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Power demand has increased drastically in societies due to the growing population and
industries to meet up with the innovation of ever rising inventions. The power outage
rate is high; thus, it can be reduced by connecting additional power generator to sup-
port the existing one. This leads to an alternate power generator (solar power) to support
the already existing power generator by connecting the solar system tied to an analysed
interface of a three-phase utility grid.

Focusing on renewable energy sources (solar plants, hydropower plants, wind farms,
biogas plants, and tidal wave units) is impeding on daily due to the failures conferred
by the conventional fossil fuel power generation (diesel generators, thermal plants, and
nuclear plants); the massive exhaustion and the tremendous environmental hazards they
produce [1]. Hydropower is a big power-generating plant and can be used for a massive
load demand among the listed renewable sources, but its build-up takes years and its
installation is expensive. As a result, wind farms are looked at for replacement, which
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also generate huge power but in areas far from where the power can be used. Hence, it
can be concluded that solar plants are the best power generator in either small or large
quantities [2-7].

Solar irradiation from the sun when carefully harnessed can generate direct current
(DC) power through a set of photovoltaic arrays (PVA). As the single-phase AC or the
three-phase AC loads run on AC voltage, the DC power generated from the PVA should
be converted to either of single-phase AC or three-phase AC. Studies and researches
are ongoing on the modes of conversion with respect to various converters in order to
improve the efficiency and to reduce harmonic generation. It has been seen by many
authors on how the idea of multilevel converters can be used; these converters were
introduced in 1975 [8]. It has been proposed that the three major topologies for three-
phase grid-tied multilevel converters for PV systems are: the cascaded H-bridge, the
diode-clamped and the flying capacitor multilevel converters [9—15]; all are complicated
circuits and control problems. Previous researchers used conventional voltage source
inverter (VSI) for transforming DC voltage received from the PVA to AC voltage for
injection to the utility grid. This six-switch two-level VSI requires large inductor capaci-
tor (LC) filters for high harmonics reduction, produced by the inverter; thus, high instal-
lation cost of the PV plant for transmission of large power is required. The unit vector
template feedback control is used, which takes inputs only from the grid. As the result,
this converter and the controller are replaced by a five-level VSI and a synchronous ref-
erence frame (SRF) controller that gets feedback from the grid voltages, currents, and
DC voltages of the inverter. Also, the materials that are used as well as the methods that
are applied to model the PV system are described in the section below.

Materials and methods

Modelling of the photovoltaic array

This is a DC source that converts solar irradiance incident on it to generate power. Each
panel on the array is made up of p-type and n-type materials with silicon doping to pro-
duce holes and electrons, respectively. The input variables to the PV array are: irradi-
ance and ambient temperature, whereas the output is a voltage signal. With changes in
weather conditions, the DC voltage from the PVA varies and cannot be used as input
to the five-level VSI. Thus, the PVA is connected to a stabilizing DC-regulated booster
converter, which can maintain the output voltages at a particular value for constant DC
voltage generation. The single IGBT, switch of the boost converter compares duty ratios
generated by the incremental conductance MPPT algorithm. The increase or decrease
in duty ratio value is gotten from the ratio comparison errors of voltage and current of
the PVA. Without loss of generality, a rise in solar irradiation causes a decrease in duty
ratio, while a drop in solar irradiation causes an increase in duty ratio [2]. The boost
converter achieves MPP through the incremental conductance MPPT algorithm. A PV
cell is represented in Fig. 1 by an electrical equivalent of one diode, series resistance Rs
and parallel resistance Rp. The various parameters that characterize the PV cell above,
in the equations below, can be found in [17] and the manufacturer of the solar module;
Sun Power (SPR-305)—W'T also gives the other parameters required to model the solar
cells. The datasheet gives the electrical characteristics calculated under the standard test
condition (STC) when the temperature T is 25 °C and the irradiance G is 1000 W/m?.
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Fig. 1 Model of a PV cell
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Table 1 Data specifications for the Solar Module SPR-305-WHT-U

Parameters Symbol Value
Maximum power Pm 305226 W
Short-circuit current Isc 596 A
Open-circuit voltage Voc 64.2V
Maximum power point voltage Vmp 547V
Maximum power point current Imp 558 A
Number of cells per module Ncell 96
Light-generated current Iph 6.0004 A
Diode saturation current lo 6.3004e-12
Diode ideality factor a 0.94497
Shunt resistance Rp 292.7209 Q
Series resistance Rs 03721 Q
Power needed Pneed 10 kKW
Total number of PV modules N 5x7=35

The solar cell is modelled and then extended to the model of a PV module and finally the
model of a PV array. The output current of the PV cell is:

N va + RSIpv

(qv + RSIpv)
M) ) = ®

Ly = Ly — I [exp ( KT

The current—voltage (/-V) characteristics curve of a PV array made up of 35 PV panels
(SunPower SPR-305-WHT-U with specifications shown in Table 1) as shown in Fig. 2 is
nonlinear and crucially depends on the temperature and the solar irradiation. As repre-
sented in Fig. 2, when the irradiation increases, the current increases more than the volt-
age and thus the power also increases. And when the temperature increases, the current
decreases and thus the power decreases too. The PV system has to operate at the MPP,
which is made possible through an INC MPPT algorithm.

Modelling of the boost converter and the incremental conductance MPPT technique

The DC-DC boost converter is used to increase of the input voltage of a five-level VSI
from the PVA since AC loads work on high voltages. This boost converter is made up of
a single IGBT}/diode switch, capacitor (C,), inductor (L,) and diode. It is the main tool for
obtaining the MPP. The voltage ratio for a boost converter is gotten from the time integral
of the inductor voltage by equating it to zero over a switching period. The voltage ratio is
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Fig. 2 Characteristics of PV at constant temperature of 25 °C

equivalent to the ratio of the switching period to the off time of the switch T (IGBT}) such
that:

Vout T 1
== @
Vin Loff 1-D
From Eq. (2), the duty ratio D is given as:
D=1 Vi (3)
Vout

The incremental conductance algorithm, as shown in Fig. 3, is based on the fact that the
slope of the PV array power curve is zero at the MPP, positive on the left of the MPP, and
negative on the right of the MPP, as given by the equations below:

4P o, at MPP (4)
av -

dpr

W > 0, left of MPP (5)
dp

v = 0, right of MPP (6)

Since % =1+ V% =1+ V%, Egs. (4), (5) and (6) give the tracking point (incremen-
tal conductance), respectively, as:

Al L at mpp 7)
AL_ T,
AV 14
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Fig. 3 Flowchart for MPPT by incremental conductance algorithm
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Modelling of the five-level voltage source inverter

A five-level VSI, as shown in Fig. 4, has interconnected capacitors to stabilize and to
overshoot the ripple of the output voltages. Since its output voltages have five levels:
Vbes Vpe/2, 0, =Vp/2 and -V, it is called a five-level inverter. The input voltage
is from the PVA through the DC-DC boost converter which DC voltage with half
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Fig. 4 Afive-level voltage source inverter circuit

the voltage Vp/2 connected through a common neutral point. Also, it is made up
of splitting capacitors that generate different voltage levels for switching on/off eight
switches (IGBT/diode) on each of the three legs, and diodes for clamping. The diode-
clamped and the flying-capacitor inverter topologies are used for the realization of
this topology as seen in Fig. 4 with the number of clamping diodes lower than the
number in the diode-clamped inverter, and the number of capacitors is also lower
than that in the flying capacitor inverter. This inverter is expected to transform the
DC power from the PVA to a three-phase AC power fed to the utility grid controlled
by a SER controller module that will produce reference signals to enable the converter
to work in synchronization with the utility grid. The capacitors C1, C2, and C3 are for
voltage splitting, thus generating various voltage levels for switching. The DC source
used need not to be isolated at the input for regenerative applications. The capacitors
Cx1 and Cx2 with x=a, b, c are charged. The five-level voltages are generated as per
the switching of the eight switches of one leg with the zero-voltage level in charge of
discharging and charging the capacitors for achieving voltage across capacitor equal-
izing, making the converter redundant to voltage variations. The switching states are
achieved by sinusoidal PWM technique with reference sine waveform compared to
four-level-shifted high-frequency triangular waveforms.

In phase disposition (PD), the carrier modulation technique is the method used for
pulse generation where all the carrier waveforms are in phase with no phase shift. The
reference sine waveform for the above PD modulation technique is generated by the
SRF controller, which generates a reference signal in synchronization to the grid [2].

There exists a redundancy of switching states at levels 1, 2, 3 to charge and to dis-
charge capacitors and no redundancy of switching states at levels 0 and 4. At level 1
capacitor voltages V5 and V., are managed, and at level 3 capacitor voltages V5
and V., are controlled. Each redundancy state has three capacitors to charge and to
discharge with respect to the output current direction, thus decreasing the difference
between nominal and measured voltage levels. Furthermore, if the currents flowing
through the capacitors to discharge and to charge capacitors C1, C2, and C3 are not
regulated, the flying capacitors voltage may differ from what was expected.

The switching sequence for the switches on the first leg (Phase A) is the same
switching sequence for both Phases B (Sa9-Sal6) and C (Sal7-Sa24), where the first
four switches on each leg stand for the positive section of that leg and the remaining
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four switches for the negative section for Phase A. In order to achieve this compli-
mentary setting, a NOT gate is used as a logical operator.
Equation (10) gives the possible change in voltages for the given capacitor as:

AViexi = Viexi — cxi,ref (10)

where i=1, 2 and 3 and x=a, b and ¢, V,; are capacitor voltages, V,,; . are the mon-

Xi,re

etary values

iV,
chi,ref = %; for i = 1,2, 3.

V.,i should be set close to zero to accomplish capacitor voltage balancing.

Modelling of the synchronous reference frame controller

This is a module brought up in [2, 16] to test the control of the multilevel inverter’s out-
put voltage in order to match to the grid voltage amplitude, phase and frequency, by
taking feedback from the grid three-phase voltages, currents and DC link voltage at the
input (as shown in Fig. 5). It should be noted that the DC link in the feedback loop is
obtained after currents are converted to d-axis and g-axis.

Park’s transformation is used by the SRF controller for controlling the current of the
inverter with the dq components of the currents calculated for the phase-locked loop
(PLL) module working in synchronization to the grid voltage. Let » be a vector in the
abc coordinate system with the angle between a and b, b and ¢, and ¢ and a being 120
degrees. Then, from [16] Eq. (11) is defined:

Fe=rg-atry-bdre-t (11)

where 7, (for x=a, b, c) are projections of the vector r in the directions a, b and c,

respectively.
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Fig. 5 SRF control structure for PVA grid interconnection
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Also, in the a8 coordinate system we have the vector r given as:
?:ra~&+rﬂ~;§ (12)

where r, and r; are projections of the r vector in direction of a and j3, respectively. The
relation between a8 and abc is gotten as demonstrated below:
Firstly, the projection of vector r in the a-direction, r, is given by

A

g =71-Q

1 1 (13)
Yo =Fg — Erb_ EVC

Also, rg projection of r vector in the direction of § is given by:

rg = 7B
V3 /B (14)
=T e
Thus,
1 _1
I =3 -3
Ty Ta
0 e
1 1 1
NN
And,
11
1 =3 —3
r4 cosf sinf 0 T4
rq | = | —sinf cost 0 0 @ —@ p (16)
0 0 0 1 Te
1 1 1
V2 V2 V2

By using Clark’s transformation and from af-coordinates to dg-coordinates (Parks

transformation), Eq. (17) is obtained.

cosf %cos@—}—@sin@ %Cosé—gsine

rd 2

ig =\3 —sin@%sin@—i—?cos@ %sin@—%cos@ (17)
1 1 1
V2 V2 V2

The dq axis calculation for the given controller is given in the equations below [2]:

[tattp) " = (¥3)[1-1/2 - 1/2,073/2 = V32 R (18)

[Uqu} r_ [uauﬁ] T[cos wt sin wt — sin wt cos wt] (19)
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Fig. 6 Basic block diagram of the grid-tied PV system

Fig. 7 Simulink model of the whole PV grid-tied system

The function U denotes either three-phase voltages or currents. The voltage con-
troller is a PI controller with input taken by comparison between the DC voltage at
the DC link capacitor and the reference value given by the user. The output of the
voltage controller is direct axis component reference and the quadrature axis refer-
ence component is considered to be 0. The current controller produces the needed
reference dg voltage reference component with the PI controllers in it. The reference
dq voltage components (Ud* and Ug*) are converted to sinusoidal by reverse Park’s
transformation [16]. The final three-phase sinusoidal reference waveforms are com-
pared to the phase disposition multicarrier modulation technique for the generation
of pulses for the five-level inverter. As the SRF controller uses PLL to generate the
reference signals and the PLL is operated with grid voltage as feedback, the inverter
operates in synchronization with the grid.

It should be noted that the current PI controllers are used to control the grid current,
through the DC link voltage. Their inputs are obtained from currents Id and Iq, and their
outputs are the reference voltages Ud and Uq. Parameters k;, and k; of these PI control-
lers are tuned using trial-and-error method.
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Fig. 8 Current generated by the PVA versus boosted current from the PVA by boost converter
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Fig. 9 Voltage generated by the PVA versus boosted voltage from the PVA by boost converter

Modelling of the grid-tied PV system

Figure 6 shows the block diagram of the grid-tied PV system. Using MATLAB/SIM-
ULINK, the whole system has been modelled as shown in Fig. 7. The grid is a 10-kV
which has been stepped down to 400 V. The temperature at the surface of the PV array
has been taken as constant and equal to 25 °C, while the irradiance varies as follows:
1000-900-700—600 W/m?2. The RL load has R=53 Q and L =529 mH. Simulations are
done under normal operation (no faults or shadow) and also under faulty conditions
(shadow, grid phase failure, etc.).

Results and discussion

Validation of the MPPT algorithm

Figures 8, 9, and 10 show the currents, the voltages, and the powers at the output of
the PV array and at the output of the boost DC-DC converter. It should be noted that
the boost converter is controlled by an incremental conductance MPPT algorithm. From
the obtained results, it is clear that there is an increase in power transferred to the grid.
With the fluctuation of the weather conditions, especially the irradiance which changes
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Fig. 10 Power generated by the PVA versus boosted power from the PVA by boost converter
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Fig. 11 Output voltages from the five-level VSI without a pure sine circuit

from 1000 to 600 W/m?, the transferred power drops from 12 to 4 kW, which is still suf-
ficient for the load to operate properly.

Validation the three-phase inverter

Figure 11 shows the output voltages of the three-phase PV inverter used in this work.
The results show that thus the voltages are periodic, they are not sinusoidal. In other to
obtain sinusoidal voltages, a pure sine circuit generator made up of LC filters has been
added to the output of the inverter. The results are shown in Fig. 12 where the output
voltages are now sinusoidal, with respect to the grid voltages. These voltages can now
be synchronized with the grid one, in order to allow the load to operate properly (with-
out disturbances). The obtained results are clearly better than those obtained in previous
researches like in [6, 13, 15, 16].
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The simulations have done with R—L load and with an inductive (L) load. The voltages
and the currents at the terminals of the load are represented in Figs. 13 and 14, for
an R—L load, and in Figs. 15 and 16 for an inductive load. These results are obtained
under normal operating conditions (no failure from the grid or from the PV array
side). In this case, voltage and current waveforms are normal, with the total harmon-
ics distortion (THD), which is practically equal to zero (see Figs. 17, 18). In order
to check the robustness of the control strategy of this system, simulations have also
been done with failure in one or another. In Fig. 19, grid Phase B failure has been
introduced at £=0.25 s as seen in Fig. 19a. It can be observed that before and after
this time, the load voltages and currents have not changed. This means that the PV
array continues to supply the load properly Fig. 19b. In Fig. 20, the failure has been
introduced at time t=0.25 s on the PV array side (rainy time or shadow effect) as it
is represented in Fig. 20a. The load voltages and currents represented in Fig. 20b are

Page 13 of 17



Dandoussou and Kenfack Journal of Electrical Systems and Inf Technol

(2023) 10:26

Signal
Selected signal: 4.632 cycles. FFT window (in red): 4 cycles
so0 F~ ™ T N P L
¢ M, £ , \
/ / ' / / \
= Y ! kY £ Y / !
= '\\ / Y ,'/ Y / Y !w'
= or \ \\ / Y lr" Y ! 1
(= \ / |"I' \ i /
= \ ! 5\ ! \ i 3,
w 5, X b il Y s \
\ ', / 1 k! /
, /s k! \ / Y /
-500 LN . LN , N ) N ) )
o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Time (s)
FFT analysis
108 Fundamental (50Hz) = 565.7 , THD= 0.00%
P T . v . : r v T T ]
s | J
=)
=
Zar 1
o
=]
=
=
o 3 1
hS]
==
=2 b
o
=
1k 4
o
o 100 200 300 400 500 600 700 800 200 1000
Freauencv (Hz)
Fig. 17 THD of 0.00% for Vabc with RL-load
Signal
Selected signal: 4. 632 cycles. FFT window (Iin red): 4 cycles
s00 7 YN 7 N ik "
. / P4 \ 4 \ X / \\\
= 3 § / Y ! . / \ \
= o Y d Y \ / \
= Y / \ ; \ "'.' /
500 /. A ? N

0.01

] 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Time (=)
FFT analysis
« 10°% Fundamental (50Hz) = 565.7 , THD= 0.00%
6 F T t
5
1 §
o
o 100 200 300 400 500 800 700 800 200 1000

Freauencv (Hz)

Fig. 18 THD of 0.00% for Vabc with L-load

affected by this failure because the grid continues to supply the load properly. From
the obtained results, it can be noted that in case of a fault in one side or another, it
does not affect the operation of load. In fact, when there is a phase lost failure from
the grid, the PV system continues to supply the load properly. Also, in case of shadow
or during a raining day, the grid supplies the load properly. The control technique has
improved the smooth operation of the whole system, compared to results obtained

those obtained in previous researches like in [6, 13, 15, 16].
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Conclusion

This paper presents the study of a PV system with a developed MPP controller. From
the theory of the photovoltaic, a mathematical model of the PV has been presented. The
system has been simulated with MATLAB/SIMULINK. A five-level VSI interconnected
to grid controlled by SRF structure with PD multicarrier modulation technique is ana-
lysed. The connection to grid by means of inverter is synchronized, and the power from
the PVA is injected to the system compensating the loads connected. First, the simu-
lations of the PVA showed that the simulated models were accurate to determine the
characteristic voltage and current because the current and voltage characteristics are the
same as the characteristic given from the data sheet. When the irradiance changes, the
PVA output voltage and current also change. The simulation showed that INC algorithm
can track the MPP of the PV; thus, the system runs at maximum power no matter what
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Fig. 20 Effect of the PV array failure on the operation of the load: a grid voltages and currents, b load
voltages and currents

the operation conditions are. The results showed that INC algorithm delivered efficiency
close to 100% in steady state. The simulation of the system was performed with RL-load
and L-load and %THD gotten through FFT analysis. The results showed that the load
is supplied properly even if there is a failure either on the PVA side or on the grid side.
With the robust controlled method used, this grid-tied system is suitable to solve major
problems faced by some critical loads, which need to be continuously supplied.
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