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1. INTRODUCTION

In recent years, the consumption of electrical energy has grown very strongly, and it seems that this
consumption will continue to increase given several parameters, such as economic growth and the rise in per
capita electricity consumption. To face this reality and to keep pace with life, it is necessary to think of
distributed production systems instead of centralized production. This production is based on renewable
energy generators; photovoltaic (PV) generators are part of these distributed sources [1]-[7]. PV cells
contribute to reducing reliance on fossil fuels and mitigating the emission of harmful pollutants into the
environment. Furthermore, the use of PV cells enhances the quality of life for individuals residing in areas
without electricity. PVs are economical in the long run, as they reduce energy costs and increase the energy
efficiency of the systems that use them [8]-[11]. In addition, PV systems can now be used to improve the
quality of electrical energy, such as through the dissolution of current load harmonics and the compensation
of reactive load power [7].

Solar panels are usually connected to a controlled converter in order to track the maximum power
point. Different methods can be used, such as the perturb and observe method or the increased conductivity
method, and different techniques are relied upon to implement them, such as traditional methods, fuzzy logic,
or artificial neural networks [12]-[16]. On the other hand, a grid-side converter can be used to regulate the
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exchange of energy between a PV system and the electrical power grid, allowing for the production of
electrical power that meets quality standards [17], [18]. In situations where nonlinear loads are extensively
utilized within power systems, the emergence of harmonic currents and reactive power flow in the supply lines
becomes more pronounced. As a result, effective control of the grid-side converter is essential to maintaining
control over the mutual power exchange between the PV system and the grid, thereby ensuring the high
quality of the energy produced by the PV system.

Generally, in the literature, we note that the work deals with the control of simple two-level
inverters, and even those treated by multilevel inverters have been limited to the classic maximum power
point tracking (MPPT) control of the chopper that is upstream of the inverter. It is also noted that there is
little work done by nonlinear control of multilevel neutral point clamped (NPC) inverters, or that the work is
limited to conducting simulations or carrying out experiments for one type of inverter without comparisons
or testing of parameter changes. A PV generation system connected to the grid via an inverter controlled by
the back-stepping technique was studied and simulated with the regulation of the DC link voltage by the
sliding mode technique [7]. During the research, no comparison was made with another technology or even
with an inverter of another type. Sliding mode control-support vector machine (SMC-SVM) technology was
used to control the NPC-type inverter within the grid-connected PV power generation system, and the results
showed the effectiveness of the proposed system, but the results were not compared to other technology, and
more importantly, the system was not tested for non-linear loads [17]. A multi-objective control strategy was
developed to improve system performance based on non-linear control methods [19]. The proposed system
controls both the turbine and the PV panels to track the maximum power area, and it also contributes to
regulating the DC link voltage and reactive power compensation. The researchers focused on the MPPT
control unit and correcting the power factor without giving importance to the used inverter, which was of the
traditional type. The focus was on improving the performance of a three-level NPC inverter and overcoming
the limitations imposed by traditional linear control methods by proposing a unique method to design the
inverter weighting factors based on an artificial neural network (ANN) [20]. The results and the proposed
mechanism show important data, but the system has not been tested when there are non-linear loads or when
the inverter is used to connect the PV panels to the grid.

This work will mainly focus on controlling the grid-side inverter in order to reduce the harmonic
distortion content. The research aims to compare the performance of a traditional bridge converter and a
three-level NPC converter used in a PV generation system connected to a nonlinear electrical network. The
research will also provide a comparison between the performance of integrated back-end controllers, as one
of the non-linear control techniques, and proportional integral (P1) controllers in regulating ac grid currents
and reducing the value of the total harmonic distortion coefficient of the currents passing into the electrical
grid. During the research, PQ theory was used to determine harmonic currents. This paper is organized as
follows: the study of PV/grid interconnection stages (system description) is dealt with in section 2. In
section 3, the design of the grid-side converter (GSC) control system using backstepping techniques and PQ
theory, which were used to determine the harmonic currents, was explained. Section 4 is reserved for
simulation results and concludes with section 5, which concludes the work.

2. SYSTEM DESCRIPTION

In this research, the system with the notations of Table 1 shown in Figure 1 is studied, which
consists of: i) PV panels, ii) DC-DC boost converter, iii) NPC inverter connected to the grid through a link
filter, and iv) non-linear load.

2.1. DC-DC converter

DC-DC converter is the first stage from PV/grid interfacing system, where the inverter is the second
one. The DC-DC converter must be controlled to extract the maximum power available from PV panels. The
model of the DC-DC converter which is boost converter adopted in this paper is shown in Figure 2, its dynamic
model is given in (1)-(3) [21], [22]. For designing MPPT control unit in this paper, perturb and observe (P&O)
algorithm was used, which its flowchart is which was mentioned in [13], where D is the duty cycle.
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Table 1. List of notations

Notation Designation Notation Designation
Va-grids Vo-gria: Ve-grid Power grid voltages Ve DC bus voltage
Va, Vg Power grid voltages in d-q coordinates Ve 1, Ve 2 DC capacitor voltages
Ve—grid » Va-gria Power grid voltages in o-f coordinates Riiter Decoupling filter resistor
lgas Lgp » ige Power grid currents Leister Decoupling filter inductance
Va—ritters Vo—fitters Ve—piter ~ NPC VOItages Chnrc NPC capacitor
Uggitters Ugitter NPC voltages in d-g coordinates Vy RMS grid voltage
iNPC (abic) NPC currents Fq Power grid frequency
lafitters iqfiter NPC currents in d-g coordinates Rioad Nonlinear load resistor
la—Load,ib-Load» kc-Load Nonlinear load currents Lt oad Nonlinear load inductance
la—Loads {B-Load Load currents in a-f coordinates

PCC  la-Load
3 phase igh ip-Load Nonlinear
power Grid i [y Load
M i\?fi[z.h‘:]
iy hecp

DODC .
Converter Vie 1 L R
+*E Lrar

DC ftteer
\/ 1 i r—[ I
Ve : Ve 4 9 g W—
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PV Array
-fl}

ixpc

Figure 1. Structure of an electrical PV/grid system
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Figure 2. The structure of the boost chopper

2.2. Neutral point clamped inverter

In the multilevel inverters, there are several structures, namely the H-bridge cascade structure, the
floating capacitor structure, and finally the structure adopted in this work, which was shown in Figure 1, has
a neutral point very recognized by the NPC structure. The advantage of this structure compared to other
structures is that it requires fewer capacitors and fewer power switches to generate the desired voltage levels
at the output. It can be added that this NPC structure is very effective in power supply systems. The control
of the NPC inverter must meet certain constraints in order to ensure the proper functioning of the PV system
and improve the quality of electric power [7], [17], [20].

3. CONTROL SYSTEM DESIGN OF GRID SIDE CONVERTER

Figure 3 shows the block diagram of the whole system. It consists of two control loops: the external
regulation loop, in which the DC link voltage is regulated using a Pl regulator, and the internal regulation
loop, in which the alternating currents exchanged with the grid are regulated. Here, backstepping techniques
were used, and its performance was compared with that of P1 controllers through the effect of its performance
on the value of the total harmonic distortion coefficient. In the power stage, a comparison was presented
between the traditional inverter and the NPC multi-level inverter in terms of their effect on the deformation
coefficient. It should be noted that the reference values of the currents exchanged with the grid are computed
in the o—f frame, where the method of its conclusion is explained in the following paragraph.
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Figure 3. The block diagram of the control system

3.1. PQ theory of instantaneous real and active power

This control approach is employed to determine the reference currents for the control system with
the aim of reducing the harmonic distortion coefficient [23]-[25]. To calculate the reference current values
using the PQ theory, it is necessary to measure harmonic currents at the load side, grid voltage, as well as the
loss component power from the dc-link voltage system control, in addition to the power generated by the PV
panels. The PQ theory method involves transforming voltage and current variables from the a, b, c reference
frame to the instantaneous signals of power, voltage, and current in the a—f reference frame [24].
There are the formulas for converting voltages and currents:

. 1 —= == _Va—grid

oc gri ] f 2 2 Vb .
—grid (4)

VB grid 0 E _E 1% .

| 2 2 1L Yc—grid

i 1 -1 -1 [la—Load
o Load 2 2 2 i (5)

B Load 3 0 V3 V3 'b—Load

| > T 5] lle-Load

The instantaneous active and reactive powers are calculated based on (6):

14 a-grid VB —grid | [la—Load

=15, Iliez) ©
B-grid o( grid B-Load

Where both instantaneous p and g have two components, one is direct component and the other is alternating

component. Therefore, it is written as (7) and (8):

p=p+p @)

q=q+3q ®
where p,q are direct powers resulting from the active components of voltage and current and p,§ are
alternating powers related to the harmonic currents and they are resulting from the alternating components of
voltage and current.

The active and reactive alternating powers that cause harmonic currents are calculated by passing
the power signal through a low-pass filter or a high-pass filter. In this research, the Low pass filter will be
used to specify the frequency band to be compensated by the effective filter. In the last step, the reference
currents in a, 3 frame will be calculated as (9):

[ia_ref] _ 1 Va—grid VB —grid ] [pc] 9)
1g—ref Va-grid2+Vpg-gria2 VB—grid \/= grid
where:

Pe = Ppv +p—D + Dioss (10)

3.2. Design of current controllers
Lyapunov's theory will be used to design the current controller in the inner loop, but first it is necessary
to know the dynamic equations relating to the filter's currents which are given as (11) and (12) [26]-[28]:

digfilter _
Lfiter =4, = Va —

Ugfilter T wstilteriqfilter - Rfilteridfilter (11)
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digfi
qfilter __ . .
Lfilter a Vq — Ugfilter — wstilterldfilter - Rfilterquilter (12)

Let's first assume:

€d = lafilter — ldfilter (13)
After deriving the relation (13) and substituting the relation (11) it is obtained:

éd % + ]E:lll:er Ldfilter — msqullter % + % (14)
Suppose the formula for the Lyapunov function is:

vq = 0.5y;e42 + 0.5y,24> (15)
Where:

zq = [eqdt (16)
After deriving the relation (15) and substituting the relation (16) it is obtained:

Va = Y1€d€q t+ Y2ZdZq 17
After substituting the relation (14) it is obtained:

Vg =v1(— ldmter + lz:lllter lafilter — Wslgfilter — L\_Id + uLdﬁlter)e + v2z4€4 (18)

t filter filter

By fixing (18) it can be obtained:

dfllter Rfilter ; ; Vg Udfilter
Vg = —kieq® +eq( vy Y1y lafiter — YiOsigfiter = V1 —t Vi — tVaZat kieq) (19)
filter filter filter

to make derivative of Lyapunov function (v,) negative, it must be:

Ugfilter = Lmter( VY1 dlagitlter — VY1 z:lllter dfilter T Y1Wslgfitcer + V1 L:} —Y2zq — ki€q) (20)
In the same way, in order to regulate the current on the g axis, one can obtain:

uafilter = Lf\i/l;er (_ 3 dlqcf‘ltlter - I::lll:er gfilter — Y3Ws ldfllter +v3 Lf‘lllt - Y4Zq kZeq) (21)
where:

€q = iafilter - iqfilter (22)

zq = [eqdt (23)

yi, k; are positive constants.
It should be noted that to move from abc frame to d,q frame, (24) is used, and to move from o, B
frame to d,q frame, (25) is used.

cos(B)  cos(6 — 23—7[) cos(0 + 23—“)
—sin(8) —sin(0 —2) —sin(6 + =)

o e e o @)

Xa

ig] =32 (24)

3.2. Vaqc link controller

As has been mentioned previously, the power produced from the PV panels is transmitted through
the dc-dc boost converter, which is controlled by the maximum power point tracking unit, which maintains
the voltage value on the panels array terminals equal to the voltage corresponding to the maximum power
point Vmpp, While the value of the output voltage of this converter (Vqc), which is called DC-link voltage is
controlled by the inverter control system which is connected to the electric grid. This control system includes
two control loops, in outer loop a Pl controller is used to regulate the voltage Vqc at desired value, and the
inner loop which used to regulate the currents exchanged with the grid. The parameters of the DC-link
voltage controller (Kp and Ki) have been chosen empirically so as to obtain the best possible response.

4, SIMULATION RESULTS

Simulations were conducted for using the 3 level NPC inverter in the PV/grid interfacing system
under varying load resistance values and different levels of solar radiation, where Figure 4 illustrates the
variations in the resistance (Figure 4(a)) and the power (Figure 4(b)) of the nonlinear load, and Figure 5
shows the profile of solar radiation changes, which is at a value of 900 w/m? during the period 0-1.2 and at a
value of 1000 w/m? during the period from 1.2-3 secs. The performance of the control system based on
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integral back-stepping controller for current regulation and Pl-controller for DC-link voltage regulation was
initially tested. Table 2 contains the load and PV/grid parameters, and Table 3 contains the design parameters

of the controllers.

250

200

1000

900 -

800

RLOad (ohm)

150 -

100

700

600 (

500

PLoad W)

400

300

200

1.5
Time (sec)

(@)

100

| . . . .
2 2.5 3 0 0.5 1 15 2
Time (sec)

(b)

L
25 3

Figure 4. Changes of; (a) resistance of the nonlinear load and (b) power of the nonlinear load

1050

1000

950 |-

solar radiation (w/mz)

900

X 2.23272
Y 1000

X 0.67512
Y 900

850

. . L . .
0.5 1 1.5 2 25 3
Time (sec)
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Table 2. PV/grid characteristics

System Parameter  Value
NPC inverter Level 3

Chec 0.009 F

Decoupling filter Rritter 0.5Q
Lfilter 6e-3 H

Nonlinear load Rioad 200 Q
L oad 10e-3H

Power grid Vg 220v
Fq 50 Hz

Table 3. Control system parameters

AC current back stepping controller

AC current Pl controller  DC voltage PI controller

Y1 0.5 kpac 50 k, 400
Y2 10e5

V3 0.5

Ya 10e5 Kiac 250 k; 2500
ky 50e3

k, 50e3

The Figure 6 shows the system response for dc link voltage regulation, where it can be seen that Pl
controller achieves good dynamic performance with a static error of zero despite the change in the value of
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solar radiation or energy of load. The results of controlling the currents in the inner loop are illustrated by the
Figures 7 and 8, where it is noted that the control system achieves a high dynamic, fast response and
accuracy in tracking the reference signals calculated using relationship (9) which contributes to reducing the
value of the total distortion factor to a value less than 5% as shown in Figures 9(a) and (b), while the value of
the distortion factor caused by the non-linear load connected with the grid equal to 30.5%.
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Figure 9. FFT analyzer for the grid current; (a) the mag (%) and (b) the magnitude of the signal

With the increasing the value of solar radiation, the power provided by the solar electric generation
system will increase, and this is shown in the Figure 10, as it is noted that the generated power at the output
of the inverter is distributed between the load and the electrical grid. It is noted that the power transmitted
through the voltage inverter (Pnpc) feeds the load and the surplus goes towards the grid. The Figure 11 shows
the voltage and current signals of the electrical grid, as it can be seen that they are in phase, meaning that the
power factor is equal to one. Thus, it can be said that the PV generation system contributes to improving the
quality of the electrical grid.
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The results of the comparison for THD value between using a conventional inverter and an NPC
type inverter are reviewed with the applied of two different control techniques, namely the integral back
stepping technique and Pl controller. The Figure 12 show the total harmonic distortion factor changes for
different approaches of controlling, where these results can be overlaid in the Table 4 it is noted that the
performance of the system when using a three-level NPC inverter with regulating the currents according to
the integral back stepping technique is the best compared to the rest of the cases, whether reduced level (RL)
value equal to 200 Q or 150 Q. In second place comes the case of using the same inverter, but with regulated
currents using PI controller, this illustrates the importance of using a three level NPC inverter in reducing the
harmonic distortion factor and improving the quality of the electrical grid.

20 NPG invertor contralied by PI ‘ Table 4. The simulation results
18 |- Traditional inverter controlled by Pl 4
NPC inverter controlled by BS h THD when
16 Traditional inverter controlled by BS pL=380W B |nVerter THD when RL:ISO Q
B P, =670w = Torow P, =1960w R=200 Q (%) (%)
L - R I
| o Py=2190w Proc2000% || 3-level NPC 33 5
g pe Prpe=2860w inverter controlled
o 10 \ M by integral back-
= osl \ d stepping controller
Three-level NPC 53 6.7

inverter controlled
by PI1 controller

2 1 Traditional inverter 6 7.8

o . ‘ ‘ . ‘ controlled by

o] 0.5 1 ) 1.5 2 25 3 integl’al back_

Time (sec) R
stepping controller
. - . Traditional inverter 9.4 11
Figure 12. Total harmonic distortion factor changes for controlled by Pl
different control methods controller

5. CONCLUSION

This study focuses on a comparison of two grid-connected converter topologies in a PV generation
system connected to a three-phase grid feeding a non-linear load, as well as two control techniques for this
converter and their impact on the total harmonic distortion coefficient value. The solar panels were connected
to the grid in two steps. The first stage uses a P&O algorithm to track the maximum power point. The second
stage uses a three-phase inverter to transfer ac power with the lowest total harmonic distortion coefficient.
The simulation results were first presented for a three-level inverter controlled by the IBS technique, which
demonstrated dynamic performance and a quick and accurate response to reference signals.

The simulation results are then presented for four scenarios: three-level inverter controlled using the
IBS technique, three-level inverter controlled using PI controllers, conventional inverter controlled using the
IBS technique, and conventional inverter controlled using PI controllers. It should be noted that PQ theory
was used to determine the reference values for the currents in the inner loop in order to reduce the distortion
harmonic factor, which was reduced to values ranging from 3.4-5% for a 3-level NPC inverter controlled
using the IBS technique and to values ranging from 5.3-6.7% when the same inverter was controlled using a
PI controller. THD values for traditional inverters range from 6-8% when controlled by the IBS technique to
9.4-11% when controlled by the PI controller.
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