ключевые слова: нечеткая логика, гибридные источники энергии, MPPT, термоэлектрический генератор, 

возобновляемая энергия 

 
Для цитирования: Qasim M.A., Velkin V.I., Alwan N.T., PraveenKumar S. MPPT for hybrid wind, solar and 

thermoelectric power generation systems for off-grid applications // Вестник ЮУрГУ. Серия «Энергетика». 2022.  

Т. 22, № 2. С. 56–68. DOI: 10.14529/power220206 

 

 



Электроэнергетика 
Electric power engineering 

Bulletin of the South Ural State University. Ser. Power Engineering. 2022, vol. 22, no. 2, pp. 56–68 
ISSN 1990-8512 (Print)    ISSN 2409-1057 (Online) 58 

of the TEGs to increase the temperature difference 

between their two surfaces, thus, generating more 

electrical power. Also, TEGs use the buoyancy effect 

to increase the wind stream speed, thus enhancing  

the power generated from the wind turbine. Dufo-

Lopez et al. [11] did an optimization of an off-grid 

electrical supply system using renewable hybrid sys-

tems that consisted of photovoltaic, wind, battery, 

fossil fuel, and TEGs. Additional auxiliary compo-

nents such as charge controllers and an inverter were 

employed. The heat source was the exhaust heat of  

a gas stove used for heating or cooking. The objective 

of their research was to minimize net cost. Optimiza-

tion was done using a genetic algorithm. It was con-

ducted in two phases, considering low consumption 

off-grid households in Cambodia and Norway.  

In this paper, the design of a 5-kW hybrid system 

of PV solar panels, wind turbine, and TEG system was 

carried out with an investigation of multiple MPPT 

techniques. Also, a controller for a three-phase inver-

ter was designed to supply the loads in off-grid appli-

cations with a constant voltage for balanced or unba-

lanced loads. The paper is organized as follows. First, 

an introduction of the proposed hybrid renewable  

energy system is presented. This is followed by dis-

cussion of power electronics circuits for MPPT opera-

tion, and maximum power point tracking (MPPT) 

techniques. Simulation results of the system are given 

and discussed. Finally, conclusions are presented. 

 
The proposed hybrid renewable energy system 
The hybrid system in the current study used three 

energy sources. They are photovoltaic (PV) panels,  

a thermoelectric generator (TEG) module, and a small-

scale wind turbine. A brief description of each device 

is presented below. The system is schematically show 

as a block diagram in Fig. 1. 

PV panels 

Each PV panel is fabricated of small cells made 

from semiconductor materials designed to convert 

solar energy into electricity. Each panel contains many 

cells connected in series and parallel to reach the de-

signed voltage level, either 12 or 24 V [12]. Cells 

convert solar energy into electrical energy as de-

scribed by Equation (1) [13]: 

,
v v vP P s PP A I           (1) 

where 
vPA  the area of the PV cell in m

2
, 

vP  is the 

PV cell efficiency, and sI  is the solar irradiation in 

W/m
2
. Each panel is manufactured to achieve a de-

sired power level. In order to increase power and vol-

tage, the PV panels are connected in series, parallel, or 

a combination of both. The environmental conditions 

that affect PV panel operation are the amount of solar 

irradiation received and PV panel temperature. With 

any change in these quantities, the generated voltage 

and power from the PV panels will vary in proportion 

to the solar irradiation and inversely to temperature 

[14–15]. The power and voltage should be measured 

using a suitable technique or algorithm and regulated 

using a DC/DC converter to control the flow of elec-

trical energy with the maximum possible energy har-

vest [16].  

TEG module 

A thermoelectric generator (TEG) module is 

normally built from many P-type and N-type semi-

conductors mounted on opposing surfaces of the TEG. 

When a temperature difference is applied, charge car-

riers defuse from the high temperature side (Th) to  

the low temperature side (Tc). This results in a flow of 

 

Fig. 1. Hybrid system consisting of solar PV panels, a wind turbine, TEG module  
with their maximum power point tracking and load AC side requirements 
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electrical current [17]. The output voltage of a single 

TEG is estimated using Equation (2): 

,Voc T            (2) 

where Voc is the open circuit voltage at the TEG ter-

minals, α is the Seebeck effect coefficient (V/K), and 

ΔT is the temperature difference between Th and Tc 

[18]. The load voltage is determined by: 

TEG int ,V T R I           (3) 

where Rint is the TEG internal resistance and I is load 

current [19]. In the present study, the TEG module is 

fabricated using numerous TEGs connected in series 

or parallel to provide the required voltage and power. 

It should be taken into consideration that the surface 

temperatures of the hot and cold sides of the module 

ensure electrical current flow where one surface is 

heated while the other is cooled [20].  

Small scale wind turbine 

A small-scale wind turbine generally consists of 

several components. The first is a rotor with three to 

five blades to convert the energy of a wind stream into 

mechanical power. An electric generator, normally  

a permanent magnet synchronous generator (PMSG), 

is employed with protection and control equipment. 

Electronic components are necessary for power condi-

tioning and feeding the produced electricity into  

a direct load or DC link [3, 21]. The converted power, 

from wind into electrical power through a wind tur-

bine, is given by Equation (4) [22]:  

2 3 ,
1
 
2

PP R C V           (4) 

where   is the air density (1.225 kg/m
3
). R represents 

the radius of the rotor in meters (m), PC  is the wind 

generator power coefficient, and V is the wind speed 

in m/s. Normally, the electricity generated from this 

kind of wind turbine has a three-phase voltage of vari-

able frequency and amplitude. This voltage is rectified 

as a DC voltage and supplied at DC/DC converter 

terminals. The converter is used for power and voltage 

regulation as previously discussed. 

 

Power electronics circuits for MPPT operation 

Power can be delivered from each source to  

the load by the two types of power electronic circuits, 

as discussed below. 

DC/DC boost converter 

A DC/DC boost converter was used with an out-

put voltage that is higher than its input voltage. It con-

sists of an inductor, a switch that is nominally  

an IGBT or MOSFET, a diode, and a capacitor at its 

output terminals. When the switch is ON, the inductor 

works as an energy saving element to store electrical 

energy. When the switch is OFF, the inductor releases 

this energy as a current flowing to the load. Thus, at this 

state, the output voltage equals the sum of inductor and 

the input side voltages. The diode maintains forward 

feed to the load. The role of the capacitor is as a filter of 

the output DC voltage. For a loss-less system, the out-

put voltage is determined using Equation (5) [23]: 

1
,

1
Vo Vi

D



          (5) 

where D represents the duty cycle. The duty cycle  

is defined as the ratio between the period when  

the switch is at ON state (TON) to the overall switching 

period (TON + TOFF). An MPPT technique is used to 

modify the D value to control the power and voltage 

that is supplied to the load or DC bus [24]. 

Inverters 

An inverter is a DC/AC converter. If the power 

of the system is less than 3 kW, a single-phase inver-

ter can be used. For higher power levels, a three-phase 

inverter should be employed [25]. In the current work, 

a three-phase inverter is utilized. It has three legs and 

each leg employs two switches. Thus, there are a total 

of six switches. The upper switches are used to handle 

voltages with positive polarity while the lower switches 

handle those of negative polarity [26]. Each phase 

should be shifted by 120° from the other phases.  

The instantaneous phase voltages for (Y connected 

load) are determined by: 

 
1

4  
  sin sin   ;

33 

s
a

n

V n
V N n t

n





 
  

  
      (6) 

1

4   2
  sin sin     ;

3 33 

s
b

n

V n
V N n t

n





    
     

    
     (7) 

1

4   4
  sin sin     ,

3 33 

s
c

n

V n
V N n t

n





    
     

    
     (8) 

where n = 1, 7, 13, 19, and so on. Vs is the DC bus 

voltage. At this stage, the output voltage is quasi-

square for each phase. To reduce the harmonics of  

the output voltage, one of several modulation tech-

niques and filter types should be embedded and make 

the output AC voltage for each phase more nearly  

a sine wave [27, 28].  

 
Maximum Power Point Tracking (MPPT)  

techniques 

MPPT techniques are methods to operate rene-

wable energy systems at the maximum power point 

(MPP) of its power-voltage (PV) curve. The MPP of 

each source varies according to the environmental and 

operating conditions. In the current work, four MPPT 

technique were used and are discussed below. 

Incremental Conductance (IC) algorithm 

This algorithm is based on the observation that at 

the maximum power point (MPP), the slope of the cur-

ve (ΔP/ΔV) is zero. To the right of this point, the MPP 

slope is negative, while it is positive on the left. From 

these conditions, the MPP can be determined in terms 

of the incremental change in the conductance array 

[29]. In differential form, this is [30]: 

 .
  0;
d v idp di

i v
dv dv dv

           (9) 

  (a),   (b),      (c),
 

i i i i i i

v v v v v v

  
  

  
  (10) 
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where (10a) is the condition at the MPP, (10b) is  

the condition to the left of the MPP, and (10c) is the con-

dition to the right of the MPP. The result of this algo-

rithm is used to modulate a signal to select the required 

pulse for the IGBT switch of the boost converter. 

Fuzzy Logic Controller (FLC) by 25 rules 

This technique consists of an input side, output 

side, and a fuzzy inference system (FIS). There are 

two inputs, a change in current (change_I) and  

a change in power (change_P). Each input and output 

has five membership functions (MFs). They are, star-

ting from the left, negative big (NB), negative small 

(NS), zero (ZE), positive small (PS), and positive big 

(PB), as shown in Fig. 2. The universe of discourse 

(UoD) of change_I is made from (–1 to +1). Concur-

rently, the UoD of change_P is made from (-2 to +2), 

while the UoD of the output is made from (–0.01  

to +0.01). The fuzzy inference system (FIS) is of  

the Mamdani type [31, 32]. There are 25 rules be-

tween inputs and the output, as listed in Table 1.  

 
a) 

 
b) 

 
c) 

Fig. 2. FLC: a) input MFs of (change_I); b) input MFs of (change_P); c) output MFs (Duty Cycle) 
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Fuzzy Logic Controller (FLC) by 35 rules 

The FLC by 35 rules algorithm has the same 

number of inputs and single output. The UoD of each 

input and output are the same as well. The FIS is also 

of the Mamdani type. An expansion in the MFs is 

made for the input change_P and the output by adding 

two MFs, a negative medium (NM) and positive medi-

um (PM). The rules for this FLC are listed in Table 2. 

Interval Type 2 Fuzzy Logic Controller (IT2FLC) 

The FLC by 35 rules algorithm is converted to  

an IT2FLC form. The number of inputs, number  

of MFs and the UoD of each input remain the same. 

The number of rules is the same as well. The diffe-

rence is in the MF structures of the IT2FLC. Each MF 

consists of two parameters, upper and lower, as shown 

in Fig. 3. The FIS is of the Sugeno type. The output 

Table 1 
Rules of FLC by 25 rules 

 change_P 

change_I NB NS ZE PS PB 

NB PB PS NS NS NB 

NS PB PS NS NS NB 

ZE NB NS ZE PS PB 

PS NB NS PS PS PB 

PB NB NS PS PS PB 

 

Table 2 
Rules of FLC by 35 rules 

 change_P 

change_I NB NM NS ZE PS PM PB 

NB PB PB PM NM NM NB NB 

NS PB PM PS NS NS NM NB 

ZE NB NM NS ZE PS PM PB 

PS NB NM NS PS PS PM PB 

PB NB NB NM PM PM PB PB 

 

 
a) 

 
b) 

Fig. 3. Inputs of IT2FLC: a) change_I; b) change_P [20] 
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MFs are identified in linear vectors as listed in  

the Table 3. Defuzzification is based on the Karnik-

Mendel algorithm (KM) [33, 34]. 

 

Simulation Results of the System 

The proposed renewable energy system of Fig. 1 

is simulated using MATLAB Simulink R2017a.  

The system parameters are shown in Table 4. The IC, 

FLC by 25 rules, FLC by 35 rules, and IT2FLC by  

35 rules algorithms are simulated by applying all of 

these techniques to each renewable energy source.  

Fig. 4 shows the start-up results of each source with 

the corresponding MPPT technique. The load is 60 Ω 

for each phase and connected at the inverter output 

side. In this figure, it is notable that the total input 

power through using IT2FLC has the fastest response 

with the lowest overshoot, and higher supplied power 

compared to both FLC types. On the contrary, the IC 

MPPT algorithm has the slowest response with a wide 

overshoot and higher power oscillations. FLC by 

35 rules algorithm has a faster response than the FLC 

by 25 rules, but its steady state power is lower.  

The lower power of the FLC by 35 rules is due to 

lower supplied voltage from all sources. 

As the system reaches steady state, load switching 

is done when the simulation time is 1.5 s, as shown in 

Fig. 5. After load switching, the load resistance is de-

creased to 34.28 Ω per phase. 

After switching it can be seen that the power of 

the IT2FLC has the fastest response as well, but pro-

duces less power than any other of the MPPT tech-

niques. As long as there is a decrease in the power,  

a decrease of the supplied voltage will result from 

each source as well. The total power by the IC algo-

rithm has the slowest response and the power value is 

nearly same as both types of FLC,  but it  suffers  from  

Table 3 
Output FIS variables [20] 

FIS Variable Values (Linear) 

NB [0 0 –0.0075] 

NM [0 0 –0.003667] 

NS [0 0 –0.001667] 

ZE [0 0 –2.385·10
–19

] 

PS [0 0 0.001667] 

PM [0 0 0.003667] 

PB [0 0 0.0075] 

 

Table 4 
Parameters and specification of each renewable energy source 

Renewable Energy Source Specifications 

PV panel  

(5 in series × 3 in parallel) 

 

 

The specification  

of a single panel 

Maximum Power 213.5 W 

Open Circuit Voltage 36.3 V 

Voltage at MPP 29 V 

Short Circuit Current 7.84 A 

Rated Solar Irradiation and Temperature 1000 W/m
2
 at 25 °C 

Small Scale PMSG Wind 

Turbine 

Mechanical Nominal Power 2000 W 

Base Power of the Electric Generator 2000/0.9 W 

Number of Phases 3 

Maximum Power at Base Wind Speed  

(pu of nominal Mechanical Power) 
0.73 pu 

Pitch Angle 0 

Base Wind Speed 12 m/s 

Stator Resistance 1.95 Ω 

Armature Inductance 1.9 mH 

Voltage Constant (V peak L.L.
 
/
 
Krpm) 300 

Inertia 0.1 J(kg·m
2
) 

Viscous Damping 0.0024 F(N.m.s) 

Number of Pole Pairs 8 

Rated Rotor Speed 400 RPM 

TEG Module 

Number of TEG Pieces in Series 204 

Rated ΔT 60 °C 

Seebeck Coefficient 0.04 mV/K 

Internal Resistance of a Single TEG 0.323 Ω 
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oscillations. These oscillations are due to the nature  

of IC algorithm routines. The power from the FLC by 

35 rules algorithm has less difference than the power 

by FLC by 25 rules. Fig. 6 represents an enlarged 

view of the power of each MPPT technique after load 

switching. It can be seen that the power varies from 

4500 W to 4700 W for the IC algorithm and both  

FLC types. However, the power is 4100 W when  

the IT2FLC is applied. 

In order to investigate the impact of the MPPT 

techniques, the simulation is repeated by applying 

each MPPT technique for all resources at the aforemen-

 

Fig. 4. Power at PCC with an inverter at system startup when the load is 60 Ohms per phase 

 

 

Fig. 5. Power at PCC with an inverter at load switching from 60 to 34.28 Ohms 

 

 

Fig. 6. Power at PCC with inverter at steady state after load switching from 60 to 34.28 Ohms 
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tioned loads (60 Ω per phase and 34.28 Ω per phase). 

Load switching is done at a simulation time of 1.5 s. 

For the IC algorithm, it can be noted from Fig. 7 

that when the load is 60 Ω per phase, the power of  

the PV panels reaches the MPP value for both loads. 

The TEG power oscillates between 500 W and 800 W. 

However, the power of the wind turbine presents  

the worst response at low loads since it value fluctuates 

by nearly 250 W and reaches 500 W when the load 

increases after the simulation time exceeds 2.4 s. This 

figure shows that the IC algorithm works properly 

only for PV panels.  

For the FLC by 25 rules algorithm, Fig. 8a repre-

sents the power for each source for both loads.  

The figure shows stable power for the wind turbine 

and TEG. For PV panels, the power reaches its MPP 

value when the load is increased to a level higher than 

the generating capacity of the PV panels.  

In the case of the FLC by 35 rules algorithm,  

the power response behavior of each source is similar to 

the state when the FLC by 25 rules algorithm is applied, 

but the total supplied power is less than if the FLC  

by 25 algorithm rules is used. The results of the FLC  

by 35 rules MPPT technique are shown in Fig. 8b. 

 
Fig. 7. Power of each source by IC algorithm 

 

 
a) 

 
b) 

Fig. 8. Power of each source by the FLC: a) through 25 rules algorithm; b) through 35 rules algorithm 
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When the IT2FLC algorithm is used, the power 

response at low load is good for PV panels and TEGs 

where it reaches its MPP for TEGs before load swi-

tching. The power response for the wind turbine is 

worse, as shown in Fig. 9. After switching to the higher 

load, the PV panel and the wind turbine work at their 

MPP while the TEG works below its MPP. Also,  

the total power is less than when the other MPPT 

techniques are applied.  

Table 5 represents the input power, output power, 

and efficiencies of both loads for each MPPT technique. 

When the load is 60 Ω per phase, the IC algorithm has 

the poorest performance, whereas the IT2FLC algo-

rithm has the greatest efficiency. For a load of 34.28 Ω 

per phase, the IT2FLC algorithm has the lowest effi-

ciency whereas the FLC by 25 rules has the highest.  

In comparison of all MPPT techniques in the current 

work, the FLC by 25 rules algorithm is more effective 

than the other MPPT techniques for various loads.  

In the present study, all simulations are made 

with a three-phase inverter connected at the load side. 

A three-phase transformer is used to reach the re-

quired voltage levels since most of the resources are 

connected in parallel to a DC bus. All of them supply 

low voltage levels, which is undesirable in practical 

applications. In the previous figures of this section,  

the load is a balanced three-phase load. It is necessary 

to consider when the load is unbalanced. In the current 

work, a three-phase inverter is considered a voltage 

source inverter. This means that the output voltage 

should be kept constant at the desired level and chan-

ges are only made in the load current according to 

loading conditions. At the inverter terminals, there is 

an LCL filter to overcome the unwanted harmonics 

and produce pure sine waves for the output voltage 

and current. The modulation frequency is 10 kHz us-

ing the sinusoidal PWM (SPWM) modulation tech-

nique. A suitable controller should be used to maintain 

the output voltage at the desired level and frequency, 

as depicted in the functional block diagram in Fig. 1. 

The inductor current, I_abc, of the LCL filer,  

the load voltage, V_abc, and the current of the trans-

former primary I prim._abc are sensed. The voltage 

controller is automatically activated to regulate  

the load voltage according to the voltage of the trans-

former primary side set point [35]. Furthermore,  

the waveforms of the load current and the load voltage 

are distorted with the conventional strategy under  

a nonlinear local load. Each of the sensed electrical 

quantities are converted to the d-q axis frame [36]. 

The reference voltages, Vd_ref and Vq_ref, are com-

pared with the measured d-q axis voltages. The result 

of this comparison is the error that will be fed to  

a proportional integral (PI) controller. At this stage, 

the Vq_ref is set to be zero and only the Vd_ref is set 

at 160 V. This  value  represents  the  peak  voltage  or  

 

Fig. 9. Power of each source by IT2FLC through 35 rules algorithm 

 
Table 5 

Input power, output power, and efficiency for each MPPT techniques for various loads 

MPPT 

Technique 

Load is 60 Ω per phase Load is 34.28 Ω per phase 

Input 

Power (W) 

Output Power 

(W) 

Efficiency 

(%) 

Input 

Power (W) 

Output Power 

(W) 

Efficiency 

(%) 

IC 

Algorithm 
3760 2426 64.5 4635 4185 90.2 

FLC  

by 25 Rules 
2687 2435 90.6 4540 4135 91 

FLC  

by 35 Rules 
2700 2445 90.5 4665 4193 89.8 

IT2FLC  

by 35 Rules 
2762 2524 91.3 4127 3312 80.2 
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DC voltage quantity at the transformer primary side. 

The transformer output side is maintained at 400 V 

line to line. The load current quantities, I prim._d,  

I prim._q, are added to the resultant signal from the PI 

voltage controller. Then, the resulting signal is added 

to the cross d-q quantities of the capacitance voltage, 

where ωo represents the fundamental angular frequen-

cy and C is the filter capacitance per phase. The d-q 

quantities of the inductor current are compared with 

the resulting signal. The generated error at this stage is 

fed to a PI current controller. The resulting signal is 

compared with the cross d-q quantitates of inductor 

current, where L represents the filter inductor value 

per phase. The resulting signal is finally converted from 

the d-q frame to the abc frame and used as a reference 

signal in the SPWM modulation technique. This is 

used to generate the required pulses for each inverter’s 

IGBT switch. Fig. 10 represents the load voltage and 

current in two states, where the simulation time is ear-

lier than 1.5 s and the load is balanced at 60 Ω per 

phase. After 1.5 s, the load becomes unbalanced and 

the new loads become (20, 34.28, 37.5) Ω per phase. 

Conclusions 

In this paper, the design of a hybrid renewable 

energy system is focused on a small-scale wind tur-

bine, TEG, and PV panels. The MPPT techniques are 

the IC, FLC by 25 and 35 rules, and IT2FLC based 

on 35 rules algorithms. Each technique is examined 

with all resources using a DC/DC boost converter. 

The load derives its AC voltage through a regulated 

three-phase inverter. The results show that the MPPT 

by FLC by 25 and 35 rules have better performance 

in cases of DC bus voltage, supplied power, system 

stability, sharing load among various sources, and 

efficiency. Also, the FLC by 25 rules algorithm is 

better than the FLC by 35 rules, since the power pro-

vided by the former is greater, about 4600 W. Since 

the DC bus voltage is normally less than the required 

AC load voltage, a suitable three-phase transformer 

should be connected at the inverter output terminals 

after the filter, in order to reach the desired voltage 

for the load. The designed hybrid system is suitable 

for domestic and off-grid applications. 
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