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This paper explores the challenges associated with the control of a two-stage
three-phase electrical grid connected to a photovoltaic (PV) system. The
objectives encompass: i) maximizing the available PV power, ii) controlling
the DC-link voltage to a predetermined setpoint, and iii) considering that
power quality has become an important measure in a distribution electrical
network where different loads are connected, the third objective will mainly
focus on ensuring power factor correction (PFC). To achieve these
objectives, two loops of nonlinear controller are developed. In the outer
loop, the duty cycle of a boost converter is controlled using a hybrid
technique of backstepping technique and the perturb & observe (P&O)
algorithm. In addition, the inner loop employs a hybrid automaton approach
to tackle the challenges of a three-phase shunt active power filter (SAPF).
The results have been verified through numerical simulation using
MATLAB/Simulink power systems environment.
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1. INTRODUCTION

Boost converters, widely employed in power supplies, battery-operated devices, and renewable energy,
particularly solar power. Indeed, they play a pivotal role in managing fluctuating DC voltages from solar
panels [1]-[5]. Despite their inherent nonlinearity presenting control challenges, electrical engineering has
advanced DC-DC converter regulation through methods like proportional, integral and derivative (PID), fuzzy
logic, and fractional fuzzy PI controllers with PSO [6], [7]. Attempts with cascade proportional integrator and
robust PID controllers showed limitations in terms of performance [8], [9], leading to exploration of alternatives
like sliding mode control [10] and robust PID controllers to address stability issues and delayed responses in
varying operating conditions [11].

Researchers have studied robust nonlinear controllers to manage complex photovoltaic (PV) systems.
An inventive power boost converter used a switched-capacitor setup and a sliding mode controller to lower
voltage stress and improve DC voltage gain [12]. In another approach [13], an adaptive robust fuzzy PI control
was created, but it encountered computational issues that need more investigation. In addressing challenges with
traditional methods for tracking the maximum power point. Effective intelligent strategies like backstepping
techniques [14] and sliding mode backstepping controllers [15] have emerged to tackle issues such as irradiation
distortion and load imbalance. Integral backstepping, applied to DC-DC Three-level boost converters,
demonstrated superior regulator performance [16]. These approaches, notably integral backstepping, showcase
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exceptional responsiveness in power quality across diverse scenarios, such as islanded microgrids [17] and
microgrid connected PV systems [18].

On the AC side, enhancements include an adaptive reference PI controller for inverters to boost overall
system performance [19]. However, the integration of electronic loads in commercial and industrial sectors
introduces power quality issues due to their nonlinear nature. Harmonic and reactive currents distort AC power,
impacting the power factor correction (PFC) and waveform of voltage at the point of common coupling [20].
The phase shunt active power filter (SAPF) have shown dynamic performance in meeting harmonic standards,
minimizing semiconductors for enhanced speed, and filtering capability. The controller designs for SAPF, often
based on averaged nonlinear models, deploy lyapunov technique-based nonlinear control for power factor
correction in reduced-part three-phase SAPF [21]. SAPF-connected photovoltaic systems are acknowledged for
efficiently delivering real power to nonlinear loads, reducing dependence on the power grid [22].
The introduction of a novel hybrid automaton model for power electronics systems, facilitating the
consideration of continuous and discrete evolutions. This study lies in the integration of an overall three-phase
system, encompassing both boost and inverter converters. Using intelligent methods to enhance stability,
response time, and achieve PFC. It aims to introduce a nonlinear controller for the proposed system, utilizing
conventional backstepping for boost converter and applying a hybrid automaton approach for controlling
a three-phase SAPF currents to their desired reference generated by the harmonic detection algorithm. This
paper is outlined as follows: section 2, system description and modeling. Section 3 outlines the design of
controllers, followed by section 4 which covers numerical simulations and finally a conclusion.

2. DESCRIPTION AND MODELING OF THE SYSTEM

The system circuit is represented in Figure 1, featuring a PV module connected to a boost converter
and three-phase inverter. On the AC side, a three-phase grid is established using resistors and inductors (rg;, Lg;;
i=1,2,3). Furthermore, the nonlinear load incorporates a full bridge rectifier. The SAPF utilizes an IGBT-based
three-leg split capacitor voltage inverter.

The three-phase power grid operates at 230 V and 50 Hz, with grid resistance (2 mQ) and inductance
(0.2 mH). The nonlinear load includes inductance (500 mH), resistance (15 Q), and leakage inductance (5 mH).
Moreover, the photovoltaic system combines 14 series modules and 17 parallel strings. In addition, the SAPF
involves filter resistance (8 mQ), inductance (3 mH), and capacitance (6 mF).
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Figure 1. Diversity of controller applications in PV system

The voltages of the three-phase grid (v,;(¢) ;i = 1,2,3 ) are expressed as follow:
vyi(t) = E, sin(wgt—%”(i—n);i =1,2,3 (1)

here, E,; represents the amplitude; w, signifies the angular frequency.
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The currents’ load (i,;(t) ;j = 1,2, 3) are then expressed through their Fourier expansion:
lL](t) = Z?lo=1 IL,h Sin(h(wgt + (p],h)) ,] = 1, 2, 3 (2)
here, 1, represents the amplitude, and (¢; ,) signifies the harmonic current’s phase with an order h.

2.1. Instantaneous model
The inverter's switching functions, p,, u,, and ps, are established in the following manner:

B { 1if Siy is ON; S;; is OFF } )
Wi =1-1ifS,, is OFF; S;, is ON
utilizing Kirchhoff's laws, we formulated the following description:
4 lg1 ig1 Vg1 Upce1
Lga igz =1 igz + <Ug2> - (Vpcc2> (4)
L'gg ig3 vg3 vpccS
4 if1 If1 Vr1 VUpce1
LfE i | = =15 lr2 | + (Uﬂ) - (vpcc2> (5)
if3 if3 Uf3 17pcc3
AVpus -
Lf dl:: = lpus (6)
i\ /10 0\ /w1
sz = 2 010 H2 1 (Vbus) (7)
Vf3 O 0 1 u3 _1
2.2. Hybrid model of the inverter
The inverter’s IGBT operates in eight distinct modes as presented in (8):
X = fqi(x) = Aqix + qu;i = 1, ,8 (8)
the system’s state is specified as:
X = [ifl' ifZ'if3'vbus]T 9)

3. CONTROLLERS DESIGN

A nonlinear hybrid method which consists of backstepping, and perturb & observe (P&O) is designed to
control the boost converter. Additionally, a controller is established for the SAPF. It comprises two key parts: a
harmonic detection method and hybrid automaton control.

3.1. Backstepping approach
The reference voltage is denoted as V_,,,. The error and its derivative can be expressed as follow [23]:

€ = V—opt - va (10)
. . 1
81 = V—Opt - % + x?Z (11)
taking the Lyapunov function (12) and upon deriving the Lyapunov function (13), the results are as follow:
1.2
V1 = 561 (12)

V—Opt - IPTV + % = — K161 (13)
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to ensure system’s stability, it is crucial to use the Lyapunov function, as cited in references [24], [25].
Vl = - k1612 (14)
Second stage aims to track [ reference current by establishing and error e, and its derivative:
X2

e=p- 2 (15)

. A % 1 \%4 u
6= f— L+ -p) (16)
to ensure the convergence of both errors, a composite Lyapunov function () and its derivative are defined:

Ve

Vi +5e3 17)
Vc =—kie;* + e 6 (18)
then, é, is considered as follows:

. ). Vpv Vbus
=) g (19)

finally, the following equation o is employed to stabilize the boost converter.

—1_ |2 (= .y Yev.
h=1- [ (Kaey + e = B) +7 ] (20)
3.2. Harmonic detection algorithm

The study suggests using the synchronous detection algorithm as an efficient alternative to the
instantaneous power theory for unbalanced three-phase grids. The unity signals can be calculated using
expressions (18). While V4, Vy,, Vg5 are the three-phase sinusoidal voltage:

Yol =123 (21)

Vgm

ug(t) =
the peak value of source voltages (V,,) can be calculated as follows:

Vom = 2 (VA + VG +VE'* (22)
the target peak of the reference source current (I,,,) involves two components and is calculated as follows:

Igm = Igmp + lgma (23)

Lsmp, is linked to the average load active power. Thus, we presume a distribution of the average load active
power (p..,) among the three phases after compensating for reactive and harmonic currents.

3.
Pg = Py nglgmp = PLav (24)

The fundamental component incorporates a second-order Butterworth low-pass filter is given by:

1

1 0T
Prav = ;fo p();T = 7 (25)

within this context, p, ,,, denotes the average value, while T corresponds to the period of the signal p; .
pL (t) = 1JgaiLa + 17gbiLb + vgciLb (26)

The instantaneous power of the load is denoted by p,. Therefore, I;.,,,, can be carried out using (27):
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* _ 2 PLav
Igmp = 3 V;m (27)
considering the desired currents as follows:
ig;(t) = Igm-ug; ; Where i=1,2,3 (28)

ultimately, the instantaneous reference currents for the active power filter (APF) are established as follows:

irepi(t) = Iy — iy ; where i=1,2,3

3.3. Hybrid automaton control

(29)

The controllers’ structure are described in Figure 2. The description of a hybrid automaton is

encapsulated as follow:

H ={Q, X, F, N, E}; a finite set of discrete states Q = {g;, ie(1, ...,8)}, the continuous state space (X = R%).

F: Q x X— T* is the vector field linked with each discrete state.
E: N —2% is the guard condition where E is the set of possible transitions.

The system involves the switching between 8 modes. The selection of each mode is determined by

the conditions related to filter currents and their references.
Mode 1 : (000) ={x€R®/ Is; < Irrep1 and Iy, < e, and I3
Mode 2 : (001) ={x€R®/ Iy < Iryepy and Iy < Ipyep, and Iss
Mode 3 : (010) ={x€R®/ Iy < Iryepy and Iry > lppep, and Ips
Mode 4 : (011) ={x€R®/ Iy < Irvepy and Ir; > lpep, and Iy
Mode 5 : (100) ={x€R®/ Iy > Irrepy and Iry < lpep, and Ips
Mode 6 : (101) ={x€R®/ Iy > Irrepy and Iy < lpep, and Ips
Mode 7 : (110) ={x€R®/ Is; > Ipresy and Ipp > lprep, and I

Mode 8 : (111) :{xERS/ Ifl > Ifrefl and If2 > Ifrefz and 1f3

The set of potential transitions, denoted as E(R;;) = E(g;, q;); (=i=l, ...,8), is given by:

E(Rz1) = E(R31) + E(Ry1) + E(Rsy) + E(Rgy) + E(R71) =
E(Rgl) = Ifl < Ifrefl and 1f2 < IfrefZ and If3 < Ifref3

E(Ry;) = E(R3;) + E(Ry2) + E(Rs2) + E(Rg) + E(R7,) =
E(RBZ) = [fl < [frefl and If2 < Ifrefz and If3 > Ifref3

E(R13) = E(Rzg) + E(R43) + E(R53) + E(R63) + E(R73) =
E(R83) = [fl < [frefl and If2 > [frefz and [f3 < 1fref3

E(Ry4) = E(Rp4) + E(R34) + E(Rss) + E(Rgs) + E(R74) =
E(R84,) = [fl < [frefl and If2 > [frefz and [f3 > 1fref3

E(Rys5) = E(Rys) + E(R35) + E(Rys) + E(Rgs) + E(Rys) =
E(RBS) = Ifl > Ifrefl and If2 < Ifrefz and If3 < 1fref3

E(Ry6) = E(Rz6) + E(R36) + E(Ry) + E(Rsg) + E(R76) =
E(Rgs) = Ifl > Ifrefl and 1f2 < IfrefZ and If3 > Ifref3

E(Ry7) = E(Ry7) + E(R37) + E(R47) + E(Rs7) + E(Rg7) =
E(R87) = Ifl > Ifrefl and If2 > IfrefZ and If3 < Ifref3

E(Ryg) = E(R2g) + E(R3g) + E(Ryg) + E(Rsg) + E(Rgg) =
E(R78) = [fl > [frefl and 1f2 > Ifrefz and If3 > Ifref3

<

>

Ipress)
Iiress)
Irress)
Irrers)
Irrers)
Irress)
Ifrers}

Ifres}

(30)
(31)
(32)
(33)
(34)
(35)
(36)

37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Advanced control of double stage grid-tied three phase photovoltaic systems with ... (Fatim-Zahra Zaghar)



678 a ISSN: 2502-4752

Finite State | Inner
Machine qul)

 Outer PI regulator
' Adoop + V2

Figure 2. Controller structure of inner and outer loop

4. DISCUSSION AND RESULTS

The simulation investigates variations in solar irradiation and temperature as shown in Figures 3 and 4.
In Figure 5, the hybrid backstepping technique with the P&O algorithm demonstrates dynamic performance,
responding to an input voltage perturbation from 340 V to 400 V and stabilizing by 3.9s. Backstepping exhibits
efficiency in diverse scenarios, showcasing strong tracking capabilities and rapid recovery.

Figure 6 illustrates an increase in real power extracted from photovoltaic panels between 0.5s and 2s,
corresponding to the irradiation profile. The B, curve closely aligns with the irradiation curve, indicating
excellent MPPT performance. On the AC side, Figure 7 depicts harmonics in the filter current, rising with the
L,,,, behavior as shown in Figure 8. The grid current has a sinusoidal waveform with decreased magnitude as
shown in Figure 9. While I, magnitude increases and demonstrating PFC achievement and THD as shown in
Figures 10 and 11. Figure 12 shows the complete injection of maximum power from photovoltaic panels into
the nonlinear load. Finally, Figure 13 reveals a three-phase control system utilizing a PI mechanism to regulate
the DC bus voltage effectively, ensuring alignment with the desired reference level. The parameters used for Pl
are (Ke=0.151, K= 5¢79).
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5. CONCLUSION

The research focuses on controlling a photovoltaic system connected to an electrical grid with a
double-stage configuration in three phases. A nonlinear controller, employing backstepping technique, is
designed to ensure system stability. The outer loop effectively addresses steady-state errors in DC bus
voltage caused by mismatch interference, input voltage changes, and model uncertainty. Dynamic
performance is obtained through Lyapunov stability conditions. A novel hybrid automaton approach is
introduced for designing a controller for a three-phase SAPF linked to a photovoltaic system and nonlinear
load, showing improved performance across various operating conditions. The study formally establishes the
achievement of control objectives; extracting the maximum power from the PV system, including regulating
DC-link voltage and achieving PFC.
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