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Abstract- The presence of non-linear loads, such as electronic power converter, into the grid generally affects the electric 
power quality. This latter presents a fundamental factor in the performance of the grid consumers. Besides, nowadays, the 
photovoltaic (PV) energy integration spreads for residential and commercial applications. These PV systems impose the use of 
power inverters to liaise with the electric grid. In this context, this paper aims to benefit from a modelling PV inverter to fix the 
power disorder and then to guarantee better equipment performance. The proposed model configuration mainly involves a 
seventeen-level cascaded inverter controlled by the active and reactive instantaneous power theory. The regulation system 
consists of PI regulators for the dc-link voltage as well as the inverter output currents. This PV inverter provides successful 
harmonics mitigation while achieving its fundamental function. Also, it ensures reduction of overall source current THD 
values, efficient DC-link regulation, and quick response over the system variations. MATLAB/Simulink simulation results 
show the electrical behaviour of the whole model for different cases and operation modes. 

Keywords the grid-tied solar system, multilevel inverter, instantaneous power theory, harmonic mitigation, DC voltage 
balancing, reactive power reduction. 

 

1. Introduction 

Nowadays, centralized power generation systems are facing a 
scarcity of non-renewable resources. Furthermore, the excess 
demand for electricity stimulates to find new production 
systems which need to provide more power, greater 
efficiency, and less pollution. Thus, electricity companies are 
moving toward integrating renewable energy conversion 
systems (wind energy conversion systems, PV conversion 
systems). As well, PV systems occupy a fundamental place 
in electricity production. That is thanks to several factors; 
reducing costs, increasing yield, searching for an alternative 
clean energy source, and encouraging environmental 
awareness. Thus, that leads to the enormous growth of the 
use of the PV conversion systems. One of its most well-
known configurations is the grid-tied solar system which 
accounts for over 99 % of the installed PV system 
capacity[1]. It is because of no need for batteries as the case 
of the stand-alone structure. The grid-tied solar system 
principle is to direct delivering of the PV power to the 
electric grid. Thus, abandoning the use of such batteries 
ensures the cost optimization, the effectiveness improvement, 

and the reduction of the maintenance and re-investment 
costs.  

Figure 1 depicts the structure of the grid-tied solar system[2]. 
A PV inverter is necessary to deliver the solar panels energy 
to the electric network. The connection of this power stage 
with the DC energy source can be either with or without a 
DC-DC converter. On the other side of the PV inverter, a 
passive filter is essential for the connection to the electric 
grid. But, the intermittent nature of PV systems disturbs the  

 

Fig. 1. The grid-tied solar system structure  
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electricity quality. This issue may arise with the excessive 
use of non-linear loads into the grid. It is the cause of 
harmonic currents production which lead then to generating 
harmonics voltages via grid impedances. They affect not 
only the grid but also the different consumers attached to it. 
These perturbations trigger annoying effects such as the 
excessive neutral currents, inaccuracies in the measuring 
system, overheating, protective relay, and circuit breakers 
operation failure, capacitor blowing, motor vibration, etc.[3] 
So, the purpose is to keep high-quality power by mitigating 
these existed perturbations. One of the solutions for this such 
power disorder is the parallel active power filter. The latter's 
main characteristic is the proficiency. But the high cost 
presents its principal drawback.  

Thus, as a solution to minimize the costs, researchers suggest 
applying an adjustment in the PV inverter structure to obtain 
a multi-functional system which provides the feasibility to 
mitigate electric perturbations besides delivering PV system 
energy[4], [5].  For the power system, the selected topology 
is a multilevel inverter that proves its efficiency in the 
medium to high power applications. These advanced power 
system topologies are more suitable for the active power 
filters as well as the PV inverters than the traditional 
inverters[6], [7]. Among the several multilevel structures, the 
cascaded H-bridge inverter is the best adapted for PV 
systems since each photovoltaic array or panel can act as a 
separate direct current source for each H-bridge cell.[8]–[10] 
Also, to achieve this inverter multi-function, its control 
flexibility plays the principal role.[11] 

 The first objective, in this paper, is the performance 
checking of the proposed structure. The verification applied 
by its comparison to another PV inverter with the same 
topology and in the same operating conditions. It helps to 
distinguish the strengths and vulnerabilities of the new 
model. After the efficiency validation, another point needs to 
be made about one of the disadvantages of the cascaded 
multilevel inverter use for this application. It is the 
dependence on the number of PV arrays, contrary to the 
traditional topology of PV inverter. Thus, the second 
objective, of this paper, is modelling a modular cascaded 
inverter that can operate with the different number of cells 
while depending for the existing PV arrays. 

The paper organization is as follows. The second section 
presents a brief description of the whole studied-system 
design. It is about the description of the power stage model 
and its control system. The third section is dedicated to the 
evaluation of the proposed PV inverter. It includes simulated 
test cases through the MATLAB/Simulink platform. The 
summarized results are outlined in the conclusion section. 

2. The System Design 

Figure 2 shows the entire system illustration, stating the PV 
inverter configuration. It is a modular cascaded multilevel 
inverter. It consists in the connection of each H-Bridge cell 
with a PV panel through a DC-DC converter. A passive filter 
is an interface between the other side of the PV inverter and 
the electric network. Beyond the solar conversion system, 

there are various loads connected to the grid. The following 
sections present a detailed description of each part of this 
system.  

 

Fig. 2. The studied system architecture 

2.1.  The PV system 

The PV system consists of PV panels connected to the DC-
DC converter that fix the amount of energy delivered by the 
PV panels. This converter controller compels the PV panel to 
generate the maximum available power. Thus, the use of a 
Maximum Power Point Tracking (MPPT) algorithm as a 
control technique is required. The most known MPPT 
algorithms are the incremental conductance (INC) and the 
perturbation-observation (P&O) methods. The second MPPT 
technique is widely used in practice due to many factors. 
There is the easy implementation, the compromise between 
simplicity and efficiency.[12]–[15] Figure 3 illustrates the 
principle of the proposed method.    

 

Fig. 3. The P&O method flowchart 
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It involves a variation of the operating voltage of the DC link 
between the power converter to the PV panel. The signs of 
the last voltage variation and power increment are the inputs 
to extract the new voltage value[16]. The MPPT output 
voltage is the reference voltage to control the boost 
converter.  

2.2. The PV Inverter 

The electricity production has seen an enormous growth of 
the PV systems use. That has sparked a continuous 
progression of its different components to achieve extreme 
efficiency, compactness, and reliability. Thus, the PV system 
market lays down exaggerated requirements; warranty 
periods for a long time, high efficiency (above 98%), high 
power quality, minimized leakage current, and 
transformerless operation.[1], [17] That leads to explore 
multilevel inverters, to meet the market demand. It is one of 
the alternative solutions used for high-power applications. 
This choice is justified by several advantages such as higher 
voltage operating capability, lower common-mode voltages, 
near sinusoidal absorbed or injected current, smaller input 
and output filters if necessary, increased efficiency, possible 
fault-tolerant operation (in some cases).[18] Also, these 
power electronic devices enable the direct connection 
between the megawatt grid and the solar conversion system. 
Among the most known multilevel inverter topologies, there 
is the cascaded inverter. It attains the higher power levels and 
output voltages than other multilevel structures. Furthermore, 
its modular topology allows for higher reliability. The 
cascaded multilevel inverter consists of a series connection 
of H-bridge inverters that leads to reach a high modularity 
degree. These single-phase cells have the same structure and 
the same control circuit. Thus, in case of a defect in one of 
those modules, its replacement would be easy and fast. 
Moreover, the work-in-process system is not affected while 
bypassing the defective module. 

The cascaded n-level inverter consists of (n-1)/2 cells per 
phase. The basic structure of each cell is an H-bridge inverter 
with a capacitor acting as a DC source. The output voltage 
waveform of this latter is a quasi-square wave with (+ Vdc, 
0, -Vdc) output levels. For each phase, the ac terminal 
voltages of different cells need to be in series connection. 
Thus, the inverter final output voltage is the sum of the each-
phase cells output voltages. 

Also, the used PV inverter has a transformerless structure. 
This choice is on account of the drawbacks encountered in 
the use of transformers. There is the high cost, the increase of 
the power losses, and its high susceptibility to failure.  

The proposed system is a seventeen-level cascaded 
multilevel inverter shown in figure 4. 

 er1,2,3, ir1,2,3 Three-phase grid voltages and currents 
(Lr,Rr), (Lf,Rf)  Grid, output filter impedances 
Vr1,2,3 Three-phase voltages at the PCC point 

Vc(i,j) Dc-link voltage corresponding to cell j in 
phase i 

T1, T2 (i,j) Control signals of cell i in the phase j 

Vh1,2,3, ih1,2,3 Three-phase PV inverter voltages and 
currents 

 

Fig. 4. The model of the cascaded multilevel inverter with 
(2j+1) levels connected to the grid 

The mathematical representation of a five-level cascaded 
inverter after the Clarke transformation is as below. 

  

(1) 

  (2) 

     (3) 

  

Using (1), (2), and (3), the space-state representation is:  

                              (4) 

                                                                  (5) 

1[ ] ( )h h r h
h f

h h r hf

I V V Id dI R
I V V Idt dt L
a a a a

b b b b

æ ö æ ö æ ö æ ö
= = - -ç ÷ ç ÷ ç ÷ ç ÷

è ø è ø è ø è ø

1[ ] ( )r h r r
r f

r h r rr

I I V ed dI R
I I V edt dt L
a a a a

b b b b

æ ö æ ö æ ö æ ö
= = - - +ç ÷ ç ÷ ç ÷ ç ÷

è ø è ø è ø è ø

( ) 1[ ] (1,1) (1, 2) (2,1) (2, 2) (3,1) (3, 2) [ ]T

C C C C C C C

d d
V V V V V V V B U

dt dt
= =

1

0 0 0 0 0
0 0 0 0 0

3
0 0 0 0 0

2
1 3
0 0 0 0 0

2
3

0 0 0 0 0
2

3
0 0 0 0 0

2

h

h

h h

h h

h h

h h

I
I

I I

I IB
C

I I

I I

a

a

a b

a b

a b

a b

æ ö
ç ÷
ç ÷
ç ÷- +
ç ÷
ç ÷
ç ÷- - +ç ÷=
ç ÷
ç ÷

- -ç ÷
ç ÷
ç ÷

- -ç ÷
ç ÷
è ø

( )[ ] [ ]d X AX B X U H W
dt

= + +

[ ]
[ ]
[ ]

c

h

r

V
X I

I
=
é ù
ê ú
ê ú
ê úë û



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
M. Tayari et al., Vol.10, No.4, December, 2020 

 1813 

                                                            (6) 

               

                                                        (7) 
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2.3. The Control System 

Figure 5 summarizes the PV inverter control system. It 
consists of 3 principle circuits; harmonic compensation 
controller, DC bus regulator, and current regulator[19]. In the 
following parts, we presented a brief description of these 
blocs. 

 

Fig. 5. Illustration of the entire control system 

Ø The harmonic compensation controller 

The inverter integrated by an APF-PV function should 
ensure the harmonics mitigation and simultaneously inject 
the PV system power [20]. Thus, the control system uses the 
instantaneous power technique. For this theory, all the 
parameters are tracked instantaneously via electric sensors. 
There are the voltages at the PCC point, the load, the grid 
and the inverter currents, and the dc-link voltages. The 
principle of this technique depends on the power balance at 
the PCC point. 

Pch, Qch Active and Reactive powers of the load 
Pr, Qr  Active and Reactive powers of the grid 
Ph, Qh Active and Reactive powers of the PV inverter 
ploss Power corresponding to the PV inverter losses 

                                                               (9) 

The following expressions show the conventional 
instantaneous powers formulas extracted by Concordia 
transformation. 

           

               (10) 

These latter include two components; average DC` and 
oscillating AC ͠  . Thus, a low pass filter (LPF) is necessary to 
decouple them. The used structure is a fifth-order 
Butterworth LPF. 

For successful mitigation, the inverter should deliver the 
oscillating component of the real power as well as the 
imaginary power. In this case, the electric grid supplies either 
the total average power or only one fraction of it. That all 
depends on the PV inverter mode; either APF mode or APF-
PV mode. Thus, the PV system generates the rest of the 
average power required by the load. An extra amount of 
active power ploss is taken into consideration. It is the 
additional flow energy necessary to keep the DC-link 
voltages around a fixed value Vdcref. So, the reference 
injected powers can be expressed by:[21] 

APF-PV mode 

      Or   APF mode                         (11) 

1

0 . . 0
. . . .
. 0 0
0 . 0

A

A

æ ö
ç ÷
ç ÷=
ç ÷
ç ÷
è ø

1

0 0 0
0 0 0
0 0 0
0 0 0

f f

f f

r r

r r

R L
R L

A
R L

R L

-æ ö
ç ÷-ç ÷=
ç ÷-
ç ÷

-è ø

1

2

( )
( )

( )
0
0

B X
B X

B X

æ ö
ç ÷
ç ÷=
ç ÷
ç ÷
è ø

1 1( )B X B=

2

2 (1,1) 2 (1,2) (2,1) (2,2) (3,1) (3,2)
3 3 3 3 3 31( ) (2,1) (2,2) (3,1) (3,2)
0 0

3 3 3 3

c c c c c c

c c c cf

V V V V V V

B X V V V VL

- - - -æ ö
ç ÷
ç ÷= - -ç ÷
ç ÷
è ø

0 . . 0
. . .
. . .
0 . . 0
1 0 0 0
0 1 0 0
1 0 1 0
0 1 0 1

f

f

r r

r r

H
L

L
L L

L L

æ ö
ç ÷
ç ÷
ç ÷
ç ÷
ç ÷= ç ÷-
ç ÷

-ç ÷
ç ÷-ç ÷ç ÷-è ø

[ ]
[ ]
r

r

V
W

e
é ù

= ê ú
ë û

ch r h

ch r h

P P P
Q Q Q

= +ì
í = +î

0 0 123 123

1 11 2 2
2 3 3( ) 0 ( )2 23

1 1 1
2 2 2

ch ri V i Vab ab

æ ö- -
ç ÷
ç ÷

= -ç ÷
ç ÷
ç ÷
è ø

ch ch ch

ch ch ch

V V iP p p
V V iQ q q
a b a

b a b

+æ öæ öæ ö æ ö
= =ç ÷ç ÷ç ÷ ç ÷- +è ø è øè øè ø

!

!

href ch r loss

href ch r

P p P p
Q Q Q

ì = - -ï
í = -ïî

!

href ch loss

href ch

P p p
Q Q
= -ì

í =î

!



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
M. Tayari et al., Vol.10, No.4, December, 2020 

 1814 

  After finding out the reference powers values, the 
corresponding currents are calculated by using the reverse 
Concordia transformation. 

                      (12) 

 

The power losses occurring inside the cascaded inverter are 
extracted through a DC-link voltage regulator. 

Ø The DC-link regulator 

The PV inverter must be able to generate and receive the 
required energy even while unexpected loads fluctuations. 
But the injected current relies only on the nature of the load 
current. Consequently, any current variation results in a 
considerable rise/drop in dc-link voltages. Thus, the dc 
voltage balancing plays a fundamental role in inverter 
efficiency. 

An efficient DC-bus regulation needs to achieve two 
objectives. The first one is maintaining a constant DC 
voltage value around the reference value. Then, the second 
goal is overcoming the inverter semi-conductors power 
losses.  

 Only one of the dc-link voltages need to be tracked and fed 
back to get a reliable regulation. The selected controller for 
the power losses extraction is a PI controller. 

Ø The current regulator  

The final step to generate the control signal of the PV 
inverter is the current regulation.  The error between the 
reference currents and the instantaneous injected current by 
the PV inverter is the input of a PI controller. Then, a PWM 
gate signals generator, based on the PDPWM modulation 
technique, produces the switching signals of the cascaded 
inverter[22]. 

3. Simulation results and Discussion 

In this section, the principal purpose is to check the proposed 
PV inverter performance. The model of the grid-tied PV 
system is simulated in Matlab/Simpower systems platform. 
Several cases have been examined to test the rapidity and the 
accuracy of the entire system. Three tests are done for 
checking system flexibility. 

3.1. First scenario: 

The used network model is the same as [23] that addresses 
the modelling of PV inverter with a seventeen-level cascaded 
multilevel structure.  

This network choice aims to clarify the proposed structure 
vulnerabilities and strengths by comparing it with the same 
architecture used for the same power quality issues. Thus, the 
control system is committed to making a difference. Two 
types of load are connected to the grid during the simulation. 
There are a three-phase diode rectifier TPRD and RL load. 
The main system parameters for the simulation study are 
presented in Table 1. 

Table 1. Simulation Parameters 

The system 
part Parameters Values 

Grid 
Voltage 6.3 kV 

Frequency 50 Hz 
Supply inductance 1 mH 

Loads TPRD load (R L) 100Ω, 0.6 mH 
Linear load (R L) 100Ω, 600mH 

PV panel SunPower SPR-305 
100 Kw, Nsr=5, 

Npar=66 

Active 
power filter 

DC-link parameters 
(Vdc,Cdc) (800 V, 1600µF) 

Switching Frequency 20 kHz 
Output Filter (Rf,Lf) (10Ω, 10 mH) 

Similar steps are applied but with a reduced time scale. 
During the period of 0.55s, the main instances are shown in 
figure 6. 

This simulation presents two modes of operation; the APF 
and the PV-APF modes. For the first one, the utility supplies 
only the average components of the active power of the load. 
Nevertheless, the PV-APF mode requests the injection of 
both power duties (average and oscillating) by the PV units. 
Thus, the utility takes charge only of the average energy 
production. Figure 7 depicts the results of the 
abovementioned comparison. 

 

Fig. 6. The simulation modes of operation 
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Fig. 7. The simulation results 
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Fig. 8. The THD and the individual harmonic currents values 

Table 2. THD values comparison for different cases 

In the stationary phase (t=0.05s), the grid currents keep the 
sinusoidal waveform regardless of the operating mode. 
Figure 8 shows the individual harmonic currents (odd 
harmonics) and the total harmonic distortion values of the 
grid current for each study case. It appeared that all of them 
do not exceed the limits set by the IEEE 519-2014 
standards[24]. To compare the two models of the PV 
inverter, Table 2 lists the THD values of the grid currents, 
and the Reactive and Active powers quantities corresponding 
to the grid, the load and the PV system. Thus, the simulation 
results provide an enhancement in the THD values for the 
different operating modes. The new THD values are less than 
half of previous ones and not even over 1%.  Moreover, the 
proposed control system shows rapidity in response that is 
clear in the currents waveform especially at the load state 
change. 

Another aspect to discuss is the voltage balancing. The 
whole oscillation is inferior to 6.25%. That is achieved by a 
simplified control thanks to the cascaded multilevel inverter 
modularity.  

Concerning the power delivering by the filter to the grid, the 
two modes are distinct in the active and reactive power 
waveforms. For the first mode 'APF mode', the Active power 

produced by the filter is nearly 0. In the second mode 'APF-
PV mode', the required Active power is generated by the PV 
system besides the grid.  

However, the Reactive power is generated by the filter 
whatever the operating mode. Thus, that leads to enhance 
also the power factor value which presents important criteria 
for the power quality. 

3.2. Second scenario: 

Another scenario is applied to check the inverter 
performance in different conditions. It is about to validate the 
inverter flexibility in the case where the number of PV panels 
is less than the one of inverter cells. Thus, for this test, the 
model is simulated while changing the number of cascaded 
multilevel inverter modules to fit with the PV system 
architecture. Moreover, for each inverter state, different loads 
are connected to the grid. Besides the used loads in the first 
test, another TPRD is added to have the simulation steps 
shown in figure 9.  

Fig. 9. Operation modes of scenario 2  

Operation 
modes 

Reference model Proposed model 
THD 
(%) 

Active power 
(KW) 

Reactive power 
(KVAR) 

THD 
(%) 

Active power 
(KW) 

Reactive power 
(KVAR) 

  grid load filter grid load filter  grid load filter grid load filter 
APF 
mode               

TPRD 1.92 320 320 - - 220 220 0.76 305 305 - - 157 157 
TPRD 

 + 
 RL load 

1.64 430 430 - - 320 320 0.52 456 456 - - 258 258 

APF-PV 
mode               

TPRD 2.02 200 320 120 - 220 220 0.85 154 305 151 - 157 157 
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Fig. 10. The simulation results 

For this simulation, the PV-APF mode is activated, as shown 
in Figure 10. The achieved results are satisfying, regardless 
of the difference in the number of cells. The load currents 
waveforms are varied, depending on the type of load. 
However, the grid currents keep a sinusoidal waveform for 
the different studied cases. Table 3 presents the current THD 
values of the latter for simulation cases. The values adhere to 
the limitations established by the IEEE standards. Also, for 
the different number of cells, they are very close for the two 

types of load; TPRD load and RL load. However, there is a 
slight difference in the THD values for the third load, 
composed of two TPRD.  

Moreover, as the first scenario, the control system is 
characterized by an adequate response time at the load state 
change and even at the number of cells variation. Also, 
concerning the delivered active and reactive power, the PV 
inverter provides its efficiency to feed the electric grid by 
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approximately the same amount of energy even when 
decreasing the number of PV arrays.       
 
Table 3. THD values of the grid current for the different 
simulation state 

Operation modes 
THD (%) 

n=8 n=6 n=5 n=4 
APF mode     

TPRD 0.84 0.98 1.28 1.66 
TPRD +RL load 0.56 0.66 0.68 0.86 

2 TPRD 1.49 2.65 1.31 3.23 

4. Conclusion 

To summarize, the principal function of the Grid-tied PV 
system is the injection of the active power to the grid to 
avoid dependence on other energy sources such as fossil 
fuels. However, by incorporating modifications in the 
structure and the control system of the PV inverter using for 
the connection between the grid and the PV system, the 
functionality of this power stage is increased to cover other 
roles; active power filter and power factor corrector. Using 
MATLAB/Simulink, several scenarios are applied to validate 
the modular PV inverter performance. The starting point is to 
compare, in similar operation conditions, this inverter with a 
verified one which has the same structure. This comparison 
focuses on the observation of the two power devices for 
different operation modes (PV-APF mode, APF mode) and 
by applying several loads (TPRD load, RL load). The 
simulation results show an improvement in terms of rapidity 
and accuracy for the new model, especially at the load state 
variation. The cascaded inverter achieves perfectly the two 
desired functions. The new THD values do not exceed the 
1% regardless of the operation modes as well as the 
connected load. The DC-link voltages are properly 
balancing. For the second scenario, another option is 
checked. It is the change in the number of inverter cells to fit 
the PV system conditions. This simulation is based on the 
APF-PV mode with the connection of several loads. The 
results show good performance by keeping a non-disturbed 
grid even with the variation of the number of the inverter 
cells. Moreover, the THD values are adequate with the peak 
value of 3.23%. Also, the results provide the efficient DC 
voltage regulation as well as the system fast response. 
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