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Currently, the energy transfer process to the grid of the PV system is based
on the importance of less harmonics and high efficiency. The evaluation of
harmonics distortion of current is based on the value of THDi (<<5%), this
last becomes very high if the current leakage is high, which causes losses of
the grid and safety problems. Therefore, our job is to improve the classic
control method of PV inverters used to reduce grid loss and improve
electricity prices. This study is a proposal toward the modelization and
improvement of the three-phase two-level, and multi-level photovoltaic (PV)
inverter command, using space vector, and sinusoidal control based on
controlling the active and reactive current delivered into the grid indirectly
with a resonant controller (PIR) for a nonlinear load (NLL). The results of
the simulations obtained by the new control methodology, SPWM, and
SVPWM show that its performance is better compared with the simple
modulation (PWM); the total harmonic distortion (THD) of current in both
methods (SVPWM) and (SPWM) is better than that obtained with
conventional commands. Also, multilevel converters control produces better
quality waveforms, reducing current harmonic distortion.
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1. INTRODUCTION

In recent years, photovoltaic inverters of several types without transformers and with transformers
for a multi-control architecture are mainly used to supply electrical energy from the photovoltaic systems to
the grid [1]-[3]. Thus, the energy transfer process of the photovoltaic system is based on the importance of
good price, small size, and high efficiency [4]-[6]. The harmonic distortion of current (THDi) becomes very
high if the current leakage is high, which causes losses of the grid and safety problems for personnel close to
the latter [7]-[9]. Different types of full-bridge inverters controlled by the sinusoidal control technique
(SPWM) are used for the elimination of these current loss problems [10]-[13]. Therefore, multilevel
converters have been considered a preferred topology for large powers due to their advantages such as high
levels, overall efficiency, and high output waveform quality [14]-[16]. Against this background, we
proposed three-phase and single-phase inverters. These are no longer used to send pure sinusoidal current
signals to the grid in phases [17]-[19]. To achieve these goals, the choice of these photovoltaic inverters is
based on the equivalence between the reactive power supplied and the nominal power consumed by the grid,
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with the cost of these inverters. It is expressed in terms of power related to the quality of the energy supplied
to the grid [20], [21]. The integral action (I) of the resonant proportional controller (PR) acts directly on the
DC component and guarantees a follow-up of the alternating current. It also eliminates current variations
caused by non-linear loads and the non-ideal inverter [22], [23]. Therefore, precise monitoring of the mains
voltage vector by a PLL system is necessary to guarantee the proper functioning of our control method [24],
[25]. After improving and comparing the various controls of the single-phase inverter [26], [27], this part of
the ordered object is about a three-phase PV inverter and a new control method with SVPWM and SPWM
control. The latter allows indirect control of currents drawn from the grid by converting these inverter
currents into active and reactive powers using three-phase systems. The results obtained with the new control
methods SPWM and SVPWM show their performance superior to the simple modulation applied to different
levels of inverters in the previous article [28], [29]. After analyzing the simulation results of the control
method, it was found that the harmonic distortion of the current under load is much lower than the
international standard (<<5%) for the two control methods, with a better THD of (SVPWM) compared to that
obtained by sine wave control (SPWM). After developing the electrical performance of a three-phase two-stage
PV inverter using two different command algorithms under a non-linear load. we have proposed another
architecture of multi-level inverters, the latter improves grid performance and provides better waves than a two-
level inverter. Multi-level topologies require the use of a large number of semiconductor components to
eliminate harmonics and reduce switching losses. Multistage converters produce higher quality waveforms and
reduce current and voltage harmonics, thus reducing the current loss caused by high frequencies.

2. PV SYSTEM SCHEME AND MODELING
2.1. Description of our research system and the three-phase photovoltaic inverter

The shape of the proposed three-phase photovoltaic inverter is proven in Figure 1. It includes a PV
generator as an energy source, an MPPT block to make certain the tracking of the MPPT, a transistor bridge
which includes a current converter provided through the PV generator, and at the end a filter to repel
harmonics at excessive frequencies. Topology of three-phase photovoltaic inverter. Figure 2 presents the
typical schematic of a three-phase inverter with two levels, here, the phase voltage is expressed by the
relationship between the functions of the voltages U and hk:

U
Vko = hye * 5 M)
L 2 -1 -—-1||ht v
v =5|-1 2 —1||h2|* )
-1 -1 21lh3
The reference voltage V—; is expressed by the following expression:
re

Vrepn=(Phn = e {Jy Ve + 7 Vst + 777 Fode + [ Ve ©)

with- = 5=
4 0
(Vref)n:<[7)n = Tie (TK- I_ik + TK+1- Vk+1) (4)
To = Tyrr — (T + Ti41) 5)

The voltage vector is null at TO. Therefore, the voltage values for the switch configurations in the diagram (a,
) are presented in Table 1.

-
— ~J
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MPPT command Inverter Decoupling
I Command I

Figure 1. Schematic of photovoltaic inverter with the grid

Int J Pow Elec & Dri Syst, Vol. 13, No. 4, December 2022: 2255-2268



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 2257

+ hiy hyy by v
ur — N
- -
iy (L,r) €1
vig 1l—t N YY)
o . ) e
0 2 \
; (L,r) e
3 3
R
|87 —
hi%¥ hab hj
Von

Figure 2. Structure of three-phase inverter

Table 1. Shows the voltage values for the switch configurations in the diagram (a, )
hihzhs Vin Voo Van Vo VB [Va? + VB2 Phase (°) Vs Up

[1-1-1] 2uU3 -U3  -U3 5 0 5 0 Vi U
3V 3V

[11-1] U3 U3 -2U3 U6 u2 5 60 V2 0
§ U

[-11-1] -U3 2U3 -U3 -U6 u2 5 120 V3 U
§ U

[(111] -2U3 U3 U3 ) 0 ) 180 V4 -U
-3V 3V

[1-11] -U3 -U3 2Uu3  -U6 -U2 5 240 V5 0
§ U

[1-11] U3 -2u3 U3 ue  -U2 5 300 V6 U
§ U

[-1-1-1] © 0 0 0 0 0 0 Vi 0

[111] 0 0 0 0 0 0 0 Ve 0

2.2. Three-phase multi-level inverter

In our case study, we will study only the alternative part AC, the architecture of our system is
composed of a PV generator that will be replaced by a voltage source Vdc, an interlaced inverter, a LC filter,
and the grid. From the Figure 3, we will note that the quantities, Vi0j is the voltage vector of cells, Vinj is the
voltage vector on the inverter side, Vj2 is the voltage vector, j is the vector of the current injected into the
cells of switching of the inverter. g and ijc represent the number of cells, and the current at the capacitor
terminal respectively; ij1 and ij2 are the output currents on the inverter and grid. The subscript j denotes
the number of phases (j = 1, 2, 3) while i denotes the row of interlaced cells of a phase j (i = 1, 2 q). Our
system is consisting of a voltage source Vdc, an interlaced inverter, a filter, and the grid.

The inverter is controlled by open loop and closed-loop pulse width modulation (MLI). The diagram
of the manipulate command of the inverter is proven in Figure 4. The PQ current control unit Figure 5. This
part directly controls the output current to the load. This is the same as the total current in the cell. The
current loop produces reference voltages Ud * and Uq *, which are converted to inverse parks to obtain three
sinusoidal voltages at reference ABC. Each current and voltage is used as a reference to be compared to a
carrier to generate the control signals MLI at the switches of the inverter. We note that the four carriers are
regularly shifted by Tsw/4 (Tsw being the switching period). Note that, the three reference voltages Vx * are
phase-shifted by 27/3 and the two switches of the same switching cell are complementary Ki = Ki '
(i=1, 2,3, 4is the cell number).

The three-phase voltage and current are converted to the coordinate dqO by the Park transformation,
as shown in the matrix [L]:

na sin(a — 2?”) sin(a + 2?”)

Ua Y4 id iA 2 21 21
uql = [L] [us [And iql = [L] [ig] with [L]=\E cosa cos(a—=) sin(a+) (6)
Ug Uc iy ic 1 1 1

V2 V2 V2
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The reference currents | * d and | * q for the line axis can be obtained from the following relationship:
Vq=01* _i
P=led+vq]q —' d— Vq

Vg=o Q* (7)
Q=ValgVgla = 1'q=1

The active (P) and reactive (Q) powers are calculated from the relationships below, with P* and Q* being the
reference powers:

P = led
Q = Val, ®

The reference current | * d is determined from the dynamic analysis of the capacitor when the power Q is set
to zero:

2

d
ZVZDC = (Pin = Pour) )

By application of Pl controller on the difference between the output and input power, allows to extract the
current reference 1;:

* 1
Based on the previous results, we determine the control voltages V*d and V*q:

Vi=k,(I",— 1) + K, [((I", — I;)dt — wLely + Vy

x « . (11)
Vi =k (", = 1) + K [ (U7, = 1) dt — wlely + Vg
in general, our control system is based on the DQ method, and related to PI controllers by the (12).
K
K,+— 0

p S

65V (s)= (12)
0 Kp+ ;

Transport delay based PLL structure. The principle of PLL is to use a PI controller to reduce the
phase difference between the line phase angle and the voltage output phase angle to zero Figure 6. The
Table 2 shows the system parameters during the simulation.

Table 2. Simulation Parameters

PV Power 500 W
Vg 80V
Inin 1A
fg 50 Hz
foum 10 KHz
IGBT‘_ZG@ 1GBTI_26 —ufrﬂi IGBT!_W@GBTI_EB
=L vdaz =m0 v \ 3 3 I1j T
. PmH13
— 4 T e
= =1 z i
:_ Wer - Y ZmH14
lqj Tl m

E] = = o 2mH15
136T1_32 IGET1_27 [—| IGETH 26 |—| <
GET1_#1
w w
w

M

+—dE
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Figure 3. PV grid-connected multi-level inverter (one phase)
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Figure 4. Interlaced inverter SPWM control diagram
- - - — — JnterlacedInverter(q=4) _ _ __
m._;Ea m._;E@ m‘_;E@.m_ﬂL LC Filter Grid
Vi | 11j )
- vacz = poen nj e @
o,
3 b e

laj

— dgfabe

e T
! Vet I CE =
.

I' ﬂh::.fﬂﬂ
Ty e
\

1x2

L) .
] L‘ m&aq-ncmwu»ﬁt ) Pl CONTROLER 12 ‘IA,:_
o vo0 [4—— PI CONTROLER |-—| e
e Tv2eq__ '

Xp

Voe— /a8

v, j
1%

L

Figure 6. Phase locked loop algorithm

3. SIMULATION RESULTS
3.1
3.1.1. Indirect control by PWM

a. Control by PWM (sine-bipolar triangle)

“|a

h|;.,

o

daq

Comparison of the different commands of single-phase photovoltaic inverter

After analyzing the current spectrum in Figure 7, a signal with near zero harmonics was obtained.
This shows that the current THD is 6.31%. On the other hand, we can notice the voltage signal spectrum
contains several harmonics, far from the fundamental wave with a current THD of 145.93%.
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Figure 7. Output current and voltage

b. Control through PWM sine-unipolar triangle (PWM inter-selective)

The current sign received in discern eleven affords much fewer ripples with a quasi-sine wave. On
the opposite hand, the voltage of the burden received is variable among values one wonderful 100 V and
negative -100V. The discern received from Figure 8 is somewhat sinusoidal, that is proven through a
discounted harmonic distortion price same to THDi=2.68%. The sign of the voltage on the output of the
inverter is right however wealthy in excessive frequency harmonics with a voltage THDv same to: 78.76%.
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Figure 8. Output current and voltage spectrum

c. Control through the PWM sinus triangle in a closed loop with PI controller
The Proportional Integral controller is represented through the subsequent transfer function:

G(s)=Kp+7% (13)

the current and the voltage on the terminal of the load in the Figure 9 are solely sinusoidal. The spectral
evaluation offers a totally decreased fee of the current THD and the voltage, effectively same THDi=0.14%
and THDv=1.59% decrease than the worldwide standard (<< 5%). These effects display the vital position of
the utility of the PI regulator in a closed loop, which permits to ameliorate of the traits of the system below
non-linear load conditions.
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Figure 9. Output current and voltage with pi controller in closed loop

3.1.2. Control by hysteresis

According to the frequency evaluation of the consequences acquired, we observe that the spectrum
of current and, of the voltage are barely higher than that acquired through the modulation with a THD
identical successively 4.67% and 49.12% for the current and the voltage in the Figure 10. This indicates that
this command offers mesh generator consequences and that the hysteresis band is functioning correctly, with
harmonics performing at low frequencies.

The results in Table 3 conclude that indirect control with MLI imposes an average phase voltage V
at a constant switching frequency, but the dynamic response can be limited by the presence of a resolver.
Their advantage is that they push the harmonics of the output voltage too high frequencies. This makes
filtering easier (easier to implement and cheaper) and allows you to adjust the amplitude of the fundamental
wave of the output voltage. Direct control by hysteresis imposes a hon-constant switching frequency on the
arm state but has a faster transient response than indirect control due to the absence of a spell leads.

Fundamental (50 Hz) = 44.87, THD=4.67%

25

THD,
COI

05

1 1 1 ]
3000 4000 5000 6000

1
8000

] 1000 2000 7000 9000 10000
Frequency (Hz)
Fundamental (50 Hz) = 15.22, THD=49.12%
T T T T T
1 1 L 1 1 1 1 1
2000 3000 4000 5000 6000 7000 8000 5000 10000
Frequency (Hz)

Figure 10. Spectrum of output current and voltage for hysteresis control

Optimized control of three-phase inverters to minimize total harmonic distortion ...

(Lamreoua Abdelhak)



2262 O3 ISSN: 2088-8694

Table 3. Comparison of THD for different control method

f Indirect control by PWM Direct control b
PWM sine-bipolar PWM sine-unipolar PWM sinus-triangle in closed loop with PI H o by
p - ysteresis
triangle triangle controller
THD; 6.31 % 2.68 % 0.14% 4.67%
THDy 78.76 % 145.93 % 1.59% 49.12%

3.2. A three-phase two-level PV inverter
3.2.1. Sinusoidal PWM control case (SPWM)

After recalling the operating principle of the SPWM and SVPWM command, we will model it under
the environment of the MATLAB / SIMULINK software, as shown in the Figure 11. Before filtering: When
the three-phase converter is related to the non-linear load (NLL) lead to quality result in great troubles of the
energy deliver to the grid. that's proven through the current spectrum of Figure 12 which produces a current
signal present odd harmonics of a couple of order, with THD consecutively same to 4, 40% and 4.47% for
the current and the voltage.
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Figure 11. Current control diagram proposed by space vector control (SVPWM) of three-phase PV inverter
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With filtering. From the spectral evaluation of Figurel3 we be aware that the harmonic distortion
rate is decreased and to the norm (lower <5%) with THD same to 0.68% for the current for the voltage
0.05%. what allowed us to obtain a purely sinusoidal signal (variable frequency and amplitude)), furthermore
all of the harmonics of the excessive frequencies disappeared afterwards. Therefore, the proposed control
allowed us to boom the overall performance on the output of the inverter.

Cuirent spectrum in the load without filter Voltage spectrum in the load wintout filter
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Figure 12. Output FFT of voltage and current before filtering
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Figure 13. Output FFT of voltage and current after filtering

3.2.2. Space vector control case (SVPWM)

Before filtering. The signal in Figure 14 suggests the shape of current and the output voltage, with a
fundamental whose traits are near to the references, the total harmonic distortion rate is same to 4.39% for
current, and 4.47% for voltage; which suggests that the presence of significant harmonics, with traits near to
that of the very high carrier but easy to filter out. With filtering. The spectral analysis of the Figure 15
presents the results of the simulation after filtering, with a better THD equal successively for current and
voltage, 0.22% and 0.04% <<3% (international standards), which shows that the proposed control works
correctly and the harmonics of the high frequencies are totally filtered out with an output current signal is
purely sinusoidal.

Power variation: the Figure 16 shows the comparative waveforms of active and reactive power in
the load and their references after compensation. According to Figure 16 the power (Pa) has an average value
equal to the power reference (Pref=500 w) and the power (Qr) is very close to the zero value (Qref=0 kV),
after the application of the two controls.

Optimized control of three-phase inverters to minimize total harmonic distortion ... (Lamreoua Abdelhak)



ISSN: 2088-8694

2264 0O
current spectrum in the load without filter ] Vol gﬂﬂmfr{um uk B\ WOt BHGr
2 .
g \ \ gzm \ /,“ ’Ilu / K I/ \'-, X \\ 1
E 0, g 0 \ l.'II / IJ' I'I / '|1 |ln'l \ ||'_
g.z . . . ) . / @20 \,/, \/'r N ) ll\ . l\\j \,/'
3 301 302 303 304 305 & 602 Go4 606 608 G
FFT analysis — FFT analysis fnet
Fundamental (50Hz) =2.311, THD= 4.39% Fundamental (50Hz) = 354.4 , THD= 4.47%
10
01 THD
T($ ()
005 3
. | o
0 500 1000 1500 2000 0 500 1000 1500 2000
frequency (Hz) frequency (Hz)
Figure 14. Output FFT of voltage and current before filtering
. urren? spectrum in with Tier N I\l"o!'lage spectrum in the loadlwith filter
g ., 200 / |
E g
7] o
-1 . . . " . E W o J
3, oot a0z 1—,%2333; a0t 208 3 301 302 303 30t 205 /
[FTeness ¢ indamental (S0Hz) = 1.088 , THD= 0.22% FFT anaysis Tima.is)
- : : ) 200 —vr_Fundamental (50Hz) = 300.7 , THD= 0.04%
s} Eﬁ’
06 200
o4 100
oz2F
s 500 000 1500 2000 ° 500 1000 1500 2000
frequency (Hz) frequency (Hz)
Figure 15. Output FFT of voltage and current with filtering
Active and Reactive Power in the load and their references
AIAY A Ja\ A et ‘ e N N N\
/AN AN AN AN AN
o N\ N N A\ Y A A A
we NN NNV NN N N
N ENAVARAVARAYARAVANAVARAY, V]
1 1 1
el NN N N BB N AT A
I VI VI V[ V[V VI VY[ VU V]
* 991 492 993 &IQ-Q- 9485 Time () G906 4497 998 ) QIQS L .10

Figure 16. Variation of poer auhtor of their references

Int J Pow Elec & Dri Syst, Vol. 13, No. 4, December 2022: 2255-2268



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2265

3.3. Three-phase multi-level interlaced PV inverter
3.3.1. SPWM control

Figures 17 and 18 show the converter's current and voltage spectra before and after filtering,
respectively. It can be seen that the difference in the waveform at the output of the inverter voltage is
completely sinusoidal after filtering, but not before filtering. Figure 18 shows the current THD at the
converter's input line after filtering. Current and voltage THD for the first harmonic of 50, in contrast to the
THD indicator (4.66% and 2.59%), which was acquired by the system before filtering, and the system
indicator THD. 0.28% and THDv=0.30%. It is much better to use an interlaced inverter after filtering.
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Figure 17. Current and voltage spectra by (SPWM) before filtering
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Figure 18. Current and voltage spectra by (SPWM) after filtering

3.3.2. SVPWM control
The THD values obtained at the output of the interlaced inverter are better than those obtained with

the classic inverter as shown in the Figures 19 and 20. We also note the improvement in the transient regime
of the curves obtained with the interwoven inverter system after filtering compared to the transient regime of
the curves of the system with a conventional inverter (THDi = 0.14% and THDv = 0.03) represents the best
THD value obtained. Table 4 shows the results obtained after application of the two new control methods by
SVPWM and SPWM before and after compensation. Moreover, the values of TDH <<5% with honey rate for
the multi-level inverters compared the two-level inverters, which shows that the proposed method are very
efficient and solve the problems encountered with the classic three-phase PV inverters.
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Table 4. THD of these two typologies
Topology THD; THDy
SPWM SVPWM SPWM SV PWM
Before filtering  Two-level Three-phase PV inverter  4.40% 4.39% 4.47% 4.47%

After filtering 0.67% 0.22% 0.05% 0.04%
Before filtering  Multi-level three phase PV inverter ~ 4.66% 4.66% 2.50% 2.50%
After filtering 0.28% 0.14% 0.30% 0.03%

4. CONCLUSION

In this article, we have compared and improved the electrical characteristics of Three-phase two-
and multi-level PV inverter related to the nonlinear load through different control methods, to improve the
problems of current harmonics injected into the grid by an inverter related to the PV system. So, in this part,
we've modeled the three-phase photovoltaic multi-level inverter, and applied two improved controls of these,
via the SVPWM control and SPWM control applied to the non-linear load. From the simulation results, and
the spectral evaluation we stated that it has improved the performance of the two control strategies proposed
and that the SVPWM (THDIi=0.22%) command provides load current characteristics higher than the ones
acquired with the SPWM (THDi=0.67%) command. On the other hand, if the inverter levels are increased
(case of the interlaced inverter), The performance of the multi-level 3-phase PV inverter is superior to that of
the 3-phase 2-level PV inverter, and significant improvements have been seen in the transition state and
waveform. with a lower distortion harmonic of current THDi= a.14%(SVPWM) and THDi=0.28%(SPWM),
it is reduced conduction losses, both comply with international standards (<<5%) which shows the efficiency
of this control method used and ensures the risk of current leaked injected into the grid.
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