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Advanced Topology for Grid-connected Photovoltaic System
Based PWM Rectifier

Abstract. This paper proposes an advanced topology for grid-connected photovoltaic systems (GCPVS) based on sliding mode control (SMC). The
proposed topology exploits the generation and regeneration modes of the three-phase PWM rectifier well suited for high power quality. In addition, it
has the advantage of eliminating the inverter and the diode rectifier stages used in the classical structure and replacing them by a PWM rectifier. For
maximum power point tracking (MPPT) of the PV generator, DC-Link voltage control and direct power control (DPC), a sliding mode controllers
(SMC) are used in order to obtain high accuracy and fast dynamic response against meteorological and load variations. To verify the effectiveness of
the control applied on the proposed topology, a wide simulation results are carried out under MATLAB-SIMULINK environment for different operating
conditions that confirm the feasibility of the proposed topology.

Streszczenie. W artykule zaproponowano zaawansowang topologie systeméw fotowoltaicznych podigczonych do sieci (GCPVS) w oparciu o
sterowanie trybem Slizgowym (SMC). Proponowana topologia wykorzystuje tryby generowania i regeneracji tréjffazowego prostownika PWM dobrze
przystosowanego do wysokiej jakoSci energii. Dodatkowo ma te zalete, ze eliminuje stosowane w klasycznej konstrukcji stopnie falownika i
prostownika diodowego i zastepuje je prostownikiem PWM. Do $ledzenia maksymalnego punktu mocy (MPPT) generatora fotowoltaicznego,
sterowania napieciem DC-Link i bezposredniego sterowania mocg (DPC), stosowane sg kontrolery trybu $lizgowego (SMC) w celu uzyskania
wysokiej doktadno$ci i szybkiej odpowiedzi dynamicznej na zmiany pogody i obcigzenia . Aby zweryfikowac skuteczno$¢ zastosowanego sterowania
na proponowanej topologii, przeprowadza sie szerokie wyniki symulacji w $rodowisku MATLAB-SIMULINK dla réznych warunkéw pracy, ktére
potwierdzajg wykonalno$¢ proponowanej topologii. (Zaawansowana topologia dla podiagczonego do sieci systemu fotowoltaicznego

prostownika PWM)

Keywords: Sliding Mode Control (SMC), Maximum Power Point Tracking (MPPT), Direct Power Control (DPC), Three Phase PWM.
Stowa kluczowe: sterowanie trybem przesuwu (SMC), sledzenie punktu maksymalnej mocy (MPPT), bezposrednie.

Introduction

Nowadays, solar energy has become the most important
and usable renewable energy in the world due to its multiple
benefits, among them: clean, renewable, unlimited and
without risk. It can be converted into electrical energy
without moving parts [1, 2].

With the increase of fossil fuels cost with their
undesirable environmental impacts and due to the fatal
decrease of the photovoltaic modules price recently,
Photovoltaic (PV) energy production has becomes mature
and its participation has expanded in the global energetic
mix. As the Grid-connected PV systems topology does not
require physical storage systems (batteries,..) that reduce
the investment cost, most industrialized countries rely on
these renewable systems connected to the electrical grid to
cover the lack of energy produced by conventional energy
sources [1, 3, 4, 5,6].

Many control techniques have been developed in recent
literature and applied on different GCPVS to ensure safe
active power injection that is produced by photovoltaic
systems with high power quality. This last task is generally
done by adding passive or active power filtering systems.

In [7], the authors have proposed an optimal operation
of a doubly-stage grid-connected photovoltaic system doted
of a shunt active power filter. A fuzzy logic-based maximum
power point tracking control is proposed to obtain optimal
power delivered by the PV system under different irradiance
levels. In the grid side, a predictive direct power control (P-
DPC) was used to ensure partial supply of the load with
harmonic current compensation.

In reference [8], the authors used the sliding mode
control to extract the optimal panel power and the P-DPC
technique to ensure both active and reactive power
command and power quality control.

Another work presented in [9], relied on a fuzzy logic
controller instead of the classical P&O based MPPT in order
to overcome the problems related to the sudden and fast
variations of the irradiance. On the other hand, the
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Synchronous Detection Method (SDM) is used for the
identification of harmonic currents.

In 2019, the authors in [10] have adopted another direct
topology without adaptation stage. The finite set model
predictive technique (FS-MPC) was employed to drive the
voltage source inverter (VSI). The cost function is
composed of error terms between the injected currents and
their references generated by the classical MPPT P&O
technique.

In this work, compared to the conventional topology, the
proposed configuration consists of replacing the three-
phase inverter and the diode rectifier with a PWM rectifier.
The load supply is provided by the grid via the PWM
rectifier and/or the photovoltaic panel depending on the
meteorological conditions of the photovoltaic system. The
choice of this topology is justified by its advantages such as
the advanced operating characteristics of PWM rectifiers
including input sinusoidal current, controllable input power
factor, bidirectional power flow, high quality dc output
voltage and best efficiency due to reduced commutation
and conduction losses. All these advantages lead to an
alleviate topology, uncomplicated control and consequently
a significant cost reduction.

Given the many advantages of sliding mode technique
such as robustness, simplicity of application and fast
response, we are interested in the application of this
approach for:

» VDC-SMC bus voltage regulation.

» The extraction of the optimal

photovoltaic panel MPPT-SMC.

» Direct power control DPC-SMC

power of the

Description of the proposed configuration

The conventional topology for grid-connected
photovoltaic systems (GCPVS) is depicted by figure1 (a).
The PV array supplies the considered load and the excess
power is injected in the utility grid according one of many
control strategies well explained in previous literature. The
overall proposed system configuration is shown in figure 1
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(b). It consists of an electrical distribution network having a
three-phase  balanced voltage source, a three-
phase PWM rectifier supplying a load. The PV array is
associated with a DC-DC boost converter to participate in
feeding the considered load. The boost converter ensures
the MPPT functioning and steps up the DC link voltage to
an acceptable level which permits a bidirectional flow of the
exchanged active and reactive power with the utility grid.
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The PWM rectifier is controlled by direct power control
strategy based sliding mode control DPC-SMC.

The adopted approach is used in order to manage the
exchanged powers of the PV system and the grid according
to the climatic conditions of illumination and load variations.

In addition, high power quality such as low
current/voltage THD and unity power factor should be
guaranteed in the grid side.
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Fig.1. Schematic of the grid-connected PV system: a) the conventional configuration, b) the proposed configuration.

To achieve these objectives, the proposed configuration
based on SMC control, is tested by an extensive numerical
simulation using Matlab -Simulink. The values of main
parameters used are listed in Table 1.

Table1. Electrical parameters system and control coefficients

Line to Line source voltage Vs=120V
System frequency F=50Hz
Line Impedance R=0.2Q, L=12mH
Dc-Bus voltage Capacitor Cqc=2mF
Dc-Bus voltage reference Vg =240V
Load Resistance R =40 Q
Boost Input Capacitor Cpy=2mF
Boost Inductor Lpy=0.5mH
Switching frequency , Fs=15kHz
PV Module Power at 1000W/m
(1Soltech 1STH-215-P) Ppv=213.15W

The PV array is composed of 2 strings of PV modules
connected in parallel. Each string consists of 6 modules of
STH-215-P of 213.15 W connected in series.

Control approach

The SMC controllers have attracted more and more
attention due to their performances especially for nonlinear
systems such as solar energy. Moreover, SMC offers a
noteworthy stability and robustness, good dynamic
disturbance rejection and fast response [4, 11,12]. For that
reasons, three SMC controllers have been designed as
cited in the introduction part.

MPPT based SMC

Figure 2 shows the block diagram of a PV module
equipped with an adaptation stage composed of a boost
converter used to track efficiently the MPP and to step up
the DC-link voltage to an adequate level. The MPPT
algorithm is dependent on the type of the chosen
implementation and the desired performance. However the

algorithm must adjust the duty cycle (D) of the associated
power converter according to the output voltage level.

Iy I
- YO LBeE |
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PV Array <
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Fig.2. Block diagram of MPPT method.

The mathematical model of the boost converter is given by
the equation system (1)
AVpy 1 1
(1) FZE pv_aILbos
dlppos 1 1
TR _L_,,,,(l — D)Vyc
where: V,— output voltage of photovoltaic generator, I,~
output current of photovoltaic generator, I, inductor
current, 7,— load voltage, D— duty cycle.
In order to determine the duty cycle D, it is necessary to
control the current I;,,,.
According to the first equation of the system (1):

. 1 1
(2) Vpy = alpv - alLbos

Sliding surface design
The error ep, between the output voltage of the
photovoltaic panel ¥, and its reference ¥y is considered

as follows:

(3) epy = Vpy — Vpy
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The chosen sliding surface Sy is given by:
(4) Spy = epy = Vpy — Vpy

The time derivative Sp;, of the considered sliding surface
Spy is given as follows:
() SPV =épy = VPV - V;V

(5) Spy = —

1 P %
alpv - C_WILbos = Vpy In

steady state: $p,, = 0, leading to:
(6) ILbos_eq = Ipv - vaVI;V
I*Lpos = ILbos,eq + ILbos,DC

where [hos eq represents the equivalent term inherent for
SMC and I, pc the discontinuous term, then:

(7) I Lpos =

On the other hand, we use the second equation of the
system (1) as:

(8) iLbos =

Ly — vaV;V + Kpysing(Spy)

1 1
L_Wva _L_pv(l - D)Vdc

The error ¢, between the inductor current 7;,,, and its
* . .
reference value I ;,;,, is considered as follows:

9) ep = Ipos = Iibos

The chosen sliding surface S, is defined as:
(10) Sp = ep = Ipos — I[pos
The time derivative $;, gives:

(11)
by substituting the equations (8) into (11), we find:

L N
SD = ILbos - ILbos

1 1 .
L_V (1 - D)Vdc - ILbos
pv

(12) SD = pv_L_pv

In steady state, the derivative S, = 0:

1 1 e
(13) L_WVW_L_W(l_D)VdC_ILbos =0
We get:

* Lpy E3 Vv
(14) Deq = VL;CILbos +1- VLac

Then, the duty cycle D" is defined by:
D* = De*q + Dp¢

(15) Dr=mr % + 1+ Kpsign(Sp)

Vac

Stability analysis
The candidate Lyapunov function 7, is given by:

(16)

By replacing equations (5) and (7) into (8), we obtain the
equation (17):

VPV = SPVSPV

(1 7) VPV = Spy [i Ipv - é(lpv - vaV;V + vaSing(SPV)) - VI:V]
After simplification, the equation (17) leads to:
(18) Vey = —KpySpysing(Spy) = —Kpy|Spy| < 0
= Kpy >0

Therefore, Kpy must be a positive constant.
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On the other hand, the time derivative of the Lyapunov
function 77}, is given by:

(19)

By replacing equations (12) and (15) into (19), we get
the equation (20):

VD = SDSD

(20) VD =Sp 2w _

Vac | Vac [ Lpv i« Vpv
e Ly T L <V— Lbos ~y, T1+
Vv pv pv dc dc

KD Sign(SD)> - ijos]

After simplification, the equation (20) is reduced to:

(21)

Vp = KpSpsing(Sp) = Kp|Sp| <0
= Kp <0
Therefore, K, must be a negative constant.

Sliding mode DC voltage control

The reference of the grid active power is obtained by the
regulation of the DC bus voltage, a good dynamic of this
regulation increases the performance of the system.

Sliding surface design
Several forms of sliding surfaces are proposed in the
literature. In our case, we have chosen the following form
[14]:
n-1
(22) SO =(2+2) e +K, fyemadr
Where: e(t) — the error between the desired and actual
values, 4, K; — are strictly positive constants, n—is set to 1.
The error ¢,. between DC link voltage reference V', and
the actual DC link voltage value V. is expressed as follows:

(23) eac(t) = Vg (t) — Vac (£

Therefore, the sliding surface S, is given by:

(24) Sac(t) = eqc(t) + Ky [ eqc(t)dt

The time derivative S, of the sliding surface S, is given by:

Sac = €ac + Kieqc

(25) sdc = V(;C + % + K1 (Vge = Vae) — %Idc
L

The rpain goal of the control is to produce the necessary
current I ,. in order to force the present voltage V,. to track
perfectly its desired value V*,.. The I",. is composed of:
(26) lgc = Idc,eq + lac e
In steady state: Sz, = 0
According to the equation (25), one can get:

(27) Idc_eq = CVL;C + ‘;d; + KIC(V(;C = Vac)
(28) lac pc = Kacsign(Sac)

The sum of the equations (27) and (28) gives:

(29) Lo = OV + 74+ KiCWVie = Vo) + Kaesign(Sac)

Where: K, is a constant.
The function sign (S, is defined as:

+1  if S >0

sign(Sqc) =41 if Sqc<0
0 if Spe=0

(30)
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Stability analysis
The time derivative of Lyapunov function 7 is given by:

(31) Vdc = Sdcsdc
By substituting the equations (25) and (29) into (31), it
yields:

y rx 1 &3 Vac *
(32) Vac = Sac [Vdc -c (CVac + o+ K C(Vae = Vae) +

. Viac *
chSLgn(Sdc)> + Edc + Kl (Vdc - Vdc)]

After some manipulations, the equation (32) is reduced to:

(33)

. Kac . Kac
Vac = _SdchSLgn(Sdc) = _lesdcl <0

:ch>0

Therefore, K,. must be a positive constant.
Finally, the desired active power P’sis calculated as:

(34)

P = Ve * Igc

Sliding mode direct power control DPC-SMC

In the control scheme shown in Figure 1, the active
power reference is provided by the SMC-DC voltage
controller given by equation (34). For unity power factor
operation, the reactive power reference should be set to
zero.

The aim of the control here is to force the active and
reactive power to track their required reference values. To
do this, an inner loop based on DPC-SMC is used, which
provides the appropriate PWM rectifier voltage vector [e,,
ey/ for the pulse width modulation as well as generates the
necessary control signals.

The mathematical model of the PWM rectifier in (a-f)
coordinates is given by the equation system (35) [14, 15].

dig .
J( L8 = Vsq — €q — Rig
di .
Ld_fZVSB_eﬁ_Rlﬁ (3)

dVgc
C— =
dt

(35)

Vac
Ry

Sala + Spip —

Therefore, the grid active and reactive powers in (a-f)
coordinates are given by:

Ps = Vsyi, + Vgl
(36) { S ~ Sa « SB '/3
Qs = Vsalip — Vspia

where:

Vsor Vs ise isy — represent respectively grid voltage and
current in (a-f3) coordinates.

e, e;— are the PWM rectifier voltages in (a-f) coordinates.
V... C—represent DC bus voltage and DC bus capacitor.
R;—is the DC load.

Pg; Os— Are the grid active and reactive powers.

Sliding surface design
The error between power and power reference value is
considered as follows:

(37) ep(t) = P(0) — A (1)
(38) eq(t) = Qs(1) — Q5(0)
The sliding surfaces of the powers are chosen as:

(39) Sp(t) = ep(t) + K3 [ ep(t)dt
So(t) = eq(t) + Ky [ eq(t)dt

where: K; and K, are positive integration gains.

In order to obtain the control law, we set the time
derivative of the sliding surface to zero:
S‘P = 0
4 .
(40) {SQ =0
By applying this condition, we get:
Sp = ép + K3€p =0 ép = _K3ep
(41) P e { .
Sog=¢ép+Kueqg=0 eq = —ha€g

We substitute the equations (35) and (36) into (41), we find:
. . ) . ) R 1 .
(42) $p = [Vsaia + Vsgip + (Ks = %) Ps +1 (V& + VE) — B —
N 1
K3PS ] ~ I (VSaea + Vsﬁeﬁ)
. . ) . 3 R - N
43)  So = |Vspia — Vsalp + (Ka— ) Qs — 05 — Ko Q5] —
1
7 (Vsgea = Vsatp)

From this analysis, we obtain the control vector /e, ez by
the first time derivative of the sliding surface.

We can rewrite the equations (42), (43) in the following
matrix from:

(44) Spo=B+AX
where:

. T[S

Spo=1. |

Fe [SQ

.o . R 1 . %
Vsala + Vsgig + (Ko = %) Py + 2 (V2 + V3) — By — KB

Y y R 5% *
Vsgia = Vsaip + (Ko = 7) Qs — 05 — K,Q;

-V -V e
Ax=1_>¢ Sﬁ] [ea .

L|=Vsg  Vsq B

A X

In steady state:

(45) Spg=0=>A4.X,y=—B
(46) Xeqg=—A"'B
(47) X" = Xoq + Xpc = —A7Y[B + Kpq5ing (Sp)]

Stability Analysis
The time derivative of Lyapunov function ¥} is given by:

By replacing the equations (44) and (47) into (48), we
obtain the equation (49):

Vpo = SpolA. X + B]

(49)  Vpg = SpolA. (—A7Y[B + Kpysing(Spo)]) + B

After simplification, the equation (49) is reduced to:
(50) Vo = —KpqSposing(Seq) = —Kpq|Spe| < 0
= Kpq >0

To satisfy the Lyapunov condition, the factor K, must
be a positive constant.

Simulation results

By exploiting the functionality of the PWM rectifier for
both generation and regeneration mode and to describe the
possible operating conditions of the power system, the
power management of the proposed topology is tested for a
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variable irradiance profile and load. The two managed
modes are:

% Ppy< P, The load is supplied by both sources: the
grid and the PV panel. In this case, the three PWM
rectifier acts in generation mode as a rectifier.

% Ppy> Pr,.q The load is supplied only by the PV panel
and the excess power is injected into the grid which
forces the PWM rectifier to operate in regeneration
mode as a voltage inverter. The simulation results are
shown in Figures 3 to 9.

1500 — RLoad"37.5 {Om) _\G (Wim) — PPV (W)
[ Y ~
000 L~ o e
.r
1500 ‘
1000 W t i
500 —

[ [H 04 0.6 08 1 11
Tima (%1

Fig.3. Irradiance profile G, Variation of the output power Py, of the
PV under load change R, .-

To test the robustness of the MPPT-SMC algorithm, a
variable irradiance profile is established to scan all
operating modes of the system. Figure 3, illustrates the
irradiance and load profile G, R, respectively and the
generated power P,y of the PV system.

It can be seen that the evolution of the Pp, output power
is in agreement with the applied irradiance profile. For an
abrupt and sudden change of illumination in the range [0 —
500 - 1000 - 200 W/m] it is very clear to see that the
maximum power point is tracked closely and efficiently and
in accordance with the load variations. This result confirms
the effectiveness of use of the MPPT SMC strategy in terms
of rapid disturbance rejection and fast dynamic response.

Figure 4 shows the behavior of the DC-link voltage
where it correctly tracks its reference (240V) in a few
milliseconds with negligible tracking error (less than 4%)
and minimum overshoots and undershoots even when the
load and irradiance change. This good disturbance rejection
obtained proves the efficacy and the robustness of the used
SMC controller which has a large impact on the active
power response as shown in figure 5.
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Fig.4. Output dc link voltage regulation under load and irradiance
change.

Ps—Ps"

[ 02 04 0s 08 1 12
Time (3}

Fig.5.Grid active power and its reference.

Figure 6 shows the evolution of the different active
powers, namely: grid active power P, load active power
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P,,.« and generated photovoltaic power Pp, for a variable
irradiation profile given in the previous section.

In figure 6, the grid active power P, follows correctly the
trajectory imposed by the control:

Between Os to 0.2s the active power Pp, generated by
the PV system is zero (zero irradiance), the electrical
network provides all the active power required by the load
and the PWM rectifier operates in generation mode.

ik ] Pload (W] —Ps (W) — PPV [W)
2500
2000 o . L

(] 02 04 (13 1} ] 1 11
Time {5}
Fig.6. Variation of grid active power P, Lad active power P, and
active power of PV system Py under Load and Irradiance change

in the interval [0.2s to 04s] the irradiance level G is
increased promptly to 500W/m?, the Py, still less than the
load active power P;,., (PPV<PL,,ad), the two generators
contribute simultaneously to supply the load resulting in a
decrease of the grid current which stays in phase with the
grid voltage as shown in figure 7.2.

In the range [0.4s to 0.6s], the irradiance IeveI G is
increased suddenly again and becomes 1000W/m?* The Ppy
value is greater than the load power P;,.; (Ppy>Ppoqq), in this
case, the grid active power Ps takes a negative value and
the PWM rectifier operates in regeneration mode. Indeed,
the grid voltage and current become in opposite phase as
shown by figure 7.3. The phase shift proves that the grid
receives the active power generated by the PV system after
subtracting the power consumed by the load.

Between [0.6s to 0.8s], the load is stepped down from
40Q to 20Q. It can be seen that the Py, active power keeps
its value with negligible overshoot and undershoot. The grid
active power changes its direction and takes a positive
values meaning that the PWM rectifier operates in
generator mode.

In the range [0.8s to 1s], the system backs to the
previous state, where the load resistance takes its initial
value (R;=40Q), the same observations are also remarked
as in the interval [0.4s to 0.6s].

In the last part of the studied cycle [1s - 1.2s], an abrupt
decrease of irradiance (200W/ m2) is applied, the same
remarks made for the interval [0.2s - 0.4s] stay valid except
that for the grid current which increases as shown in Figure
7.5.

A VY
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1 15 2 2
Time (5}
Fig.7. Variations of grid voltage and current under Load and
Irradiance change.
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Figure 7 shows the evolution of the grid current versus
its voltage. It can be seen that the current profile follows the
variation of the illumination imposed on the system,
reflecting on the behavior of the current in face to the grid
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voltage, sometimes in phase when the grid generates its
power and sometimes in opposite phase when the grid
receives the excess power from the PV system.
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Figure 7.1 Zoom of Grid Voltage and Current during [Os to 0.2s].
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Fig.7.2. Zoom of grid voltage and current during [0.2s to 0.6s].
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Fig.7.4 Zoom of grid voltage and current during [0.6s to 1s].
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Fig. 7.5 Zoom of grid voltage and current during [0.8s to 1.2s].

One of the main objectives of the present work is to
ensure a high power quality in the grid side by minimizing
the total harmonic distortion that must be lower than 5%.

Figure 8 shows the curve of the balanced three phase
current system associated with the numerical values of the
THD for different time ranges. The results are satisfactory
and values are in accordance with international standards.

Figure 9 shows the grid active and reactive power
shapes and their references. It can be seen that the
reactive power is maintained at zero, meanwhile the active
power follows perfectly and stably the trajectory imposed by
its reference.

o || e L L I
(TITITTI
: ””'"“"“' ik " ‘“\l Tu M
| ,,.. Wi A |' I fi ||||||||'I'|'|| | i
||H||||H| |||| Il |I“1. f“lf,"r“duh .I | |||||} Hff ]:5'.1'|I||il .||rI]|]|‘ ,,I|:1|.H[|,|I‘.,.H {| |||||‘||||||||||||||||||
|!||l||l|llll‘|||'| Il |||||'~wl~mv u."' i ﬁh'fﬂh'fl il I.Ii.l]j"l'] AN wu "“'!}h“””.\
’lil||||ﬂ|||||| I ||\ f
(] |||||i R
] 02 04 Py Py - 5

Time (5]
Fig.8. Grid currents and their total harmonic distortion for each
operation mode.
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Fig.9. Grid active and reactive powers.

As a result, the application of the DPC-SMC technique
on the proposed configuration is able to reduce the currents
THD, compensates the reactive power consumed by the
load, and injects the excess active power of the GPV into
the grid. These functions allow the proposed topology to
operate at unity power factor.

Conclusion

This work presents a design procedure of a grid-connected
PV system based on a PWM rectifier well suited for such
application. For the proposed topology, a control system
based on sliding mode control is performed for both DC bus
voltage regulation, MPPT maximum power point tracking
and active and reactive power control. Such a control based
SMC allowed us to optimize the power flow management
between the grid, the PV system and the load. Several
objectives and good results have been achieved such as
system flexibility, high power quality of the grid with unity
power factor, low harmonic distortion rate, robustness of the
control against disturbances thanks to the inherent
properties of the SMC. The high performance obtained by
simulation demonstrates that the proposed topology
associated to SMC control is a good alternative for grid-
connected PV systems.
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