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ARTICLE INFO ABSTRACT

Keywords: This paper addresses the nonlinear controller design and the stability analysis of a shunt active
Solar Photovoltaic system power filter (SAPF) interfacing a solar photovoltaic (PV) system which consists of a couple PV
Shunt active power filter panels, a single-phase two-stage IGBT half-bridge SAPF and two identical DC link capacitors.
Nonlinear control We seek for the considered system the fulfillment of three control objectives: (i) extracting the
Average analysis maximum PV power using an appropriate maximum power point tracking (MPPT) algorithm;
Lyapunov stability analysis (ii) regulation of the DC link capacitor voltages to the reference provided by the MPPT controller
Power factor correction hence ensuring the exchange of power between the PV source and the AC power grid; (iii) com-

pensation for reactive power and undesired harmonic caused by the nonlinearity of electronic
power loads, i.e.performing power factor correction (PFC). The control objectives are achieved
using a new two-loop cascaded controller. The Backstepping approach is applied in the inner
loop to perform PFC. A filtered proportional-integral (PI) controller is applied in the outer loop
to ensure tight regulation of the PV voltage. The MPPT control is implemented using a perturb-
and-observe (PO) algorithm. The performance of the closed loop system under the two-loop
control strategy is formally analyzed through the Lyapunov approach applied to the averaged
model. Numerical simulations are performed in MATLAB/SimPowerSystems environment to
validate the design methodology and to confirm the theoretically predicted performances of the
system under the proposed nonlinear controller.

1. Introduction

The penetration of power electronic devices in electrical power grids have grown considerably in recent years. In
this regard, it is well known that these devices act as nonlinear loads for the power grid and have become major causes
of the degradation of power quality because of its strongly nonlinear nature [2, 7] leading them to modify the sinusoidal
shape of the alternating current by injecting undesired higher order harmonics and reactive power into the electrical
power system. This results in many adverse effects such as excessive equipment overheating, excessive transmission
power losses, low system efficiency and deterioration of power factor [19, 26]. An effective way to mitigate these
problems in this kind of applications is by using shunt active power filters (SAPFs) known by their good filtering
capacity and flexibility [29]. Indeed, SAPF interactive PV systems are widely used as a better choice and are designed
to operate in parallel with nonlinear loads for transferring the active power and compensating the undesired harmonics
and reactive power simultaneously.

SAPF-PV systems are usually classified according to their operational applications and to the way they are con-
nected to power sources and electronic loads. In this regard, two principal topologies can be distinguished. In the first
one a DC-DC converter is used for tracking maximum power from solar PV panels and an SAPF is used to improve
power quality [26, 31]. In the second one, the PV source is connected to the power grid via an SAPF to ensure the
MPPT functionality and the power quality requirement by compensating for harmonic currents and reactive power
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[17, 18]. Among the more usual MPPT algorithms are the perturb-and-observe (PO) algorithm and incremental con-
ductance (IC) algorithm [16, 4]. The single phase SAPF has attracted the attention of many researchers because of its
simple design and low cost [17, 18, 3, 8, 9, 22]. In a three phase system, the SAPF can be inserted at each phase of the
nonlinear load and this way proves to be much suitable than implementing a higher power three phase SAPF [29, 1, 27].
The half bridge SAPF topology offers interesting practical benefits compared to the conventional full-bridge converter.
For instance, it allows the reduction of the switching losses of the given power semiconductors thus increasing the
reliability of the system [17, 18, 6].

Various control strategies have been proposed for SAPF over the last decade. An extensive review about harmonic
mitigation can be found in [19]. A fuzzy predictive direct power control of a three-phase SAPF-PV system is discussed
in [28]. An adaptive linear neural network approach of single phase SAPF-PV is proposed in [26]. Another important
approach was discussed in [24] where the authors proposed an indirect current control for single-phase SAPF showing
that the indirect control approach features a higher speed and lower control functions since no current harmonic detec-
tion method is needed as compared to the direct control approach. An adaptive backstepping fuzzy neural controller
based on fuzzy sliding mode control was discussed in [11] for a three-phase SAPF. An adaptive backstepping control
of single phase SAPF is designed in [30]. In [22], a Lyapunov control design based on linearized model of single phase
SAPF was discussed. In the same vein, a new approach for three phase SAPF, using a feedback-linearization approach
was proposed in [23]. Linearization-based methods have certain limitations and are only effective when the system
operating point remains in the proximity of the point for which the controller is designed. The use of the nonlinear
averaged model in control design provides more consistent control activity guaranteeing global convergence of the
system to the desired operating point and better protection for actuators [15, 21, 25, 5]. A Lyapunov design approach
with an adaptive observer has been well discussed in [1] for three phase SAPF to achieve PFC, without assuming the
grid power characteristics to be a priori known. In the same vein, a Lyapunov technique with Kalman observer of
single phase SAPF is discussed in [3]. All the above-mentioned works have common limitations, such as the lack of
steady-state analysis and closed-loop stability analysis and that some works only considered SAPF without PV panels
application. The main contributions of the present paper are summarized below

(1) The half-bridge SAPF-PV system is compared with the existing topologies such those studied in [3, 30, 25].
It is confirmed that the proposed structure is more robust and entails a reduced number of components hence
increasing system reliability. Moreover, unlike in other works such in [25, 13, 12], the studied structure allows the
integration of the PV renewable energy sources and contrubute to the decrease of the grid electricity consumption.

(i1) Unlike some previous studies [22, 14, 23] in which the controlller was designed based on a linearized model,
the proposed nonlinear controller presented here is directly designed using a nonlinear model. A backstepping
approach is applied in the inner loop to perform PFC. The outer-loop controller is designed using a filtered PI
controller combined with a PO algorithm. The approach is demonstrated to be effective to achieve the energy
exchange between the PV generator and the AC grid.

(iii) The controller performances of the SAPF-PV system are formally examined for the first time to the best knowl-
edge of the author. Both steady-state analysis and a closed-loop stability analysis is performed on the nonlinear
averaged model by using Lyapunov design approach guaranteeing the achievement of all desired objectives. Such
analyses have not reported in previous works such as [10, 31, 6, 28]. The extensive simulations are performed
under various operating conditions.

The remainder of the paper is structured as follows: The description and the mathematical model for SAPF-PV
are presented in Section 2. The steady state analysis based on average model is developed and discussed in Section 3.
The design of the nonlinear backstepping approach is provided in Section 4, while the closed-loop stability analysis is
discussed in Section 5. To test the theoretical results using the proposed approach, Section 6 displays and discusses
results obtained from numerical simulations performed on the detailed switched model of the system. Finally, the last
section concludes the work.

2. SAPF-PV configuration and modeling

In this section, a description and mathematical modeling of the system considered in this study are presented. The
system is responsible for active power filtering, maximum power extraction from the PV sources and energy injection
into the grid. Its schematic diagram is shown in Fig.1. As can be seen in this figure, the system comprises three main
parts detailed below
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Figure 1: Schematic circuit diagram of a grid-connected single phase SAPF-PV system feeding a nonlinear load.
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Figure 2: The P-V curves of the used PV generator at constant Figure 3: The P-V curves of the used PV generator at constant
temperature (T = 25°C). irradiance (G = 1000 W/ m>).

() A single-phase generator in series with an internal impedance formed by an inductor and resistor (L,, r,). This
generator represent the power grid.
(i1) A single phase nonlinear load which is responsible for the harmonic pollution of the electrical power grid. The
load consists of full bridge rectifier in parallel with an R — L network.
(iii) A single phase two-stage IGBT half bridge inverter with two identical DC link capacitors C,, and a filtering
impedance (R, L ). The inverter is fed from PV sources and is used as a SAPF.

2.1. Photovoltaic system description

In this work two similar PV panels of 1STH-215-P type are used as energy source for the SAPF. Each PV panel
consists of one string of PV modules. The string is formed by N, = 15 series-connected modules. The equivalent
electrical parameters of the PV panel at standard functioning conditions (G = 1000 W/ m?, T = 25°C) are listed
in Table I. The corresponding maximum power points (MPP) under varying environmental conditions are illustrated
in Table II. The P-V curves under solar irradiance variations (1600, 1000, and 700 W/mz) at constant temperature
(T =25°C) are depicted in Fig.2. The P-V curves under temperature changes (45, 25, and 15 °C) at constant irradiance
(G = 1000 W/mz) are represented in Fig.3.

2.2. SAPF-PV system modeling
The switching decision of the inverter switches is based on pulse width modulation (PWM). Let the binary switch-
ing signals u applied to the these swicthes of the inverter are defined as follows

+1, if S; is ON and S, is OFF
MZ{ 1 2 (1)

—1, if S| is OFF and S, is ON
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Table |
Electrical parameters of the PV panel

Parameters Values
Maximum power voltage (V,,) 29V
Maximum power current (/,,) 735A
Maximum power (P,,) 213.15W
Short circuit current (1,) 7.84 A
Open circuit voltage (V,,) 36.3V

Table Il
Maximum power points (MPP)

Maximum power Irradiation conditions Temperature conditions Maximum voltages Maximum powers
points W /ni?) CO) V) (W)
MPP1 G = 1000 T=25 43501V 3197.30 W
MPP2 G = 1600 T =25 422.56 V 4930.56 W
MPP3 G =700 T=25 43891V 2261.70 W
M PP4 G = 1000 T =45 395.04 V 2930.56 W
MPP5 G = 1000 T=15 455.04V 3321.60 W

By applying Kirchhoff’s laws to the SAPF-PV system shown in Fig.1, the following differential equations describing

its dynamic behavior are obtained

di _
e gr = Tele T Vg0 T Vg
di 1 -
f . +u 1—u
LfE =-rpis+ <TUPU1 - TU””2> -,
dvpvl . 14+p,
pUT =lp1 — ) Ly
dvy) . l—u.
g e T Ty

(2a)

(2b)

(2¢)

(2d)

where i, and v,, are respectively the current and the voltage of power grid, i ; stands for the filtering current injected
by the SAPF and i1, iy, U, and v, are respectively the currents and the voltages produced by a PV panels.

The switched model of equations (2a)-(2d) can be used for performing accurate numerical simulation but it is not
appropriate for designing the controller since its contains the binary signal u. For designing a controller, the averaged
model is conventionally used and it is obtained by averaging the state variables and the driving over each switching
period [15]. In doing so, the expression of the averaged model of the SAPF-PV can be obtained by just substituting in
(2a)-(2d) the electrical variables by their averages and the driving signal p by its duty cycle u. Therefore, the averaged

model of the SAPF-PV can be expressed as follows

dxl,r —

gT = —rgxlﬁr + Ugo - Ug

dxy ; l4+uXor+X3p 1—uXos—X3y
L = —r/X; s+ - — — : =~ )-v
T L <2 2 2 2 ) £
dxlf . .
pUT = lpul + Lppa —UXy

dx:;’f . .
T gy =lpol —lp2 — X1 f

(3a)

(3b)

(30

(3d)

where X ,, Xy, X5 5, X3, U, denote the average values of the variables iy, ir, (Upy1 + Upp2)s (Upp1 = Uppa)s Ug

respectively and u stands for the duty cycle of the driving signal u.
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3. Steady state analysis

The grid voltage v,,(7) is assumed to be sinusoidal and it can be expressed as follows
Vgo(1) = E, sin(w, 1) @

where E, and w, stands for the magnitude and the angular frequency of grid voltage v,,(7) respectively. In steady-state
operation, the load current i (f) can be expanded as a Fourier series as follows

if(H) = ) Ipysin(ho,t + @) Q)
h=1

where ¢, and I, are the phase and the magnitude of the A-th harmonic component, respectively, of the current i (¢).
It is aimed that, in steady state, the grid current have a pure sinusoidal waveform in phase with the grid voltage,
1.e, it is desired that

x1 (1) = BE, sin(w,1) (6)

where f is a dynamic conductance setting the amplitude of the grid current. The SAPF-PV system provides the total
harmonic and reactive currents according to the following equation

X1,f(t) = iL(t)—er(t) @)
Substituting (4) and (6) in (3a), one can easily obtain that the voltage Eg(t) can be expressed as follows
Eg(t) =V, sin(w,1 — 0;) ®)

where the amplitude V, and the phase 6, of v,(7) are given by

ﬂngg )
1- rgﬁ

v, = E, \/(1 —rgBY +(PLyw,)?, 6, = arctan <

Based on (7) and using (5), the following expression of x; ,(?), in steady-state regime, is obtained

x) (1) = I sin(@gt +0,) + ). I sin(hot + @p) ©)
h=2

where the amplitude I, and the phase 6, of x; ((¢) are given by

I = \/(IL1 cos(@y) — BE)? + (I sin(@))?

I sin(e;) >
Iy, cos(p)) — BE,

Using (3b) and (8)-(9) one has

0, = arctan <

Dp(t) = Vy sin(gt +03) + Y I, sin(hoyt + 0,) (10)
h=2

where V, 05 and 6, are given by

Vi =1/(1)? + (y)?, 03 = arctan <ﬂ> .0, = arctan <ﬂ>
¥ Y3
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In turn, the parameters y, y,, w3 and y are as follows
Y = COS(02)rfIf + COS(QI)I/g + Lflfa)g Sin(92)
vy=Llw, cos(6,) — sin(92)rfIf =V, sin(6,)
w3 =rycos(py) — Lrwghsin(p)

Wy =Ty sin(gy,) + Lfcogh cos(@y)

Using (3¢)-(3d), the following equation is obtained

dx%f
va dt’ :4Ppu+2x1’f17f (11)

Let y = x% 2 Substituting (9)-(10) in the previous equation, one obtains

d
Cp i = 4By = 11D + 12(P) (12)

where f(p) is time-independent function and f,(f) is a time varying function that can be expressed as follows

J1(B) =21,V cos(6, — 03)
F2(B) =21,V cosRa,t + 6, + 63)

It is worth to notice that the DC component of the time varying function f,(f) is zero.

Remark 1. It can be demonstrated that in steady state the DC bus voltage contains a DC component and AC term
oscillating at the double of the grid frequency. In practice, due to the low pass filtering characteristics, high order
harmonic components larger than 2 can be neglected.

By averaging (12) over one grid cycle, one obtains the following averaged state equation describing the dynamics of

X

dy
vaE =4va_fl(ﬂ) (13)
Remark 2. In steady-state one has % = 0 and therefore P,, = f(B)/4. This condition reflects the ideal power
balance between the solar PV panels and the grid.
Solving (13) for j, one gets

HO = Py, = D) + (14)
pv

where y,,, indicates the square of the PV voltage.

Remark 3. As a consequence, the evolution of the DC bus voltage is completely guaranteed by the additional signal f.
Indeed, the signal f can increase or decrease the DC bus voltage and consequently destabilizing the whole system. For
this reason, the signal p will be generated by the outer loop which must permanently guaranty the equality 4P,, = f(p)
and therefore maintaining the power balance between the solar PV panels and the grid in a addition to the load.
Basedon 0, = [(1+u)(xy p+x3 p)— (1 —u)(xp s — x3,f)]/2 and using (10), the equation of the control law u* enabling
the power factor requirement is given by:

2V,
u* = —=sin(wyt + 63) (15)
xlf
where Vf is very close to Eg (rg, Lg, ry and L s are negligible) in practice. Since the control variable u* € (-1, 1),
by considering only the DC term of x, , and neglecting its high order harmonics, it can be concluded that the DC bus
voltage should be higher than twice the amplitude of the grid voltage, i.e, the following inequality must hold:

Xy > 2E, (16)
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4. Controller design

In this paper, we seek for a control strategy that simultaneously addresses the three control objectives: (i) forcing
the grid current to be sinusoidal waveform and in phase with the grid voltage by compensating for reactive power
and undesired harmonic contents; (ii) extracting the maximum PV power by applying an MPPT algorithm and (iii)
achieving the maximum energy exchange from the solar PV generator to the AC grid source by regulating the voltage
of the DC link capacitors. The proposed controller design for the SAPF-PV system comprises two cascaded loops
(inner loop and outer loop) as illustrated in Fig.4.

4.1. Inner loop design
To perform PFC, the input current x; . supplied by the electrical power grid should follow a reference signal which
is proportional to grid voltage, i.e, x*l‘ . = PUg,. Indeed, it can be observed that this can be achieved if the filter current

x; s injected by SAPF-PV system match, as neatly as possible, the reference signal xT ; defined by

Xt =i = Pug, (17)

The inner controller will be designed using Backstepping approach to achieve PFC asymptotically. Now, let us intro-
duce the following tracking error associated to the filter current x; r:

Based on (18) and using (3b), one gets the following equation
; 1 1 _ .
Z :—rfxl’f+§x3’f+§ux2’f—vg—foT,f (19)

The control variable u has emerged in (19) after differentiating the tracking error, then the control law of the current
controller will be determined in a single step. To this regard, a simple Lyapunov function candidate is

V==z (20)

Its time derivative is given by:

V =z 121 (2 1 )
For the z-system described by (19) to be globally asymptotically stable, it is enough to select the control variable u so
that V = z?cl which, due to (21), ensures the following equality

Zl = —C1Z; (22)
where ¢; > 0 is a design parameter. Combining (19) and (22) gives the following Backstepping control law
2

1 — 53
Ll:a rfxl,f—EXS’f+Ug+fol’f—Clzl (23)

Proposition 1: Consider the SAPF-PV system represented by Fig. 1, consisting of the subsystem (3a)-(3d) and the inner
control law (23). If  and its first derivative f are obtainable, the inner loop undergoes, in z-coordinate the following
equation:

Zl = _Cl Zl (24)
Remark 4.

1) As mentioned previously, it shown from inner control law (23) that § and its first derivative § must be obtainable to
conclude that the PFC purpose is realized. In fact, the signal f is not known a priori but it will be produced by the
outer loop to achieve voltage controller at the terminals of the solar PV panels (subsection 4.2). Then, it will be
scheduled later (see Theorem) that the signal f converges to a steady-state value ensuring the PFC requirement.

2) Although the load current derivative diy /dt must be measurable for the inner control law in order to be imple-
mented, in practice, this can be determined from the inductor voltage v,,.
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Figure 5: Flowchart of the perturb-and-observe algorithm MPPT.

4.2. Outer loop design
4.2.1. PV generator reference voltage

The DC link voltage is regulated to a desired value using an outer voltage loop. Particularly, the solar PV voltage
x, ¢ will be controlled to its maximum tracking signal x dehvered by an MPPT algorithm. For this, the PO algorithm
is chosen due to its simplicity of implementation. ThlS algorithm uses a periodic perturbation of the PV operating
voltage hence imposing the system to oscillate in the close vicinity of the MPP. The amplitude of this oscillation
can be controlled by the value of the perturbation amplitude of the perturbed variable. The flowchart of the MPPT
algorithm are illustrated in Fig.5.

4.2.2. DC bus voltage regulation

As stated before, without PV voltage regulation, this voltage does not converge to a constant value unless the value
of f is selected such that 4P,, = f{(f). Otherwise, the transfer of energy from the PV panels to the electrical grid
cannot be achieved. For this purpose, a control law for the variable # will be created so that the solar PV voltage x; ,
is controlled to its reference x; s given by the MPPT algorithm.

a) Relation between f and x; j:
First, we need to establish a dynamic relationship between the variable  and the PV voltage x, / in the following
proposition.
Proposition 2: Consider the SAPF-PV system represented by Fig. 1, consisting of the subsystem (3a)-(3d) with the
inner control law given by (23). For simplicity, it is assumed that the two PV panels have the same characteristics
(Ppu1 = Ppa = Ppy) and the inner loop controller is much faster than the outer loop controller such that for
designing the outer loop it is assumed that (x = Pug,). Then, the following statements hold
1) The PV voltage x, ; is related to the vanable P by the following equation

de’ 2i 1 X .
—L = 2B (/1B Bz + So(B.f. 2. 1) (25)
t va x2,f
2) Then, the variable y = x 5 is described by the following first order time-varying linear equation
dy 4ppu . .
- = _[fl(ﬁ’ﬂ?zl)+f2(ﬂ7ﬁszl7t)] (26)
dt  C,

where the function f\(f, 5, z,) and f5(B, B, z,t) are indicated in the Section 8 (Appendix A).
Proof. The expression (25) can be obtained by replacing in (3c) u by its expression given by (23). Then the
expression (26) is derived by differentiating the squared voltage y expression and using (24).

Page 8 of 18



b) Squared voltage controller

2
2,f
reference y* = x;Z . Considering that the control signal § and its derivative are obtainable (see Remark 4), we use the

following filtered PI controller:

We aim to design an appropriate outer control law so that the squared voltage y = x; , tracks precisely a desired

C4
eyt s

B=—(e,2,(5) + &3 Z5(5)) 27

with
t
2,(1) = y* (1) — (1), z3(1) = / z,(7)dt
0

where Z,(s) and Z5(s) stand for the Laplace transforms of the variables z,(f) and z5(f) respectively. At this stage, the
controller parameters (c,, c3, ¢4) are any positive real constants. In the next section these parameters will be determined
so that the control objectives can be attained. From (27) the differential equation relating the variable f to other state
variables of the system is

ﬂ = C4(0222 + C3Z3 — ﬂ) (28)

5. Control system analysis

Now, the control system analysis will be developed using the averaging theory, and Routh-Hurwitz stability crite-
rion [20]. The next theorem demonstrates that the control objectives are attainable on average with a high accuracy
degree which relies significantly on the grid frequency w,. The following notations are needed for formulating the
results

zy=p, €= l/a)g
kl =E§(rf+rg)

ky = E§ — E I1,(cos()(rg — 2r ;) — Lo, sin(g)))

ky = EgI7,(cos(¢) + sin(@y)) — 4py,
EgLy
ky=—5—PoEg — Ir1cos(@y)
pv
Eg
ks = = LE @B+ 1) = 1 = Lpfoes) + 111y
pU

- 2rf + L, cos(¢)]

ay = cyc3cy(ks — cuky)

ay = cylez(ks = ky) + ¢ (crks = (cacq + c3)ky]
ay = cyley(ks — cqky) — c3ky + (1 — crky)]
ay = c; +c4(1 = crky)

Theorem (main result): Consider the SAPF-PV system as illustrated in Fig. 1, consisting of the subsystem (3a)-(3d)
with nonlinear controller, including the following components:

o The current control law (23), with positive parameter c;.
o The voltage control law (27) with positive constants (c,, c3, C4).

After that, the control system analysis has the following features:

1. The following error z; = x| ; — x’lk’ ; disappears exponentially rapid, with x”l‘, = BUg,-
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2. Introduce the enhanced state vector Z as follows:

Z = ( Z Zy Z3 Z4 )T

The state vector Z then undergoes the state equation as follows:

Z(n)=ft,2) (29)
where
—C€121
—I 4 1(2) + fH(Z,1)
.7y = Cro + fi( 2(Z,
Z

cy(cpzy + 323 — 24)

3. Let prove the following inequalities by selecting the appropriate controller design parameters (cy, ¢,, c3, ¢4):
ay >0, a3 >0, aza, —a; >0, ajayaz — a% - aoa§ >0 (30)

For all 0 < & < €%, the state equation (29) has a unique exponentially stable 7 /w,-periodic solution Z(t,€) with
the condition || Z(t,€) — W < 8% ||, where £ and 6" are positive constants.

wich=( 0 0 ”—g fo
See Section 8 (Part B) for the Proof of previous theorem.

Remark 5.

1) Equations (27) and (28) indicate that § and its first derivative may be computed utilizing the obtainable signals,
which ensures that the errors z5 and z, are clearly time-differentiable. Moreover, the results of Proposition I prove
that the error z; yields the Eq.(24), which is globally asymptotically stable.

2) The enhanced state vector equation (29) is immediately got by (26)-(28).

3) The previous theorem demonstrates that, under condition (30), the undesired harmonic mitigation is effectively
reached in the mean value with a precision degree according to the value of € = 1/w,. It also proves that  meets
(up to small ripple) to a constant value, then assuring the PFC fulfillment. the output voltage regulation goal
is reached in the mean value with a high precision, which is based on the grid voltage frequency w,. The used
Jfrequency w, = 50H z allows for tight voltage regulation and excellent PFC performance.

6. Numerical simulation

The complete plant system and the controller are described in Fig. 6 and simulated in Matlab/Simulink environ-
ment, using the fixed-step solver ODE14x (Extrapolation). For simulation process, the used nonlinear load is highly
inductive. The parameter values of the power system and the controller design are summarized in Tables III and IV.
To test the robustness of the closed-loop control system performance, some of the important features are considered:

e Performance evaluation with standard climatic conditions.
e Performance evaluation with solar irradiation conditions.

e Performance evaluation with temperature conditions.

6.1. Performance evaluation with standard climatic conditions

In this case, the performance evaluation is conducted under standard climatic conditions (G = 1000 W/ m?, T =
25°C) as illustrated in Figs.7-15. Fig.7 illustrates the waveform of the load current, which shows obviously a harmonic
distortion caused by a nonlinear load with a THD value of 39.73% as illustrated by Fig.8. The resulting controller per-
formances are illustrated by Fig.9-15. The PV voltage tracks well its maximum reference after a brief transition period
as indicated in Fig.9, which confirming the results of the previous Theorem. The produced PV power is completely
distributed into the electrical source as illustrated in Fig.10. The filter current injected from SAPF into the electrical
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Table Il
SAPF-PV system characteristics.
Parameter Symbol Value
Power grid Vgo 230V/2 V /50 Hz
r, 2mQ
L, 0.2mH
Nonlinear load L, 500 mH
R/L 5Q/1mH
PV system N, 1
N, 15
Shunt active power filter C, 10 uF
L, 3mH
R, 8 mQ
PW M switching frequency Sfrwm 10kHz
Table IV
Controller design coefficients.
Parameter Symbol Value
Current regulator (PFC) c 7 % 10*
DC link voltage regulator cy 1x 10727 2Q!
I 2x 1073y 2Q 715!
¢y 5000 x s~!

source tracks its reference with high accuracy, providing quick dynamic response and very good steady-state behavior
of nonlinear backstepping controller as shown in Fig.11. Indeed, it is observed in Fig.12 that, the grid current is per-
fectly sinusoidal, which the undesired harmonic contents are well mitigated as shown in Fig.13 and the source voltage
remains in phase with the grid current as illustrated in Fig.14. Finally, Fig.15 indicates that the average of signal g
becomes rapidly constant. as result, a unity PFC is attained.
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6.2. Performance evaluation with solar irradiation conditions

The behavior of PV solar panels can be influenced by varying atmospheric conditions at daytime. The above control
system performances is tested considering the varying conditions of solar irradiance with a particular irradiance pattern
as illustrated in Fig.16. More precisely, the irradiance G reduced quickly from 1000 W/ m? to 700 W / m? at time 0.5
and goes slowly from 700 W /m? to 1600 W /m? at time 0.8 s whereas the temperature is remained constant 7' = 25°C.
It is observed from Figs.17-24 that, the nonlinear designed controller maintains the overall system in the optimal
operating conditions with regard to irradiance variations. Indeed, the PV voltage follows well its maximum voltage
after a brief transition periods as indicated in Fig.17. It can be seen from Fig.18 that the injected filter current converges
in the mean to its reference current with a high precision. Furthermore, Fig.19 shows that the grid current keeps its
sinusoidal waveform at all instants and THD value is measured as 2.60% as presented in Fig.20. The grid current
and the grid voltage are actually in phase despite the solar irradiance variation as shown in Fig.21, confirming thus
the PFC fulfillment. Hence, the average of signal f becomes constant each time the PFC is warranted as shown in
Fig.22. Finally, Fig.23 shows the good MPPT tracking in spite of solar irradiance variation. Indeed, It is shown that
the quantity of PV power is varied (see Table II), depending on the solar irradiation changing.
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6.3. Performance evaluation with temperature conditions

Figs.24-31 illustrate the behavior of the closed-loop controller in the presence of temperature variations with a
particular temperature pattern as shown in Fig.24. More precisely, the temperature 7' has augmented rapidly from
25°C to 45°C at time 0.5s and reduced slowly from 45°C to 15°C at time 0.8s, whereas the irradiance G is remained
constant and equal to 1000W/ m?. Fig.25 shows the good MPPT tracking of maximum voltage according to the
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Figure 25: The PV voltage v,,, under temperature change. Figure 26: The PV power p,, under temperature change.

temperature variations. Indeed, the extracted solar PV power curve changes (see Table II) as illustrated in Fig.26. The
injected filter current converges each instants to its reference current with a high precision under temperature variation
as illustrated in Fig.27. It can be seen in Fig.28 that the grid current remains a sinusoidal waveform and the THD
value is equal to 2, 87% as presented in Fig.29. The source voltage kept in phase with grid current, proving the PFC
achievement as shown in Fig.30. This is also proved by Fig.31, which indicates that the average of signal f becomes
constant according to the temperature variations, and verifying the fulfillment of unitary power factor.

7. Conclusion

In this work, we have studied the problem of controlling a single-phase shunt active power filter interfacing renew-
able energy source and the electrical power grid. A nonlinear control strategy based on the Backstepping approach
was developed for the SAPF-PV system. According to the theoretical analysis and the obtained numerical results,
it has been formally proved that the controller objectives are actually achieved in the mean including extraction of
maximum active power from the PV panels, regulation of DC-link voltage, and PFC achievement. The designed inner
loop controller has been successfully controlling the SAPF-PV system to ensure a better PFC realization under toler-
able THD coefficient, and limited to within IEEE standard 519. The designed outer loop controller provides perfect
PI controller of the PV voltage to a given maximum voltage created by the MPPT skills, which warranty the power
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exchange between the PV panels and the electrical power grid. Finally, the overall control system performances is
achieved according to the stability analysis and averaging theory.
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8. Appendix

A. Proof of Relation between f and x,

E? ,
f1(8, B, 21)— [(1—2rfﬂ+rgﬁ Lyp)cos(g) + (1 = Ly —1+rfp+L;pl+
PU pv
221
C_pu(erI +r,z1 —¢12y)

. 2E, 2E,
fg(ﬁ,ﬂ,zl,t)— (1 —erﬁ—rgﬁ ﬁLga)g Lfﬂ Lfﬁa) )ZILh s1n(ha) t+(ph)sm(a) t)+ [( erzlﬁ
PU pv

S[(=2r ;2B = Bryz, + 217 -

di . . 2E
- ﬁrgzl + ergﬂ - Lfﬁd_tL - szlﬂ + Clzlﬂ) Sln(a)gt) + (_Zlﬂngg - Lfﬁwgzl) + C
pv

di . PE;
Lfﬁ% —szlﬂ+clzlﬂ)sin(a)gt)+(—zlﬁLg Lfﬂw zl)cos(w H]+ C, [(ﬁL +Lfﬂwg)sin(2a)gt)+(1 —rfﬂ—

E I,
ﬁ Lfﬂ) cos(2w Hl+ —— Cov [( ﬂL o T 1) sin(ngt + @) — (2rfﬂ +1) cos(2a)gt + )]

B. Proof of Theorem
Stability analysis of the above system (29) is dealt with using averaging theory [15]. For this purpose, we insert the

d
time-scale change 7 = w, 1. It results from (30) that W (z) o wWi)=W( /a)g) follows the differential equation:

W(T) =eg(t, W, ¢) 31D

where W indicates the derivative with respect to z, and
—C 1wy
4pPU
+g W)+gW, 1, ¢
g W6 = s+ ail. w0 (32)
wy
C4(C2LU2 + C3W3 — LU4)

with
def
aW @) Y fzw) = LW (@)
LW @), . ) L 120, 0= LW (@), 7. )

It also appears from (26) and (32) that g(z, W, €) as a function of 7 is periodic with period 2z. Now, let us
introduce the average function gy(W):

2r
gO(I/VO) = ltm—/ g(r, Wy, e)dr, VVOeER4 (33)

It is easily seen from (26) and (32) that:
A —C1Wip
va
- w)
go(Wp) = Cpu 810 (34)
LX)
c4(cavy g + c3Ww3 0 — Wy ()
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where
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’ e—0 21 0

Regarding the system (31) and according to the averaging theory [20], itis suitable to analyze the following averaged
system:

Wy = ego(Wp) 35)

To this end, let us note that, for a given (34), the time-invariant system (35) has a unique equilibrium at:

wr=(0 0 & 4 ’ 36

0 o 0 ( )
with

ky — /K3 — 4k ks -

bo= 2K, 37)

Now, the stability of the equilibrium WO* = W, will be analyzed through indirect Lyapunov method [20]. There-
fore, one investigates if the Jacobian of the function g,(.), at VVO* = W, is Hurwitz. According to (34) and (35), it
is easily verified that the Jacobian is defined by:

—c; 0 0 0
_| O ks ks ks
A= 0 1 0 0 (38)
0 CrCy C3Cy —Cy

The equilibrium W will be globally exponentially stable if the matrix A is Hurwitz. To this end, the characteristic
polynomial equation is given as follows:

7(A) = A+ a3 + a, 4> + a; A + q (39)

By using Routh’s algebraic criteria, it implies that all the zeros of the polynomial (39) have negative real parts
whether the conditions (30) are met. In other words, under these conditions, it proves that the matrix A is actually
Hurwitz. Furthermore, by Lyapunov’s indirect method, the equilibrium WO* = W, of (35) is exponentially stable.
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