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ABSTRACT

This paper examines the modeling and nonlinear control of a Three-Phase Single-Stage Grid-Tied
Photovoltaic System (TPSS-GTPS). The system structure is relatively simple, comprising a Photovoltaic
(PV) generator connected to the grid through a three-phase Voltage Source Inverter (VSI) and an LCL
filter designed to reduce harmonics in the grid current. The primary objective of the control system is to
maximize the extraction of power from the Photovoltaic Generator (PVG) and deliver it to the utility grid
with a Unity Power Factor (UPF), while ensuring the asymptotic stability of the closed-loop system. In
order to achieve these objectives, a novel nonlinear controller was developed in the synchronous dq-frame
following the backstepping approach. Evaluating the effectiveness of the designed controller, simulations
were performed in the MATLAB/Simulink environment under various scenarios to consider the effects of
irradiance and temperature on the PVG. The simulation results demonstrated that the controller
successfully achieved all the specified objectives. Additionally, this study highlights the effectiveness of the
LCL filter in reducing Total Harmonic Distortion (THD).

Keywords-PV system; single-stage; LCL-filter; nonlinear backstepping control; Maximum Power Point

Tracking (MPPT); Unity Power Factor (UPF)

I.  INTRODUCTION

In recent years, the power generation sector has seen a
notable integration of renewable energy sources, including
solar, wind, and others. In particular, PV solar energy has
become a popular type of renewable energy source for a variety
of reasons, including its capacity to produce clean, sustainable
energy with a minimal environmental impact. Moreover, PV
systems are distinguished by their simplicity of installation and
maintenance, rendering them well-suited for a multitude of
applications [1].

The power generated by PVGs can be used in two primary
applications: first, in standalone PV systems [2, 3] that rely on

energy storage in a battery bank and are typically employed for
low-power requirements, such as in residential settings, and
second, in grid-tied PV systems [4-7] that supply power
directly to the grid while maintaining a nearly unity power
factor despite environmental fluctuations. In order to maximize
the effectiveness of PV systems, it is essential to operate the
generators at their Maximum Power Point (MPP). This can be
achieved through the use of Maximum Power Point Tracking
(MPPT) techniques. A review of the literature reveals the
existence of numerous MPPT control algorithms [8-13], with
the Perturbation and Observation (PO) and Incremental
Conductance (IC) techniques being the most extensively
examined ones. In grid-tied PV applications, the power by PV
generators can be integrated into the utility grid through the use
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of power converters. In general, there are two principal
configurations, as outlined in [14]. The first configuration is the
double-stage PV system [15, 16], wherein the PV generators
are connected to the grid through a DC/DC boost converter for
MPPT, and a VSI for Power Factor Correction (PFC). The
second configuration, defined as the single-stage PV system,
connects the PV generators directly to the electricity grid via a
DC/AC converter that performs both MPPT and PFC functions
[5, 17, 18]. The single-stage configuration is frequently the
preferred option due to its efficiency in optimizing the energy
conversion process, simplifying circuit design, reducing the
overall system size, and lowering costs. A conventional VSI is
responsible for managing energy conversion and injecting the
sinusoidal current into the grid. In order to enhance the quality
of the injected current, a number of filters have been examined
in the literature, including L, LC, and LCL filters [17-22].
Among these, the LCL filter is particularly favored for its
superior performance, offering better attenuation, smaller
inductor sizes, and the ability to operate at lower switching
frequencies.

A plethora of control strategies for TPSSs with LCL filters
have been presented, with a particular emphasis on both MPPT
and achieving a UPF. Authors in [23] put forth a two-loop
control strategy that employs a conventional PI controller,
whereas authors in [24] presented a two-loop control scheme
that incorporates a PR resonant controller. Authors in [25]
proposed a hybrid controller combining the state feedback
pole-assignment control with repetitive control. Furthermore,
authors in [26] introduced a simplified feedback linearization
control strategy. An adaptive control scheme is outlined by
authors in [27], while authors in [28] presented an output
feedback model reference adaptive control scheme.

The primary contributions of this research were:

¢ A mathematical model was developed in the synchronous
dg-frame for a TPSS-GTPS with an LCL filter.

e A novel nonlinear controller based on the backstepping
approach is proposed to achieve multiple objectives,
including the MPPT and UPF on the grid side, while
ensuring the asymptotic stability of the closed-loop system.

e The power quality delivered to the electricity grid is
enhanced by reducing the THD through the utilization of an
LCL filter.

This paper begins its research with the modeling and
configuration of the power system and continues with a
detailed account of the proposed control approach.
Furthermore, it presents and evaluates the simulation results,
leading to the conclusions.

II. POWER SYSTEM DESCRIPTION AND
MODELING

A. Photovoltaic Generator Configuration

In this study, a PVG comprising sixteen parallel strings,
with each string containing thirty-four modules connected in
series, was employed. Table I shows the specific parameters of
the used PV modules. Figure 1 presents the power-voltage
characteristic curves of the generator under varying levels of

solar irradiation and temperature. Table Il demonstrates the
corresponding maximum power output at these conditions.
This table will be used during the simulation phase to validate
the MPPT.

TABLE L. NU-183E1 CHARACTERISTICS UNDER STC
Parameter Symbol Value
Number of series cells Ny 48
Number of parallel cells N, 1
Maximum power P 183 W
Voltage at MPP Viwp 239V
Current at MPP Lnpp 7.66 A
Short circuit current I 8.48 A
Open circuit voltage Ve 30.1V
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Fig. 1. Power-voltage characteristic curves of the PVG under different

levels of solar irradiation and temperature.

TABLE II. MAXIMUM POWER OUTPUT AT DIFFERENT
LEVELS OF IRRADIATION AND TEMPERATURE
Irradiation (W/ m’®) | Temperature (°C)| MPP (kW)
400 25 38.515
600 25 58.979
800 25 79.395
1,000 25 99.608
1,000 35 94.954
1,000 15 104.279

B. Power System Modeling

Figure 2 depicts the PV system that is the subject of this
study. The power circuit comprises four principal components:
a PVG, a three-phase voltage source inverter, an LCL filter,
and a three-phase grid. The inverter circuit is comprised of
three legs, each of which contains two semiconductor switches
that are controlled by Pulse Width Modulation (PWM) signals,
S, S, and S, which attain values within the set {0,1}. The LCL
filter comprises an inductance (L;) on the inverter side, a
capacitor, and an inductance (L,) on the grid side, along with
the corresponding equivalent resistances (R;) and (R,),
respectively. In this context, the notations i;, u., and i, are
employed to represent the inverter-side current, filter capacitor
voltage, and grid-side current, respectively. The grid
inductance is incorporated into the grid-side filter inductance,
and it is assumed that the grid voltages e, ey, and e,
constitute a balanced three-phase system.
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Topology of the three-phase single-stage grid-tied PV system.
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Fig. 2.

By applying Kirchhoff's laws to the circuit, the following
switching model is derived in the abc-frame:

llgb‘ —R, lgb + —[egb] €h)

d lia l.ga
C.— ucb = i'ib — |lgb 2

ucb

d l:ia l:ia Vpy 2 -1
b dt[ﬁw I Pl R ” ]
Lic Lic -1 -1
Uca
&
Uec
av. a
Coo- d?v=ipv_[51 S, SS][%ib] 4

where S;, S,, and S; are the control input signals, taking
values from the finite set {0, 1}.

The character of the control input signals is such that the
previously described model, which was based on switching, is
no longer appropriate for the design of a regulator. In order to
address this issue and facilitate the design of a regulator for the
system under study, the use of the following averaged model,
which is obtained by (1) — (4) over the switching period T [29],
is proposed:

. Iga Iyq U.q Ega
Lg.—|lgp| = =Ry Igb + Ucb — [Egp Q)
gc Egc
a Uca
.t Ucb - ®)
Uee
Iiq |/ -1 —1][Ha
Li-a Iip| = —R; Il.b +? —1 2 —1||#|—
Iic Iic _1 _1 2 nuC
Uca
Ucb (7)
Uec
av,
Cov-—m = Iy = [Ha Hp  He] [lib] ®)

where ligp s lgapes Ucaper Voo » and Ugp . tepresent the
average values over the switching period 7, of the signals
Liape s Lgapes Ucabe Vpv s and s;,3 , respectively. The
averaged model in the abc-frame, represented by (5)-(8), is a
time-variant and nonlinear function. In order to render it time-
invariant, Park's transformation is applied and the model of the
complete system in the synchronous dq-frame is obtained as:

Ly.Igq = Lg.w.Igq — Ry Igq + Ueqg — Egq )

Ly lgg=—Lgw.lgq —Ry.lyq + Ucqg — Egq (10)
CUqg=C.wUsq+lig—Iyq (11)
CUpg=—CwUeq+1Iiqg—Igq (12)
Lifig = Li.w.lig = Ri.Lig + Vo ttg — Ugq (13)

Lifig=—Liw.lig—Rilig + Vo ttg — Ugq (14)

C,p. V.

3
pv- Ypv = Ipv - E(,ud-lid + .uq-liq) (15)

Equations (9)-(15) represent the complete dynamical model
of a TPSS GTPS. This model is time-invariant and nonlinear due
to the to the presence of terms vy,. Uy, Vpy- g » Ug-iiq, and
Ug-iiq. In the synchronous dq-frame, the active and reactive
power supplied to the grid can be written as [30]:

3
Py == (Ega-lga + Egq-lgq) (16)

3
g =5 (Egqlga — Egalgq) a7

where Egq and Ej, are the d-axis and g-axis voltage
components of the grid, respectively, and I,4, [;4 are the d-axis
and g-axis current components of the grld According to (16)
and (17), both P and Q depend on both the d-axis and g-axis
quantities, making independent control of P and Q complex.
Let us assume that the grid voltage component E,, is set to
zero. In this case, the active power P and the reactive power Q
can be expressed as:

3
Py =2Eyq.Igq (18)
3
Qg = —3Egalgq (19)

III. CONTROL SYSTEM DEVELOPMENT

This section presents a detailed analysis and design of a
nonlinear backstepping controller for a TPSS-GTPS system
equipped with an LCL filter. The principal objectives of the
controller are to guarantee operation at the MPP, maintain a
UPF on the grid, and ensure the closed-loop system's overall
asymptotic stability, irrespective of the varying atmospheric
conditions. In order to achieve a UPF on the grid (i.e. zero
reactive power), it is necessary for the control law to ensure
that the grld current [, is regulated to match the reference
current I 0. Furthermore the control law must also ensure
that the PV power P,, follows the desired PV power P, in
order to malntarn the system operatrng at the MPP. The
reference power P’ pv 18 generated using the PO method. Under
the assumption that the inverter is lossless and that the power
loss in the LCL filter is negligible, the power generated by the
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PVG is equal to the active power delivered to the grid.
Therefore:

3
Pg_

=>Ega-Iga = By (20)

Assuming that both objectives, the MPPT and UPF on the
grid side, are effectively satisfied, from the above equations, it
can be obtained:

U TR
lgg = Egq and Ig, =0 21

A. Design of a Nonlinear Backstepping Controller

This section aims to derive the control laws, ug and pig, to
ensure that the LCL filter's output currents, ;4 and Iy, track
their reference values, I;d and Ig*q . This will certify the
simultaneous achievement of the key objectives: operating at
the MPP and maintaining a UPF on the grid. To achieve these
goals, a control strategy based on the backstepping approach is
used:

e Step 1: Stabilization of (9) and (10):

These are the tracking errors:

21 = Ly(Iga — Iga) (22)
2y = Lg(lgq — I39) (23)
The time derivatives of z; and z, are:

21 = Lg(ga — Iga) (24)
2y = Ly(lpg — I20) (25)

By substituting the values of igd from (9) and igq from
(10), Z; and Z, can be described as:

21 = Lg.w.lgg — Ry lgg + Ueg — Egq — Lglsq  (26)

Zy=—Lgw.lyg — Ry lyg + Uy — Egq — Lglsq (27
Then, by considering the Lyapunov candidate function V;:

Vl_l

=z 4273 (28)

The time derivative of V] is:
Vi =22 + 2,72, (29)

By substituting z; from (26) and z, from (27), the
expression for V; is given by:

Vi = 21. (Lg-@.Igq = Rg-Iga + Uca = Ega = Lglga)
+2;. (—Lg. w.lgqg — Ry lgq + Ueqg — Egq — Lglge)  (30)
The system will achieve asymptotic stability if V; < 0. By

choosing Uy and U, as virtual control inputs, the following
stabilizing functions are obtained:

Up = @1 = —1.2 — Lg. . Iyq + Ry Igq + Egq +
Lglga (31)

' Ug=0a, ==z + Ly w.lgqg + Ry lgqg + Egq +
Lylgq (32)

where ¢; and ¢, are positive constant parameters, which are
used to adjust the output responses of the system. In fact, this
choice leads to:

Vl = _Cl.Zf - Cz.ZZZ < 0 (33)

Since U.q and U, are not the actual control inputs, the new
error variables, z; and z,, are introduced:

z3=CUcq — ) (34
Zy = C(ch —az) (35)

By using (26), (27), (31), (32), (34), and (35), the time
derivatives of z; , z,,and V,; become:

7= —cp.zy + %3 (36)
7y = —Cp.Zp + ZC—‘* (37)
Vl = _Cl'le - Cz.ZZZ + % + % (38)

e Step 2: Stabilization of (11) and (12):

Using the same method as the previous step and (11) and
(12), the time derivatives of z; and z, are:

Z3=CwUgq+1lig—1lgg—C.dy (39)
2y = —C.w.Upg + lig— lgqg — C. 1, (40

Then, by defining the augmented Lyapunov candidate
function V:

v, = Vl+%z§+%zf (41)
Using (38), the dynamic of V, gives:

V, = —c.2? — cy.2% + z3. (z?l+ 2'3) +

Zs. (%2 +2,) (42)

By substituting the values of z; from (39) and z, from (40),
V, becomes:
. z
Vz = —(,‘1212 + Z3. (El‘l‘ C.w. ch + Iid - Igd - Cal)
—cp. 22 + 2, (z?2 = C.w.Ugg + iy — Iyg — Cdy) (43)

The system is asymptotically stable if V, < 0. The
following stabilizing functions are obtained by choosing ;4
and I;, as virtual control inputs:

Lig=0a3 = —C3.23 — %1— C.w.Upg+ Iyq + C.dy (44)
lig =04 = —Cy.24 — Z?Z+ C.w.Upg + Iyg + C.cty (45)

where c3 and c, are positive constant parameters. Indeed, this
choice implies that:

Vz = _Cl.Zf - Cz.ZZZ - Cz.ZZZ - C4.Zf <0 (46)

As I;y and I;4 are not the actual control inputs, the new
error variables, zs and zg , are defined:

zs = Li(lig — a3) 47

www.etasr.com

El Madani et al.: Nonlinear Backstepping Control for Three-Phase Single-Stage Grid-Tied Photovoltaic ...



Engineering, Technology & Applied Science Research Vol. 14, No. 6, 2024, 17950-17957 17954
26 = Li(lig — au) (43) —; 0 % 0 0 0]
By using (39), (40), (44), (45), (47), and (48), Z3, Z, , and # 0 —c, O 1 0 0 |z
V, become: ; ¢
2 Zllms 0 e o0 £ 0|7
. zy | Zg 3 i
Z3 C3:23 =+ (49) 24 0 _% 0 ¢ 0 Li Za (61)
. z z Zg L %s
Zy = —CyZy — ?2 + L_Gi (50) 7 0 0 —% 0 —c5 0 |lz
1
, Z3Z o 0 0 -- 0 -
Vo, =—c.22 —cy.2% — c3.2% — .22 + 3L > . L Cel
2426 ¢ 1) Therefore, it can be concluded that the closed-loop system

Ly
e Step3: Stabilizing of (13) and (14)

Utilizing (13) and (14), the time derivatives of z5and z can
be expressed as:

25 = Li.w.liq - Ri'lid + va.ﬂd - Ucd - Lid3 (52)
t6 = =Ly w.Ig — RiTig + V. ftg — Ueq — Li. g (53)

Then, defining
function V3, gives:

the augmented Lyapunov candidate

V3 = VZ +%Z§ +§Z§ (54)

Using (51), the dynamic of the Lyapunov candidate
function V5 gives:

. z
Vs = —c1.22 — .22 — c3.25 — ¢4. 22 + 7s. (L—3 + 7g)
i
+2. (L—4 + 2¢) (55)
For making V5 a negative definite function, let us take:
25 = —Cs5.Zg — i_3 (56)
13
. Zy
Zg = —Cg.Zg — L_ (57)
13

where cs5 and cg are positive constant parameters. Indeed, this
choice implies that:

V3 = _Cl.Z]? - Cz.ZZZ - Cz.ZZZ - C4.Z4_2 - Cs.Zg -
.28 <0 (58)
By comparing (52) with (56) and (53) with (57), the control

laws can be derived:

1 Z3
Hag = V_(_CS'ZS - L_— Li.(l).qu + Ri'Iid + UCd +

v i
Lias) (59)
1 Zy
Ug = V_(_C6.26 - L_+ Li'w'lid + Ri'liq + ch +
pv i
L;.a,) (60)

Consider the system defined by the state-space equations
(9)-(14) and the control laws (59)-(60). In closed-loop, the
system behavior in the error coordinates (zy, Zy, Z3, Z4, Zs, Zg) 18
given by:

is capable of achieving asymptotic stability.

IV.  SIMULATION RESULTS AND DISCUSSION

The PV system, equipped with the proposed controller
described in Figure 3, received a comprehensive examination
under two distinct scenarios to ascertain its functionality.
Firstly, the system was evaluated under various levels of solar
irradiation while maintaining a constant temperature of 25° C.
Secondly, the system was tested at different temperatures while
keeping the irradiance constant at 1,000 W/m2. The parameters
for the studied system are provided in Table III, while Table IV
details the controller parameters. These controller parameters
were determined using a "trial-and-error" approach to ensure
their effectiveness for the system's operation.

A. Controller Performances under Varying Irradiance with
Constant Temperature of 25° C

The intensity of solar irradiation fluctuates throughout the
course of a day, thereby influencing the MPP of the PVG, as
shown in Table II. In order to evaluate the performance of the
controller in the context of these varying conditions, the system
was subjected to testing using the solar irradiation profile
presented in Figure 4. The simulation commences with an
irradiation level of 400 W/m?2, subsequently increasing to 800
W/m2, then to 1,000 W/m?2, and finally decreasing back to 800
W/m?2

TABLE III. PARAMETERS OF PV SYSTEM
Parameter Symbol Value
Grid voltage/frequency ey /F 220 V/50 Hz
VSI side Inductor L; 1.2 mH
Grid side Inductor L, 1.2 mH
Resistance of Inductor Ls/L, Ri/Ry 0.2/0.2 Q
Filter Capacitor C 6 uF
DC-link capacitor Coy 3.300 mF
Switching frequency F, 5kHz
TABLE IV. NUMERICAL VALUES OF CONTROL
PARAMETERS
Parameter | Value
C1, Gy 1x 108
C3, C4» Cs, Cg | 1 X 10*

Despite these fluctuations, the PV power rapidly reached its
peak values of 38.515 kW, 79.395 kW, 99.608 kW, and 79.395
kW, respectively, within milliseconds, as portrayed in Figure 5.
Figure 6 demonstrates that the grid current and voltage are in
phase, thereby confirming that the unity power factor objective
has been attained.
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Fig. 3. Block diagram of the control system.

Furthermore, Figure 7 presents the harmonic components of
the grid current at an irradiance level of 1,000 W/m2, with a
total harmonic distortion of approximately 0.12%. This
evidence substantiates the efficacy of the LCL filter in reducing
harmonic distortion.

1200 T T T T
—1000 |- 4
i}
E 4,—\—-
S 00t |
-3
o
c
S 00 B
o
e
5 1
o
S
@ 200} -4
0 . . . :
1
g es Time(s) B S
Fig. 4. Irradiance variation profile.
4
12210 o T T T
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g
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7.9394154
2V 7.9394152
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0 . L " .
0 05 1 Time(s) 15 2
Fig. 5. PV power generated by the PVG compared to the ideal maximum
power.

B. Controller Performances under Variable Temperature
with Constant Irradiance of 1,000 W/m?

In this test case, the performance of the controller was
examined under variable temperature conditions with a
constant solar irradiance of 1,000 W/m?2. The simulation started
at a temperature of 15° C, then increased to 25° C, followed by
35° C, and finally decreased to 25° C, as depicted in Figure 8.
Despite these rapid temperature fluctuations, the PV power
quickly reached its maximum values of 104.279 kW, 99.608
kW, 94.954 kW, and 99.608 kW, respectively, within a few
milliseconds, as illustrated in Figure 9. Figure 10 shows the
grid's voltage and current. Despite significant temperature
fluctuations, the current remained sinusoidal and in phase with
the voltage, confirming that the PFC objective was fully
achieved. Furthermore, Figure 11 presents the FFT analysis of
the grid current at 35°C, exhibiting a remarkably low THD of
0.12%. This THD value aligns with the requirements set forth
by the IEEE-519 standard.

600 T zcgl ﬁ 6 ﬁ é ﬁ T Griavomgee )
- 200 vIRY |—Grid cumenti__(A)
§ 400 1.15 12 1.25 .

% 200
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S 0 1 i
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S -4 o
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1.75 18 | 185

2

600 0 0 0,1 | |
1 Time(s) 15

Fig. 6.

Grid voltage and current signals (UPF verification).
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power.
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Fig. 11.  Harmonics components of the grid current at a Temperature of
35°C.

V. CONCLUSIONS

This study presents a comprehensive mathematical model
in the synchronous dq-frame for a Three-Phase Single-Stage
Grid-Tied Photovoltaic System (TPSS-GTPS) with an LCL
filter. The model is used to design a nonlinear backstepping
controller with three primary objectives: ensuring a Unity
Power Factor (UPF) on the grid side, optimizing the
Photovoltaic (PV) system's performance to operate at its
Maximum Power Point (MPP) under varying atmospheric
conditions, and ensuring the asymptotic stability of the closed-
loop system. The overall asymptotic stability of the system is
demonstrated with mathematical precision through the
application of Lyapunov techniques. The proposed control
strategy has been subjected to extensive testing, which has
demonstrated that it significantly enhances the quality of the
power delivered to the grid in terms of tracking performance,
system stability, and dynamics. Moreover, the incorporation of
the LCL filter has been shown to result in a notable reduction
in the Total Harmonic Distortion (THD) of the grid current.
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