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Abstract

The present paper describes and evaluates the performances of individual sources of photovoltaic system (PV), wind
energy conversion based on permanent magnet synchronous generator (PMSG), and hybrid system that combines both
sources (PV/WEC). This is done to determine which of them would be more efficient to provide reliable power with
better performances based on their performances comparison. A fuzzy logic control (FLC) is used to maximize the output
power of each of the mentioned systems. For the grid connection, an inverter is used to interconnect the systems
controlled by the field oriented control (FOC) technique. The FOC technique aims to efficiently decouple the active and
reactive powers and achieve a constant DC output voltage with a better power factor. Modeling using different control
strategies has been thoroughly examined and discussed. The effectiveness of the control techniques was tested using
MTLAB/Simulink software under varying conditions of sunlight, wind speed and output load adjustment. The
simulation results confirmed the hybrid system higher efficiency and ability to supply a reliable power. The FLC
controller robustness emphasized the instantaneous variation of weather variations and the feasibility of the decoupled

control to guarantee a unity power factor.
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1. Introduction

Renewable energy market grows regularly in the decades [1,
2] aiming completion with carbon limits and replacement of
fossil energies. Photovoltaic and wind energies have
received great attention in electrical energy production these
last decades. However, these energies are highly dependent
on weather conditions (sunlight, temperature and wind
speed). Therefore the energy supplied to the grid fluctuates
and negatively affects the grid system functioning. To
overcome this dependence, a common solution consisting on
multiple resources combination such s PV-wind hybrid
system is proposed. Its connection to the grid system ensures
a continuous supply electrical energy regardless of external
changes. Moreover, PV and wind power energies are
complementary: sunny days are usually calm and strong
winds are often occurring during cloudy days or nighttimes
[3, 4]. The hybrid PV/wind integrated system is found to
provide high steady state power generation. Renewable
energy systems are linked to a network seen as a virtual
storage system through a controllable inverter. The excess
power will be injected to a grid system that will cover a
power deficit when load requirements exceed the supplied
hybrid power using modern power converters of high
efficiency that is in the 95% order [5, 6].

In [7], a composite sliding mode controller (CMSC) is
developed to regulate the WEC by combining a speed
control and a disturbance observer loops to reduce the
chattering problem. Perturbed and Observed (P&O) methods
are used to control PV system. After comparison, the CSMC
demonstrated its efficacy in reducing higher ripples in

*E-mail address: arezki.benfdila@ummto.dz
ISSN: 1791-2377 © 2021 School of Science, IHU. All rights reserved.
doi:10.25103/jestr.145.21

sliding mode controllers (SMC). A comparative study of few
MPPT methods is investigated in [8]. Results comparison
between P&O, sliding mode (SMC) control and FLC has
been achieved, and the FLC method is found more efficient
(99.45%) than the others. In [9], a signal MPPT controller
based on Neural Network methods (NN) to command the PV
and WECs system simultaneously has been used. In [10], the
hybrid system of Photovoltaic (PV) station and WEC farm
interconnected to the main AC bus is described. The
simulations results are found to be in a good agreement,
however, the total coast is higher and complex as the system
contained more electrical equipments. In refs [11-14]
different results have been shown and compared to illustrate
the importance of the PV-Wind hybrid systems efficiency.

2. System Configuration

The figures below show the different systems configuration
studied in this work. Figure 1 illustrates the PV system
consisting of a PV generator and a boost-converter
controlled by FLC control. The WEC (Wind Energy
Converter) system is shown in Fig.2. It consists of a PMSG
derived by a wind turbine and connected to a boost-
converter controlled by an FLC to track the WEC optimal
power. Figure 3 describes the hybrid system that combines
the PV and WEC systems, which are interconnected to the
common DC bus via two boost converters. For the grid
connection, AC/DC inverter controlled by field oriented
control (FOC) is used to control separately the two powers
injected to the grid.
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Fig. 3. PV/WEC Hybrid System

3. Conversion System Modelling

3.1 PV Conversion System

Solar PVs convert the irradiation into electricity using the
photoelectric effect. The real circuit of PV cell is shown
schematically in Fig. 4.
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Fig. 4. Solar cell Equivalent Circuit

When sunlight is incident on the PV cell, a certain I,
current is generated. This current is given by the following
equation [15]:

V+IRg

V+IRg
o = e (225) -] - 0
nkT
= @)
Where: In: photo-current, I,: saturation current, q

electron charge, k Boltzmann constant, a is the ideality
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factor, Rs series resistance, Ry, shunt resistance, and T the
temperature.

Because the PV panel arrays are easily affected by the
environmental conditions, the PV operating point may
change [16]. Therefore, the use of control techniques to
maximize the output power and improve the PV efficiency is
needed. Due to its high efficiency and performance under
external changes, the FLC technique became one of the most
widely used controller in renewable energy systems. In
addition, this technique tracks the maximum power under
partial shading weather conditions compared to other
computing methods [17, 18]. The FLC controller is an
intelligent controller able to split a complex system into
different subsystems according to available data after going
through three steps that are: fuzzification, inference and
defuzzification. The proposed FLC controller is shown in
Fig. 5.

DC/DC
| Converter

Sty (k)

FLC
Fig. 5. FLC Structure Used for PV Systems

The FLC has tow inputs (e,Ae) with single output
(Aug,y) as shown in Figs. 6 and 7. After an input variations

(power and voltage), the output is determined and given in
table 1. The symbols NG, N, ZE, P, PG means respectively:
Negative Great, Negative Zero, Positive and Positive Great.

NG N ZE P PG
1
1 1 1 1 T 1 1 M 1
)2 115 -0.01 -0.005 0.00 1 ).015 02
Fig. 6. e, Ae Membership Functions
NG N ZE P PG
1
T 1 1 1 T 1 1 1 1

-100 -80 60 -40 =2l 0 20 40 60 a0 100

Fig. 7. Aup,, Membership Functions
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Table 1. Basic Rules
Auy, Ae
NG N ZE P PG
NG ZE ZE PG PG PG
e N ZE ZE P P P
ZE P ZE ZE ZE N
P N P N ZE ZE
PB NG NG NG ZE ZE

3.2 Wind Energy Conversion Principles

The wind forces turn the turbine blades that induce a shaft
rotation. The PMSG converts this mechanical rotation to
electrical power. The power recovered by the turbine is
given by (3) [19]:

P, =2Cy(A,B).p. 7. R? 0} g (3)

The power coefficient is given by the equation (4) [20]:

¢ =Cs
AR = Ci(F=CsB—Cu)e ™ +C, @)
With:

Rwy
A= Vwind (5)
i 1 _ 0.035 (6)

A = 2+0.088  B3+1
C=0.5176, C,=116, C5=0.4, C4=5, Cs=21 and C¢=0.0068

In wind variable speed controllers, the PMSG is the
widely used generator due to its major advantages. It shows
better performances due to higher efficiency and less
maintenance time as it does not involve a rotor current [21].
The PMSG model is described by the following equation
[22]:

d
Vd = RSId + Ldald - (,()eLqu

d (M
Vy = Rolg + Lolo + w,Laly + w8

The electromagnetic torque is given in the equation (8) [23]:

Cem = %pq)fiq ®)
Where: lu, 1q ,Vg4, V, respectively the stator currents and
voltages in (d,q) reference, R, the stator resistance, Lq ,Lq
the d_q axis inductance, @, the permanent magnetic flux, w,
the generator electrical rotating speed (w, = pw,) and p the
number of poles, and w, the turbine speed.

WEC observe low cost installation and environment
friendly nature but suffer from low-efficiency due to varying
wind speed [24]. The wind varying conditions and
uncertainty will constrain the system operations [25].
Therefore, different MPPT methods are used to operate the
WEC power system at maximum efficiency. FLC is the most
used controller in renewable energy because of rapid
variations with weather conditions. Its schematic diagram is
detailed in Fig. 8.

The memberships function and rules base is shown in
Fig.9 and in Table. 2. The characters NG, N, ZE, P, PG

means respectively Negative great, negative, Zero, Positive,
Positive great.

P.(k) dp,.(k)
P.:(k)
w0, (k)
£ (k)
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e(k—1) ae(k) Control

Fig. 8. FLC Controller of WEC

Fig. 9. Inputs & Output Membership Functions (e, Ae, Au,,)

Table 2. Basic Rules
Au, Ae
NG N ZE P PG
NG NG NG N N ZE
e N NG N N ZE P
ZE P N ZE P P
P N ZE N ZE ZE
PG ZE P P PG PG
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The pitch angle controller is usually applied to limit the
turbine output power to a medium value for large wind
turbines [26]. This controller adjusts continuously the PMSG
rotating speed for maximum output power. The FLC
technique used to control the pitch angle is illustrated in
Fig.10.

e
o

Fig. 10. Pitch Angle Controller
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limiter

FLC

3.3 Grid side Power Control

Figure 11 illustrated the schema of inverter control applied
for three systems, which aims to separate control of active
and reactive powers. Therefore, the d-q reference rotation is
applied, by aligning the d axis with the grid voltage while V,
is to zero. Then, the powers injected into the grid (P,Q) will
be controlled independently by I; and I; currents
,;respectively. So, the P,Q powers can be expressed in the
equation (9) and (10) [27]:

)

3
P = EVngdg
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Fig. 11. Inverter Control System

4. Results and Discusions

The simulations of each of the systems (PV, WEC and
PV/WEC) under wind speed and irradiation variations, and
load demand are described bellow and their parameters are
listed in Table 3.

Table 3. Converter System Parameters

PV Module PMSG
Maximum power | 200 W | Nber of p=5
pole pairs
Optimal current 8.21 A | Stator 0.425 Q
resistance
Optimal voltage 329V | Armature 0.0082 Q
resistance
Wind turbine Fractional 0.001189Nms
factor
Total Power 8.5kW | Inertia 0.01197kg.m?
constant

The PV system performances are tested under load
variations and sunlight fluctuations as illustrated in Figs.12
and 13 with a 12kW total power. As the PV current is related
to incident irradiation, a decrease of solar irradiation
decreases the PV current as shown in Fig.17. Since PV
electric power is proportional to current, a decrease in PV
current reduces PV power output as shown in Figs.14 and
15. The performance of the WEC system under variation of
wind speed and load demand is illustrated in Figs.12 and 16
with a total installed capacity of 8.5kW. The rotating speed
(w,) is proportional to the wind speed (vyinq), hence the
increase of v,;,q increases w, subjected to a pitch angle
controller-controlled limit. As a result, the increasing of w,
increases the WEC system output power as shown in Figs.
17 and 18. The hybrid system combining the PV and WEC
systems is simulated under weather and load variations
while supplying 21kW. The hybrid system allows all climate
conditions to produce more energy. When there is wind and
sunlight, the energy is both supplied and when there is only
sunlight, the energy production is still there. Similarly, when
the weather is very cloudy without sunlight and wind
presence, the energy production does not stop as it happens
for the PV system. The hybrid system provides continuous
power over individual systems as shown in Figs.20 and 21.

In the range (0-1.5s), the load demand is OkW and the
three systems (PV, WEC and PV/WEC) inject the excess
power to the grid. In the range (1.5-2s), the load (Picad) is
40kW and the three systems are unable to satisfy the demand
and the grid is called to supply the power deficiency. In the
range (2-2.55), Pioad is 20kW and the individual systems (PV
or WEC) can’t supply the load requirement and therefore the
grid covers the power deficit. The hybrid system (PV/WEC)
supplies the load demand without a need for grid
compensation. In the range (2.5-4.5s), Pioad is 10kW; the PV
power varies with irradiation variations. In high irradiation
(1000, 1200 and 800 W/m?), the PV system covers the load
demand but for 600 W/m? the PV system needs calling the
grid to cover the load requirement (deficit of 3kW). The
WEC system can’t cover the load demand. Despite high
wind speed and irradiation variations, the PV/WEC hybrid
system covers the load requirement and injects the surplus
power to the grid.

During 5s, the DC voltage is kept at 400V as shown in
Fig.22 with small ripples less than 5V. Figure 23 illustrates
the AC voltage and current which are in phase due to the
unity power factor as shown in Fig.24 with total harmonic
distribution (THD) less than 5% as shown in Fig.25.

Table 4 shows the results obtained from the PV system,
WEC system and a hybrid system (PV/WEC) for various
time conditions: available sunlight and wind whistling. It
produces a maximum power of 22.5 kW at 3.9 s.

Table 4. output powers obtained from PV, WECs and the hybrid system (PV/WECs)

t=1.2s t=1.7 t=2.3s t=3s t=3.9s
Powers (KW, P Q P Q P Q P Q P Q
kVAR)
PV 12.27 0.84 12.55 0.718 12.5 0.52 7.6 0.036 14.52 0.76
WECs 7.8 0.5 8.2 0.135 7.912 0.4 6.32 0.117 7.048 0.33
Hybrid 21.45 1.02 20.18 0.97 21.37 1.08 14.27 0.29 22.5 1.09
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5. Conclusion

In this paper a comparative study of Photovoltaic system,
WECs based on permanent magnate synchronic generator
(PMSG) and the hybrid system (PV/WEC) is presented to
give more reliable energy. The FLC control is applied to
extract maximum power under variations in solar irradiation
and wind speed. The results demonstrated that the hybrid
system supplies more reliable energy regardless of whether
varying conditions. The system design reduced the hardware
used in the circuit implementation and resulted in cost
lowering. The robustness of fuzzy logic control is
demonstrated in response to fast changes in weather
conditions. The results obtained from different simulations
showed that the introduction of the fuzzy control system has
largely improved the power system design reliability and
efficiency.

This is an Open Access article distributed under the terms of the
Creative Commons Attribution License.
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