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1. INTRODUCTION

Recently, renewable energy sources such as solar, wind, geothermal, and hydro have gained more
attention as alternative means of generating electricity. Due to their immense potential, these energy sources
are being increasingly utilized in industrial and building sectors [1]. Solar energy, especially photovoltaic
solar energy is currently considered one of the most promising clean energy sources due to its wide
availability and ease of use.

In a grid-connected PV system, the power extracted from photovoltaic arrays can be injected into
the utility grid. To enhance the efficiency of PV system, it is necessary to operate the PVG at its maximum
power point (MMP). This can be achieved through the implementation of a maximum power point tracking
(MPPT) algorithm. Several MPPT algorithms have been proposed for this purpose [2]-[10], the most popular
one being the perturb and observe algorithm.

The energy transfer between the PVG and the utility grid is realized by mean of power converters.
In this context, two main topologies have been distinguished [11], [12]. The first topology is the double-stage
PV systems, where the grid is connected to the PVG through a DC/DC converter, acting as a maximum
power point (MPP) tracker, and a DC/AC converter for power factor correction (PFC) [13]-[16]. The second
topology, known as single-stage PV systems, where the utility grid is directly tied to the PVG through a
DC/AC converter in order to achieve both MPPT and PFC requirements [11], [12]-[22].

The grid-connected photovoltaic systems adopt single-stage power conversion to minimize circuit
complexity, size, and cost [12]. In this topology, the conventional voltage-source inverter (VSI) is used to
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process power and inject a sinusoidal current into the grid. An L-filter is commonly utilized to reduce current
harmonics at the inverter output, a solution widely adopted in various studies [12], [17]-[21]. However, in
this research, we implement an LCL-filter to mitigate current harmonics. The primary reason for selecting
this filter lies in its several advantages over the L-filter, including superior attenuation capability, smaller
inductances, and the ability to operate at lower switching frequencies [23]-[29]. To date, only a few control
schemes have been reported for single-stage three-phase grid-connected PV systems with an LCL-filter that
aim to meet MPPT and UPF requirements. An adaptive control scheme for three-phase grid-connected
inverters in photovoltaic power generation is presented to control the current injected into the grid [30]. An
output feedback MRAC scheme for three-phase grid-connected inverters in photovoltaic power generation
systems [31].

The primary objective of this research is to design a nonlinear controller using the nonlinear model
of a single-stage three-phase grid-connected PV system with an LCL-filter. The controller aims to achieve
the following key objectives: i) Ensuring the PV system operates at its MPP, even under varying climatic
conditions and ii) Ensuring UPF on the grid side. The rest of this paper is organized as follows: i) Section 2
provides a description and mathematical modeling of the proposed system; ii) Section 3 details the design of
the controller in the stationary aff reference frame; and iv) Section 4 displays simulation results in order to
validate the desired performance.

2. POWER SYSTEM CONFIGURATION AND MODELING
2.1. PV system configuration

The PV modules used in this study are of type sharp NU-183E1. Our PV generator is made up of 16
parallel strings, with each string comprising 34 series-connected modules. The specific PV module
parameters are detailed in Table 1. Figure 1 and Figure 2 illustrate the power-voltage(P-V) characteristics
curves of this generator under different solar irradiation and temperature conditions, respectively. Table 2
presents the maximum power that this generator can deliver under certain solar irradiation conditions, while
Table 3 shows the maximum power it can deliver under specific temperature conditions. These tables are
utilized in section 4 to evaluate the performance of the complete system.

Table 1. NU-183E1 parameters under standard test conditions (STC)
Parameter Value
Maximum power (W) 183
Current at maximum power (A)  7.66
Voltage at maximum power (V) 23.9

Short-circuit current (A) 8.48
Open-circuit voltage (V) 30.1
Number of series cells 48
Number of parallel cells 1

Table 2. Maximum power point (MPP) of PVG under  Table 3. Maximum power point (MPP) of PVG under
different irradiation values and standard temperature  different temperature values and standard irradiation

T =25 °C (see Figure 1) E = 1000 W/m? (see Figure 2)
Irradiation (W/m?  MPP  Value (W) Temperature (°C)  MPP  Value (W)

1000 MPP1 99608 15 MPP5 104279

800 MPP2 79395 25 MPP6 99608

600 MPP3 58979 35 MPP7 94954

400 MPP4 38515 45 MPP8 90322

2.2. Power system modeling

The proposed grid-connected PV system is depicted in Figure 3, while the system parameters are
presented in Table 4. The VSI is comprised of three legs, each having two switches that are controlled by a
sinusoidal pulse width modulation (SPWM) signals. The semiconductor switches are symbolized as
switches S,, S, and S,.. The status of each switch is denoted by "0" for the open state and "1" for the closed
state. The complementary switches S,, S, and S, operate opposite S, S, and S,.. The LCL-filter consists of
an inductor Ly on the inverter’s side, a capacitor C¢, an inductor L, on the grid side, and the equivalent
resistance Ry, R, of the inductor Ly and L, respectively. The grid voltages eyq,e,4, and ey, form a balanced
three-phase system.
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Figure 3. Single-stage three-phase grid-connected PV system with LCL-filter

Table 4. System parameter description

Parameter Symbole Value
Grid voltage ey 220V
Grid frequency f 50 Hz
VS| side inductor Ly 1.2 mH
Grid side inductor Ly 1.2 mH
Resistance of inductor L, Ry 02Q
Resistance of inductor L, Ry 02Q
Filter capacitor Cy 6 puF
DC link capacitor (o 3.300 mF
Switching frequency fs 5 kHz

Applying Kirchhoff's laws to the system shown in Figure 3, the resulting switched model in the

stationary ABC-frame is as:
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For the sake of control design, it is more practical to work with the following averaged model, derived by
averaging model (1)-(4) over a switching period Ts [32].

_Iga Iga Uca Ega
Ly gn | = =Ry | 1gn | + [Un | - | E 5
9 qr | 9P| = T g |9b c gb ®)
[ Igc Ly U Egc
d _Uca [fa_ [ga
Cr— Ve | = Ien | = |1gb (6)
LU, Iec | Iye
a _Ifa _Ifa V. 2 -1 —-1][Ha Uca
Lp.— Iep | = =Ry [1pn +% -1 2 —=1||us|—|Ucm )
| Irc | Ifc -1 -1 21K P
Irq
Coop 222 = [ —[Ha Hp ]| 8
pv g lov [ a b C] fb (8)
Igc

where Ieq p e, lgapcr Ucap,er Vour aNd pg p - are the average values over Ts of the signals irq j, ¢y igap,cr Ucap,c:
Vpy, and s, p - respectively.

To facilitate the design of the controller, the af3 transformation has been adopted in this paper.
Applying Clarke’s transformation to (5)-(8) [33], the model of the single-stage three-phase grid-connected
PV system in the stationary af} reference frame is as:

Ly-lya = ~Ry-lya + Uea = Ege ©
Lg-lyp = =Ry lyp + Uy — Egg (10)
Cr-Ucq = Ipq = Iga (11)
Cr-Ucp = Irp — Igp (12)
Lilrq = =Rpdrg + Vit — Ugq (13)
Ledeg = =Ry lpg + Voo ttp — Ucp (14)
Cov-Vpo = Iy == (a Ira + g Irp) (15)

The (9)-(15) describe the thorough dynamical model of a single-stage three-phase grid-connected
PV system, distinguished by its nonlinearity due to the inclusion of terms involving products V,,,. ti, Vpy- g,
Ua-Ire and pg.Irg. The active and reactive power delivered to the grid in the aB-frame can be expressed

as [33]:

3

Py =2 (Bga-lga + Egp-lIgp) 16)
3
Qg = 3 (Egplga — Egalgp) 17

A nonlinear control in off reference frame for single-stage three-phase ... (Zakariae EI Madani)



1842 O ISSN: 2088-8694

3. CONTROL SYSTEM DEVELOPMENT

In this section, we will design a nonlinear controller in the af reference frame for a single-stage
three-phase grid-connected PV system through an LCL-filter. The goal of our controller is to achieve both
maximum power point operation despite the climatic changes and to control the reactive power thus to keep
the unity power factor on the grid side. The control law must ensure that the active power P,, follows the
desired active power Py, to achieve MPP operation. In this research, a MPPT algorithm based on the perturb
and observe technique is used to generate the reference Py,,. The control law must also force the grid currents
Igq and Iy to track the reference currents Iy, = k. Egq and Igz = k. Eyp thus to ensure unity power factor on
the grid side. Indeed, by utilizing (16)-(17) this choice implies that:

3
By = k. (Efq + Elp)and @, =0 (18)
where Kk is a positive real signal fixing the amplitudes of the grid currents to be defined later.
Assuming that the inverter is lossless and neglecting the power loss on the LCL-filter, the PV power
is equal to the active power injected into the grid, thus.
3
Pg = E(Egalga + Egﬁ[gﬁ) = va (19)

Now, considering that both of these objectives are accomplished, from the above equations, we can obtain.

_ Z-Pi;v
 3.(BfatEgp) (20)
Therefore, the reference currents for I, and I,z become:
N 2.Pjy.E " 2.Ppy.E,
_ pv-Lga andl s — pv-igp (21)

9% 3(EGa+Elg) 3.(E5atELp)

3.1. Controller design

This subsection aims to find the control laws, u, and g, in such a way that the output currents of
the LCL-filter I, and I, can track their predefined references I, and I, to achieve both maximum power
point (MPP) operation and unity power factor on the grid side simultaneously. To accomplish this, a control
strategy is designed in three steps using the backstepping technique.
- Step 1: Stabilization of the subsystem (9)

Let’s define the following tracking error:

2y = Ly(lyeq — I5e) (22)
The time derivative of z; is written as (23).

2y = Ly(lga — Iga) (23)
By substituting the value of I'ga from (9), we can express the dynamics of z; as (24).

71 = —Rylyq + Uey — Egq — Lglsa (24)
Then, considering the Lyapunov candidate function V;:

V, = %212 (25)
The time derivative of V; is:

V, =22 (26)

Substituting (24) into (26), yields:
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Vi = 2y (—Rylye + Uca — Egee — Lgl5 ) (27)

The choice of U, as a virtual control input leads to the following stabilizing function, obtained by respecting
the Lyapunov candidate function V; and its dynamic V;, which requires V; < 0.

Uy = @9 = =121 + Rylyq + Egg + Lyl (28)

Where ¢, is a positive constant parameter utilized to regulate the system's output response. In fact, this
choice implies that:

Vl = _CI.Zf S O (29)
Given that U, is not the actual control input, we introduce a new error variable:
Zy; = Cf(Uca —ag) (30)

Using (24), (26), (28), and (30), the dynamics of tracking error z; and Lyapunov candidate function V; become:

21 = —C1Z1 + Z (31)
r

Vl = _CIZf + k) (32)
r

- Step 2: Stabilization of the sub-system (9) and (11)
Following the same procedure as in the first step, using (11), the dynamic of tracking error z, is
written as:

B=l¢,—ly, —Cids (33)
Then, considering the augmented Lyapunov candidate function V,:

V, =V, + §z§ (34)
Using (32), the dynamic of Lyapunov candidate function V, gives:

V, = —c,z? + Zz(z—; +2,) (35)
Substituting (33) into (35), yields:

V, = —c,z2 + zz(z—; + Irq — Iy — Crtp) (36)

The choice of I, as a virtual control input leads to the following stabilizing function, obtained by respecting
the Lyapunov candidate function V, and its dynamic V,, which requires V, < 0.

lfa = a1 = —cy2; — Z_; +lga + Cro 37)

where ¢, is a positive constant parameter utilized to regulate the system's output response. In fact, this choice
implies that:

V,=—c,z? —c,z2 <0 (38)

As I, is not the actual control input, a third error variable z; is defined:

73 = Lf (Ifa —ay) (39)
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Utilizing in (33), (35), (36), and (39), the dynamics of tracking error z, and Lyapunov candidate function V,
become:

ZZ = _C2Z2 - i_l + i_?’ (40)
f f
Vy, = —c,z? — c,z% + 2223 (41)
f

- Step 3: Stabilizing of (7), (9), and (11)

In a similar manner to the procedure employed in the initial two steps and utilizing (13), the
dynamic of the error variable z; can be as:

Z3 = _Rflfa + va-/ia — U — Lfdl (42)
Then, considering the augmented Lyapunov candidate function V5:

Utilizing in (41), the dynamic of the Lyapunov candidate function V5 is given as

V3 = _C]_le - C2Z22 + Z3 (j_; + Z3) (44)

For making V5 negative definite function, let us take:

Z3 = —C3Z3 _i_; (45)

where c5 is a positive constant parameter utilized to regulate the system's output response. In fact, this choice
implies that:

Vy = —c127 — 22 — 322 <0 (46)
Combining (42) and (46), the expression of the effective control law p,, is given by:

1 .
Ug = E(_C3Z3 — i—i + Relpq + Uy + Lydq) 47

Remark: The control law for the B-axis can be derived in a similar manner to the a-axis, given that the
equations of the system (9-14) exhibit similarity on both axes of the af-frame.

Proposition 1: Consider the subsystem, described by model (9), (11) and (13) with the control law (47). In
closed loop, the system behavior is described in the error coordinate (z,, z,, z3) by:

1
z S & ° z
ol S P U |
Ll="g T2 i ||~ (48)
Z3 1 c Z3
- —C3
Ly

Consequently, the closed loop system is globally asymptotically stable.

4.  SIMULATION RESULTS

In this section, the PV system equipped with the designed controller shown in Figure 4 is thoroughly
evaluated under various atmospheric conditions. The evaluation is carried out in the presence of the
following scenarios: i) Standard atmospheric conditions; ii) Changes of irradiation with standard temperature;
and iii) Changes of temperature with standard irradiation. The parameters of the designed controller are listed
in Table 5. They were chosen using a ‘trial-and-error’ search method to ensure their suitability for the
system's operation.
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Figure 4. Controller schematic diagram for a single-stage three-phase grid-connected PV system

Table 5. Controller parameters

Parameter ~ Value
I 1.10%°
c, 1.10*
s 1.10*

4.1. Controller performance under standard atmospheric conditions

In this case, we are considering standard atmospheric conditions i.e. E = 1000 W/m? and
T=25 °C. Figure 5 depicts the power supplied by the photovoltaic generator and the ideal PV power (MPP1)
listed in Table 2. After a brief start-up phase, the PV power stabilizes at an average value of approximately
99607.22 W. It is evident that this value is very close to the ideal power.

Figure 6 shows the current and voltage of the grid. From this figure, it is evident that the grid current
is sinusoidal and in phase with the grid voltage. Consequently, the power factor is unity, which aligns with
the desired objective. Figure 7 illustrates the harmonic analysis of the grid current and shows an extremely
low value of 0.07%, confirming the quality of the current injected into the grid.
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4.2. Controller performance under changes of irradiation
In general, solar irradiance fluctuates throughout the day, which affects the maximum power point
of the photovoltaic generator, as shown in Table 2. To evaluate the controller's performance under varying
irradiance conditions, the system is subjected to the solar irradiance profile shown in Figure 8. Throughout
the simulation, the temperature is kept constant at 25 °C.
Figure 9 depicts the trajectory of the power supplied by the photovoltaic generator. It can be seen
that after a short start-up phase, the PV system operates at its MPP, demonstrating its ability to adapt to
changing solar irradiance conditions. Figure 10 demonstrates that the grid current and voltage are in phase all
the time, regardless of the changes in irradiation. This confirms the successful achievement of UPF
objective. In Figure 11, the total harmonic distortion (THD) of the grid current is shown at an irradiance of
E = 800 W/m?. The THD value is approximately 0.07%.
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Figure 9. PV power and ideal PV power
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4.3. Controller performance under changes of temperature

In this case, we evaluated the performance of the designed controller under varying temperature
conditions by using the temperature profile depicted in Figure 12. Throughout the simulation, the solar
irradiation remained constant at E = 1000 W/m?2. Figure 13 shows the trajectory of the power provided by
the photovoltaic generator. from this figure, it can be seen that after a short start-up phase, the PV system
operates at its MPP, regardless of temperature changes. Figure 14 demonstrates that the grid current and
voltage are always in phase, which confirms the achievement of the UPF objective. In Figure 15, the THD of
the grid current is shown at T=15 °C, indicating a low value of 0.07%.
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Figure 12. Temperature profile
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5. CONCLUSION

In this paper, we have developed a mathematical model in the a8 reference frame for a single-stage
three-phase grid-connected PV system with an LCL-filter. This model serves as the basis for designing a
nonlinear backstepping controller, which aims to achieve maximum power point operation under various

atmospheric

conditions while also maintaining control of reactive power to ensure unity power factor on the

grid side. The stability of the entire system has been rigorously validated using Lyapunov tools. Through
comprehensive evaluations of tracking performance, stability, and system dynamics, we have demonstrated
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that the proposed scheme with the nonlinear controller yields significant improvements in power quality,
notably reducing total harmonic distortion (THD) values.
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