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This research article proposes the optimization of a grid-connected photovoltaic system
based on the PV emulator (PVE), the Boost converter, and a single-phase full-bridge
inverter. The main objective is to track and extract the highest amount of power from the
PV system working under variable solar irradiation while reducing losses and time
response in each stage of the converter. As none, the main flaw of the classical maximum
power point tracking algorithm (MPPT) is its performance. The control law design is based
on a PI controller in the PVE, a meta heuristic whale optimization algorithm (WOA) in
the MPPT, and a reduced switching finite set model predictive control (RS-FS-MPC) for
the single-phase full-bridge inverter. The proposed control techniques inherit the property
of robustness and successfully deal with the nonlinear behavior of the system. The
performance validation and effectiveness of the proposed control techniques is supported
by MATLAB/SIMULINK simulations and is also verified experimentally on various
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systems carried out under varying solar irradiation.

1. INTRODUCTION

With the rapid increase in demand for power and the
challenge of pollution, which has become a threat to everyone
in the world. Especially in-developed countries that need more
energy production to cover the growing demand in the
industrial field [1]. (SPV) technology is one of the most
significant renewable resources that can be used to produce
electricity [2].

The (SPV) system is envisaged to be a popular source of
renewable energy, due to its significant advantages: low
operational cost, with no noise, almost free maintenance, and
low impact on the environment. Nevertheless, these systems
still face a major obstacle due to their high investment cost,
which is reflected in the cost per KWh of the energy produced
and the efficiency of their energy conversion when compared
with other renewable technologies. These drawbacks bring on
increasing interest in the PV system and have led to many
research papers in the last decade on various aspects, such as
MPPT tracking speed, DC-DC converter topology
enhancement, and the inverter controller efficiency. However,
there is still a need to overcome this drawback.

A PVE will simulate the current and voltage characteristics
of a photovoltaic panel under these varying conditions.
Consistent electrical characteristics are reproduced, which
allows easier analysis and system optimization with this PVE.
Any type of PV panel characteristics with its scaled model can
be emulated with dependent parameters, which will eliminate
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the need for costly PV panels. for this study, to determine the
properties, the solar cell model may be simulated using a
Newton-Raphson model circuit, and generalized models are
given in the study [3].

Thus, many PVE control methods have been proposed with
different algorithms [4-6]. In Ref. [7], a lookup table is used to
store resistance, voltage, and current data at each point of the
V-l characteristics, and a search algorithm is designed to
locate the reference voltage at a particular load resistance.
Some PVE are also developed using programmed power
supplies with computer interface [8, 9].

PV Emulator Boost Converter 1, H-Bridge Inverter  Filtre And Grid
Ly I, Ly a ) ) 5 "1,
14T > —1 4.¢
G H s v,
Vel O (e} c
- Y \_{
Sy 5.4 v s, 45 45, 45,4
v _Ee=ai I, ST
e Vil e
Dspace 1 Emulator & MPPT control side Dspace 2 DC link & AC control side|

Figure 1. Scheme of the proposed cascaded control

There are several topologies for PVs, and they are classified
according to the number of stages and whether they are
connected or not to the utility grid [10, 11]. To date, single-
phase grid-Connected PV inverters have been developed using
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either a single-stage or a two-stage topology. The single-stage
topology providing the most reliable and cost-effective
solution but with the operational limitation of the minimum
PV voltage being greater than the peak ac grid voltage in order
to operate. A two-stage approach, as illustrated in Figure 1,
can function all over a wide range of PV voltage, maintaining
adequate PV energy conversion.

The first stage of the two-stage grid-connected PV system
employs a DC-DC converter, and at this stage, the PV power
extraction is controlled. Moreover, the DC-DC converter is
supposed to maintain the voltage of the PV side at a level
suitable for normal operation on the grid connection. At this
level of control, the MPPT is usually applied. Actually, the
perturb and observe (P&O) [12, 13], and incremental
conductance (INC) [14], approaches are the most commonly
used strategies in the literature for MPPT extraction. However,
both of them operate poorly in rapidly changing weather
conditions. The MPPT techniques, founded on the meta-
heuristic optimization technique, are becoming more and more
popular in MPPT functionality in systems. Their main
advantages are excellent performance based on evolutionary
algorithms such as a proportional integral differential (PID)
controller tuned by a genetic algorithm (GA) [15], and
differential evaluation (DE) [16]. On the other hand, swarm-
based algorithms, such as practical swarm optimization [16,
17], and Grey wolf optimization (GW), Seyedali and Andrew
[18] have presented a recent meta-heuristic optimization
technique based on the hunting behaviour of a group of
humpback whales. This foraging behaviour is called the
"bubble-net feeding method". The quantitative performance
developed and demonstrated in this paper supports the WOA
algorithm's advantages over other approaches. They evaluated
the WOA algorithm in 29 mathematical benchmark
optimization problems and compared its performance to other
commonly implemented heuristic techniques. This approach is
very fast, which makes it suitable for mobile applications and
can extract maximum power under varying irradiation.

The second stage of the two-stage system is the inverter
stage. The subject of interest in this work is the single phase
full bridge voltage source inverter. The most popular control
strategies for it are voltage-oriented control (VOC) [19], and
direct power control (DPC) [20], which are applied for such
purposes. On the one hand, the VOC relies on the cascaded
structure of the voltage and current loops, and its performance
is mainly dependent on the proper tuning of the PI controllers.
On the other hand, the DPC avoids the cascading structure of
the VOC. However, it presents higher peak-to-peak ripples in
the steady-state waveforms. More recently, predictive control
techniques have become competitive with conventional
controllers. They are simple to implement and straightforward.
The approach minimizes the cost function, and the best
switching state is implemented at the next sampling period.
Control objectives and constraints can be easily implemented
and included in the minimization function. The performance
of FS-MPC has been demonstrated in a variety of applications,
including electrical drives [13], wind turbines [21], energy
management for smart and micro-grids [22], and PV
applications [23].

In this paper, a PV emulator based on the PI controller (P1-
PVE) with high performance is presented. Then, a
metaheuristic algorithm (WOA) strategy for the PV system
applications is developed to extract the MPP. On the AC side,
a reduced switching FS-MPC has been implemented.
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This paper is organized as follows: Section 2, presents the
PV emulator design and modelling. Section 3, presents the
proposed MPPT Technique. Section 4, demonstrate Grid side
modelling and control. Section 5 illustrates the simulation
results and their discussions. Section 6 shows the experimental
test bench of the developed PI-PVE and the proposed MPPT
(WOA) strategy and RS-FS-MPC for single-phase PV systems.

2. PV EMULATOR DESIGN AND MODELLING

Simulation of conditions atmospherics in the laboratory is
possible but the high cost of the complete system, also the
dependence on climatic conditions, it turns out that it is
necessary to find a way to emulate the operation of the
photovoltaic panel with the possibility to simulate the
variations of certain conditions atmospheric.

The realization of the photovoltaic emulator consists of
reproducing the characteristic P-V curve of a PV panel. This
schematic can emulate any PV panel for different
illuminations, temperatures and load variation.

An emulator is composed of three main parts, a PV model,
a control strategy and the buck converter (Figure 2).

The PV model receives temperature, irradiance, and
measured PV voltage values as inputs. PV voltage is selected
based on the power converter's control type. The output of the
PV model is used as a reference for the closed loop system
with a PI controller in order to control the output current.
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Figure 2. The principal scheme of the PVE control strategy
2.1 Photovoltaic PV panel Model

The single-diode model is shown in Figure 3. This is the
famous model of an equivalent electrical circuit for a
photovoltaic cell. This model despite its simplicity gives very
good results. Where the output current of the PV cell can be
expressed according to many parameters, as indicated below.
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Figure 3. Photovoltaic cell (single-diode)
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where, Iy is the Current generated by the incident light [A], Ip
is the diode current, expressed as:
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The current flowing through the shunt resistor is expressed
by:

CV, +1,R
rsh Rsh (3)
where, Is is the diode saturation current [A], Rsh and Rs are
respectively the parallel and series resistance. n the number of
PV Cells connected in series, is the Boltzmann's constant [J/K],
g the electron charge [C], T is the Kelvin temperature at
standard test condition [K].

2.2 Buck converter overview

Figure 1 shows the buck converter with the switch S;, two
capacitors C;, C2 and one inductor L;. The technique of
operation adopted is the continuous conduction mode (CCM).
The transfer function of the buck converter is as follows:

MO 1
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Table 1. Electrical characteristics of Aavid Solar ASMS-
220P PV module

Characteristics  Value (Unit)

Isc 8.08 (A)

Voc 36.8 (V)

Impp 7.35(A)
Vmpp 30 (V)
Pmpp 220.5 (W)

k,-s+k;
G,(s) == (5)

where, Gs(s) and G¢(s) are the transfer functions of the buck
converter and the compensator, respectively. The values of K,
and K; of the PI controller are 0.0655 and 0.8321, respectively.

In the uncompensated system, the phase margin was 6.11
degrees. The Pl parameters are calculated in terms of adding
more stability and robustness to the system (in the
compensated system, the phase margin is 58 degrees).

The Bode plot for the open-loop uncompensated and
compensated systems is illustrated in Figure 4.
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Figure 4. Bode plot of the PI-PVE open-loop system
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3. THE PROPOSED MPPT TECHNIQUE
3.1 Boost converter

The block diagram representation of proposed system is
shown in Figure 1. The Boost converter is composed of switch
Sy, one inductor L, and one diode D,.

The output and the input equation of the Boost Converter
are as following:

V

pv

Vdc =
(1-D)

(6)

From Eg. (6), the duty cycle for the Boost converter is
calculated directly from the following equation:

mpp

V,

dc

D=1 ™

3.2 Whale optimization algorithm

Humpback whales are one of the larger Mammals. The
WOA is a recent meta-heuristic algorithm that mimicking the
hunting behaviour of humpback whales. This impressive thing
about them is that they Have large size, they typically reaching
lengths of about 16 m and 30-tonne weight, furthermore are
considering as highly intelligent animals.

Figure 6. Whale optimization algorithm [18]

Humpback whales operate an unusual and complex
foraging behaviour called bubble netting that involves
expelling air underwater to form a vertical cylinder-ring of
bubbles around preys. Creating bubbles along a circle to force
the prey to rise upon the surface (Figure 6).



In the three next subsections. The mathematical model of
encircling prey, Search for prey and Spiral updating position
is described.

3.2.1 Encircling prey

First, the humpback whales are distributed randomly in the
search space, then they identify the location of prey and
enclose them. The WOA algorithm considers that the current
best whale solution is the nearest one to the prey target; in
other words, it’s the closest one to the optimal problem
solution. After the best hunting element is specified, the other
search elements will try to update their positions toward the
best one. The following equations represent this behaviour:

D:‘E f*(t)-)?(t)‘ (8)

X (t+1) = X (t)— A D (©)

where, k is the current iteration, X" is the best whale position

in the space research obtained in each iteration. A and C are
calculated as follows:

A=2.-a-r—a (10)

—>

C—=2-r (11)

where, a is a linearly decreasing coefficient from 2 to 0 over
the iteration (exploration and exploitation phase), and r is a
random number [0, 1].

3.2.2 Search for prey

Encircling prey is very equivalent to searching for prey, but
instead of using X, a randomly selected candidate, Xrang, is used
in searching for prey. The process is described by the equation
below:

B =[C-X ()~ X \ (12)
)_() (t -|-1) = )_() rand (t) — /_A\) 5 (13)

WOA could indeed perform a global search by searching for
prey during the exploration phase.

3.2.3 Spiral updating position

However during WOA's exploitation phase, encircling prey
and spiral updating position strategies are included.
Individuals' positions are changed by the spiral updating
position to mimic the helix-shaped movement of humpback
whales as follows:

X(t+)=D -e"-cos(2-7- )+ X'(t) (4

where, D' = |X* — )?(t)| describe the distance of the ith
element to the best solution obtained, b defining the shape of
the logarithmic spiral, | is a random number in [-1, 1].

Assuming a 50% chance of selecting either the shrinking
encircling mechanism or the spiral model to update the
position of whales throughout optimization, in order to force
the search agent to move far away from reference whale.
Where p is a random integer between 0 and 1.

Algorithm (WOA algorithm).

1. Initialisation Xi (i =1, 2, ..., NP)

2. Evaluate the fitness function for each whale in X;
3. X" = the best whale (prey)

4. while The halting criterion is not satisfied do

5. fori=1to NP do

6. Update a, A, C, l and P;

7. forj=1tondo

8. if P < 0.5 then

9. if (A <1)

10. D=|C.X"-X|

11. Xi(j) = X" (j) - AD

12. else if (JA| >=1)

13. Select a random whale Xrand
14. D= | C. xrand - Xi |

15 X|(J) = Xrand(j) - AD

16. end if

17. else if P >= 0.5 then

18. D' =[X"- Xi|

19. Xi(j) =D’ e". cos(2nl) + X*
20. end if

21. end for

22. Evaluate the fitness for X

23. end for

24. end while

4. GRID SIDE MODELLING AND CONTROL

4.1 Single-phase full bridge two-level inverter connected to
the grid model

Figure 1 shows the single-phase full-bridge inverter, where
there are four switches: commutating in complementary for
each arm (Sa, Sa) and (S, Sb). The grid side is connected to the
middle points between S, and S, in left-hand arm and Sy, and
Spin the right-hand arm, respectively. It can generate an output
voltage of (+Va, 0, -V4), from the possible switching
combination as shown in Table 2. In furthermore, four diodes,
are used to provide paths for the load current that is driven by
the stored energy in the load inductor. Ts is the symbol for a
cycle's period.

Table 2. Switching state and inverter output voltage

Switching State Output

Switching Vector Q1 Q2 Q3 Q4 Voltage

V1 1 0 0 1 Ve
V2 1 0 1 0 0
V3 0 1 1 0 -Vde
V4 0 1 0 1 0

The output inverter voltage V(t) is related to the DC bus-
link voltage Vg by the following equation:

V(R =V, (S.1)-S,0)-S,1)-S,) 1)



According to Figure 1, the differential equation of the
single-phase full-bridge grid connected inverter is below:

dl
V:Lf-d—ther»lg+Vg (16)

where, V and g are, respectively, the inverter output voltage
and the grid current, and L and Rt are the inductors and the
internal resistance of it, respectively.

4.2 Finite set model predictive control

The main idea of the FS-MPC strategy used in this paper is
to predict the next step of the grid-connected current for every
possible switching state combinations based on the discrete-
time model of the single-phase inverter (Figure 7).

Theory to predict the future value of the grid-connected
current the Euler approximation formula can be used for a
sampling time Ts at the same sample k.

-k +D) -1, (K)
dt T

S

(17)

The predicted grid current is calculated by applying Eq. (16)
formula to the Eq. (17):

R, T, I (k T k) -V
L )-1,( )+:(V( )=V,)

I, (k+1) =1~ (18)

Cost function: According to the full bridge model, RS-FS-
MPC will predict the future behaviour of the output grid
current for each of all voltage levels at the next sampling time.
Each one of the four-state predictions is evaluated using the
cost function equation. The switching state that minimizes the
error between the grid-connected current and the reference
current has been chosen as the optimal state and it will be
applied in the next sampling period.

f —

g_1¢9
‘Ip Iref

+<& o (19)

Within a single period, § o is the term responsible for
reducing the switching number in the inverter within a single
period by adding the states that changed. Therefore, reduce the
losses and enhance reliability and lifetime for the inverter by
using the following equation.

o =328, (k +1) =S, (K)) (20)

4.3 DC Link voltage regulation

In the grid-connected converter, the DC-link is fixed to a
reference value to guaranty the good operation of the single-
phase inverter. For that a Pl controller is implemented to adjust
the DC Link voltage.

Note that the synchronization with the grid voltage is
accomplished with a phase-locked loop (PLL).
where, w is the position of the voltage vector V estimated with
a phase locked loop (PLL). In addition, grid-synchronised Ire
is the product of sin(wt) and the output of the DC link
controller, as shown in Figure 5.
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5. SIMULATION RESULTS AND DISCUSSIONS

To investigate the feasibility of the proposed topology of the
PV system control, the PI-PVE, the MPPT controller, and the
RS-FS-MPC  control strategy are done in the
MATLAB/SIMULINK  environment. The PV panel
parameters are indicated in Table 1 and the grid parameters in
Table 3.

Table 3. Electrical characteristics of proposed PV system

Characteristics Value (Unit)
sampling Time Ts 1e-6 (S)
filter inductor Lt 25 (mH)
filter resistor Rt 0.1(Q)
grid voltage Vg 50 (V)
buck converter capacitor 1100 (LF)
boost converter capacitor 1100 (F)
buck converter inductor 24 (mH)
boost converter inductor 24 (mH)

To demonstrate the effectiveness of the proposed technique,
the weather settings begin with a fixed irradiation and
temperature at 1000 W/m?, 25<C, respectively. As illustrated
in Figure 8, it is clear that the proposed algorithm reached the
MPP in less than 5 ms. Furthermore, the proposed MPPT
technique is stable and gives a perfectly steady-state response
on clear days. Besides, dynamic insolation is performed, with
1000 W/m? at the bagging and is reduced to 800 W/m?, then
to 600 W/m?, and finally raised again slowly to 1000 W/m?, as
illustrated in Figure 9. It can be shown that regardless of the
irradiation disrupt variation, the program continues to quickly
achieve the MPP within a short period of time using the
proposed control strategy.

Grid voltage single-phase waveforms, grid measurement
current, and the grid reference current are shown in Figure 11.
It has been observed that the path to the new reference is quick
and smooth, with a small overshoot, and that the grid voltage
is in phase with the grid current. The THD current is 1.7%, and



the power factor is nearly 1, As a result, the grid current is of
good quality. A variation in climatic conditions is needed to
evaluate the current controller's dynamic performance. The
result of the performance is illustrated in Figure 10.

Figure 12, demonstrates the DC link voltage (Vdc) and its
reference, and it confirms that the PI regulator works very well
because the Vdc follows its reference very well.

Figure 13, shows the active energy injected into the grid
through the RS-FS-MPC technique as well as the
compensation of the reactive energy with a value of 0 VAR.
For a sampling time of 10-6 S.

Figure 14, illustrates the reduction of the commutation
number of the single-phase inverter, which is accomplished to
save the converter transistor and keep the THD current below
an acceptable rate. Concerning the second term of Eq. (20), it
appears that it is possible to allow the inverter to work within
an acceptable commutation number without impacting the
existing THD. For the presented system, it is noticed that when
the control strategy is performed without a weighting
coefficient (A=0). The THD current is nearly 1.67% with 400
commutations, at the same time, when the weighting
coefficient is fixed to (§=0.02), the THD current is raised to
2.1 % with a drop of the commutation number from 400 to 187,
and each time & is raised, the commutation drops and the THD
current raised also.
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Figure 8. Reference emulator current and PV measurement
current, PV power, PV voltage at MPP

Figure 9. Dynamic insolation, reference PV emulator current
and PV measurement current, PV power, PV voltage at MPP
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Figure 10. Grid current measurement in dynamic irradiation

128

Currentlg (A)

a5
0 [ Time (S) 1 15

Figure 11. Grid current with the grid current measurement,
grid voltage

Figure 12. DC regulated voltage control using a PI regulator

—— Active Power
Reactive Power|

Figure 13. Active power transferred to the grid using FS-
MPC technique

Wawwmnninainnnnndl

Figure 14. Performance of the RS-FS-MPC, reducing of
commutations number under 1000 kW/m?

6. EXPERIMENTAL RESULTS

The experimental setup was established on a SEMIKRON
IGBT (750 V/30A), one for each converter (Buck, Boost, and
the inverter). The PVE has a power rating of 220 watts. The
two converters and the inverter are connected in a cascade. The
experimental setup is shown in Figure 15, where two DSpace
were used as controllers to implement the proposed system;
one DSpace for the Pl control (PVE) and WOA (MPPT
technique), which can be seen in Figure 15a, and the other to



ensure the PI control (DC link regulation) and the grid side
control (RS-FS-MPC technique), which can be seen in Figure
15b. The current and voltage are measured using LA-25 and
LV-25 sensors, respectively.

Experimental results for the P-V curve operation for
different irradiation levels of the PI-PVE control strategy are
shown in Figures 16, 17, and 18. Experimental results for the
dynamic performance of the reference current and the
measured current of the PVE are demonstrated in Figure 19. It
is seen that the performance in terms of speed tracking and
ripple is very good.

In Figure 20, the dynamic performance of the proposed
meta-heuristic WOA is shown in terms of track/extract power
and speed response. The test starts with an irradiation of 1000
W/m? with a fixed power of 212 watts. The value was abruptly
changed to 800 W/m?. The algorithm's response time was less
than 30 ms, and the power was decreased to 170 watts. After
another reduction in irradiation to 600 W/m?, the power falls
to 142 watts in less than 25 ms. After that, a sudden increase
in irradiation is applied another time to test the algorithm in
extreme conditions. This causes an increase in power and
returns to the starting power in less than 60 ms. The recovery
time after the solar variation was very high. And to minimize
the number of calculations and avoid running the algorithm
each time to calculate the same calculations for the same
climatic conditions, to obtain MPP voltage and current, a
lookup table was developed offline and filled in with all the
MPP parameters.

The experimental test in Figure 21a shows that the grid
current waveform is sine wave and perfectly in phase with the
grid voltage. Figure 21b displays the performance of the RS-
FS-MPC under irradiance variations and shows the grid
current following the reference current with absolute accuracy.

Figure 22, depicts the system's strong dynamic performance
to rapid changes in irradiance where active and reactive power
are transmitted to the grid. Finally, the DC-link voltage
regulation provides better performance, with a capacitor
voltage variation of less than 2 V, which is nearly 2% of the
overall DC-link voltage.

Digital
oscilloscope

ensors

Figure 15. Experimental bench
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Figure 19. Performances of the PV emulator, reference
current and measurement current
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7. CONCLUSIONS

In this paper, the principle of equivalent modelling for PV

systems was presented, and the control strategy of the grid-

connected PV system was revealed in detail, including PVE,
MPPT control, and the inverter. The main role of all proposed
systems is to track the MPP of a photovoltaic system and
supply the utility grid with performance. The results obtained
have testified to the effectiveness of the proposed controller.
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