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Abstract— This paper presented a distinct control strategy
for a grid-connected PV system. The proposed control strategy
includes a Beta algorithm for maximizing power extraction, an
optimum PI controller for controlling the boost converter, and
direct power control (DPC) based on modified sliding mode
control (SMC) for controlling a three-phase grid-connected
inverter. The proposed controller not only solves the issues of
conventional DPC and SMC controllers (chattering of control
input and variable frequency response), it also establishes a
practical path for designing a robust controller in PV systems.
On system parameter uncertainty and mismatch uncertainties,
the proposed controller performs well. The proposed controller
eliminates the necessity of any additional current control loops,
resulting in a more straightforward system design and control
process and a faster transient response.

Keywords— PV system, direct power control, sliding mode
control, grid-connected inverter, predictive, robust control

I. INTRODUCTION

Renewable energy is now widely recognized as the most
important alternative to fossil fuels for generating
electricity. Solar energy has received a lot of interest
because of its ease of production and accessibility [1-2].

In [3-4], a general classification of conventional control
methods in this field is presented. In [5], to control a three-
level NPC grid-connected inverter, a novel voltage oriented
control (VOC) strategy with PI controller is presented.
Although simple to apply, PI controllers generally have low
robustness on uncertainties. Sliding mode control (SMC)
[6], model predictive control (MPC) [7-8], Neural Network
(NN) [8], adaptive control [9], fuzzy logic control (FLC)
[10], partial feedback linearization (PFL) [12], H-infinity
[13], and the combination of them are proposed to improve
robustness.

In [14], a new proportional-integral-resonant controller-
based direct power controller (DPC) with space vector
modulation (SVM) is proposed to control a three-phase grid-
connected inverter. The controller's main drawbacks are
slow transient response, susceptibility to system parameter
uncertainty, and stability constraints.

In [15], a different approach to direct power control
based on a predictive controller is proposed. To control
active and reactive power, optimal switching vectors
(determined by cost function) are selected using the discrete
system model's predicted voltage and current. Despite
having a low THD current, this controller has a wide-
spectrum harmonic. The control strategy presented in [16] is
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similar to [15], except that the nonlinear constraint term on
the switching frequency is considered and modeled in the
cost function.

In [17], a multi-loop current control using the SMC to
control a grid-connected inverter with an LCL filter is
proposed. The design complexity and the chattering of
control input resulting from the sign function are the major
disadvantages of this controller. In [18], an SMC controller
is presented to control the grid current with a simplified
PWM modulation. Hysteresis-Band (HB) used instead of the
sign function to solve the chattering problem, which has led
to some improvements in the results. In [19], a novel PMW-
SMC controller is proposed. The linearized model is
proposed to control a three-phase grid-connected inverter
with an LCL filter. This controller contains three loops, and
also discrete state observer has been used to reduce voltage
sensors. The harmonics injected into the grid by the
proposed controller are better than hysteresis modulation
based SMC controllers.

In [7], a distinct MPC-based control approach is utilized
to reduce the output current ripples. The sliding mode
observers estimate grid voltage with proposed predictive
compensation. The proposed observer reduces the number
of AC voltage sensors required, but it is complex to design.
The sign function used by the sliding mode observer will
cause chattering of control input.

In [20], a novel DPC control strategy is proposed that
utilizes three decreased switching tables to control a grid-
connected three-level neutral point clamped (3-Level NPC)
inverter. In [6], a new DPC-SMC is proposed to control a
three-phase on-grid inverter. The sliding surfaces defined to
control injected active and reactive power into the grid.
Despite the use of the sign function in the proposed
controller, the chattering problem still exists. Generally, in
sliding mode controllers, chattering caused by control input
and mismatch uncertainty are primary issues.

In this paper, to address the above issues, a modified
sliding mode control-based direct power control strategy is
proposed to control the active and reactive power of a three-
phase grid-connected inverter with L filters in a PV system.
First, accurate modeling of different parts of the PV solar
system is provided, and the dc-link controller and extraction
algorithm is defined. In the next step, after defining the
sliding surface to control active and reactive power, the
control laws determined, and the system's stability in the
presence of uncertainties and mismatches is proved. Finally,
to validate the efficacy and performance of the proposed
controller, the simulation results are presented.



II. MATHEMATICAL MODELING OF SYSTEM

A PV

An accurate single diode model, real data of
temperature, and solar irradiation have been used to increase
the system's accuracy [21]. The output power of solar
modules (Ppv) can be calculated as follows:

9Vpy |
Ry S,

where Vpy, Ly, L, Ny, Ny, q, k, A; represented the output
voltage and current of PV, saturation current of each
module, Npy is the number of each PV modules, N; is the
number of cells in PV module, 7, is ambient temperature, g
and K are constant, 4; is ideality factor. Also, to extract
maximum power from the PV modules, the beta method
(presented in [21]) has been used.

Ppy = NpVpyl,, = NpVpyl,lexp(

B. Boost Converter

A conventional boost converter is used in this case
study. This converter is controlled by an optimized PI
controller using PWM modulation [22].

C. DC Link

The dc-link current in abc-frame can be calculated as
follows [23]:

[dc = ua[a +ub1b +uc[c (2)

Where u is control vector (0 or 1). The de-link current in the
stationary reference frame (af) can be written using the
Clark transform as follows:

3
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D. Grid-Connected Inverter

Fig. 1 part (a) shows how the inverter used in this case
study and part (b) shows the equivalent circuit. The dynamic
equations of the grid-connected inverter in the af frame are
equals to [23-24]:

di
Ugp = LT“tﬁ+ Rlgg+V,p o

where I,5 and Vs denote the output current and voltage of
grid. U, is the inverter's output voltage, and R,L are
resistance and inductance of output filter.

The instantancous active and reactive power injected
into the grid in a balanced three-phase system in the
a3 frame can be calculated as follows [24]:

. 3 *
S(0)= P+ jO=~"Vap ¥l (5)
Eq. (4) can be rewritten as Eq. (5) and (6) [24]:
3. .
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According to Eq. (6) and (7), the instantaneous active
and reactive power deviation is equal to:
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By assuming a balanced three-phase system, Eq. (8) and
(9) can be rewritten as follows:

dP 3 R

o :—Z[(Vj+Vﬁ2)—(VaUa+VﬁUﬁ)]—zP—wQ (10)
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III. PROPOSED CONTROL STERATEGY

To control a three-phase grid-connected inverter in a PV
system, a proposed control based on direct power control
utilizing a modified sliding mode controller is given. Also,
Space vector modulation has been utilized to address
variable frequency response in conventional DPC control,
which leads to simplicity in designing inverter output filters
when solving this issue. Moreover, the proposed control
strategy provides robust performance against solar irradiation
variations, miss-match uncertainties, inductance changes,
and measurement noises. In Fig. 2, an overall block diagram
of the proposed controller is shown.

The next sections will cover sliding surfaces, control
laws, and proof of the proposed controller's stability in the
presence of uncertainties.
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Fig. 1. (a) Three-phase grid-connected inverter with L filter (b) Equivalent circuit.



A. Sliding Surface

The proposed sliding surfaces by the control objectives
(tracking the reference values of active and reactive power)
are defined as follows:

Sp=ep(t)+k,foep (t)dT—ep(0)
er (1)= By P (1)
So =eg () +kglieo (t)dT—ep (0)
eg (1) = Oyer —0(t)

where Sp, Sp denote the sliding surface of active and
reactive power and. P,y and Q,.r are the reference values of
active and reactive power. kp and ko are the positive
coefficients that adjusted to improve transient response and
minimize steady-state error.

(12)

(13)

When state variables reach the sliding surfaces and move
along the surface:

asp _ %o _,
dt dt
When (14) was established, the active and reactive power
accurately followed the reference values and were properly
controlled. According to (14), the derivation of active and

reactive power error on sliding surfaces can be written as
follows:

Sp=Sp= (14)

d

e’;t(t) =k ep (1) (15)
deg (1

eit( ) = —kgeg (1) (16)

B.  Sliding Mode Control Law

The control variable must converge to the sliding
surfaces in order to be controlled. The derivation of the
sliding surfaces can be calculated as follows:

(17) and (18) can be rewritten as:

B _pipu (19)
dt

T
WhereF=[Fp FQJ , U=[Ua, UﬁJTandD is the input

matrix. In fact, the proposed sliding surfaces are influenced
by inductance variations, sampling errors, and measurement
noises; thus, the existing uncertainties are added to (18) in
the form of a factor termed H:

62—S=F+DU+H

t

(20)

T
where H = [H H Q] is disturbance matrix. A p-Hp are

P
disturbances in the direction of active and reactive power,
respectively.

The matrix F and D in (19) are defined as follows:

Fp:%(V§+V/§)—§P—CUQ+/¢F(P*—P) o
FQ=§Q—wP+kQ(Q*—Q)
3 Vo Vﬁ

A Model Reference Adaptive Controller based on PI
(MRAC-PI) is used as input [28]. Using the proposed
controller as input while fixing chattering problems also
eliminates the problems caused by the unmodeled high
frequencies of conventional controllers in transient states. It
also solves the issues of hidden instabilities due to the
presence of discontinuous terms at the input of conventional
sliding mode controllers (e.g., sign function). The proposed
control input is equal to:

Uy =—D 7 [F+H+uy_p] (23)

T
where u,_p; = |:”A—P1,P ”A—P[,Q:' known as proposed

dSp dep(t d . .
TtP = flt( ) +kpep(t)= —EP+kp (Pref —P) (17)  input based on MRAC-PL u,_p; p,u4_p; o are the input of
S d the proposed MRAC-PI controller to control the active and
0 _4 (1) __d _ 18 reactive power, respectively. More information about the
= +hkgeg (1) =——0+kg (O — 0 (18) .
dt dt dt : MRAC-PI controller can be founded in [25].
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Fig. 2. The overall configuration of the proposed controller




The matrix u4.prin E.q (23) can be defined as follows:

ug-pr.p=kppSp+kip[Sp

(24)
ugpro =kpoSo+kip[Sp
where ky,, ki, kpo, kip denote proportional and integral
coefficients used in the MRAC-PI controller are regulated
for active and reactive power, respectively.

C. Stablitiy
If it is assumed that there are optimal PI coefficients
ki kred ,k;‘g,klrg ) for the proposed controller to monitor

the active and reactive power, the proposed sliding surface
will converge in a way as:

58 <-¢£|s] (25)

where & is a positive constant. The error of the proposed

controller parameters for monitoring the active and reactive
power can be calculated as follows:

Opy =kpy —k
PX PX PX (26)

S
Vix =k —kix
where Opy , Wy are the error of proportional and integral

parameters of the proposed controller for monitoring active
and reactive power, respectively. X =[P Q] represents the

active and reactive power injection to the grid. The
Lyapunov function is defined in (27) to find control laws
and prove the system's stability:

1 _ _
V(S,0.p) =5[52 +Qlery ' Opx terx W' @D

where ¢ y,c) X,|Q| represent constant and positive weight

coefficient. In (27), the sliding surface and the error caused
by the proposed controller are also considered.

In order to have a stable system, the derivation of
Lyapunov function must be less than or equal to zero. The
derivation of the Lyapunov function can be calculated as
follows:

v (o S, NI
Z=(SS+|Q|(C1X 'Oy Opx +erx IV/IXl//IX)) (28)

By replacing (24) and (26) in (28), the derivation of the
Lyapunov function (27) can be rewritten as follows:

ci,—lt/ = (SS +1Q| (c1x ' Opx Opx + 02X_1W1XV71X))
=S(F+D(-D'[F+H+u,_p;])+H)
+|eterx ' OpxOpy +10Q|erx Wiy
= S(~kpxS—kpx [ ) +]Q|cix ™ Opxbpy
+|Qfeax Wiy

= S(~(kpy S+kpy |S)+6py SS+y S| S

(29)

+1Q|e1x ™ Opx Opx +[Q|eax Wiy
< —§|S| + apXSS +‘/IIXSJS +|Q| ch_lﬁpXépX

+ |Q|02X_1‘//1XV71X

The proposed control laws should be established and
updated such that while controlling active and reactive
power injected into the grid, it also leads to the system's
stability.

. . ClX.Sz
. . CZ,X'S.[S
Vix =—kix :_T

By replacing (30) in (29), the derivation of the Lyapunov
function can be rewritten as follows:

av
o <=¢|S] (31)

Therefore, the derivation of the Lyapunov becomes less than
or equal to zero by implementing the proposed control input.
According to the Lyapunov stability theorem, the errors of
active and reactive power injected to the grid tend to zero,
and also coefficients of the proposed PI adaptive controllers
for regulating active and reactive power track the reference
values. The proposed controller has good stability against
uncertainties while solving the chattering problem at the
control input; the upper bound of uncertainties does not
need to be known, unlike conventional control strategies.

IV. SIMULATION AND RESULTS

The parameters of the system and PV modules are given
in Table I and Table II. Simulation in MATLAB has been
used to verify the proposed control strategy. In Fig.3, the
Power-Voltage curve of PV arrays utilized in this case study
system is shown. The algorithm's optimum accuracy is
verified by analyzing the maximum power extractable and
the maximum power extracted by the algorithm (beta
algorithm).

To analyze the proposed control system properly, the
system results in solar irradiation uncertainties, and output
inductor variation are evaluated.

TABLE L GENERAL PARAMETERS OF TEST SYSTEM
Parameters Values Parameters Values
Vi 380V Ppy 5623 W
Seria 50 Hz Ly 1 mH
Lfilrer 15 mH C}, 0.05 mf
Rjitter 0.01 Q o 6 kHz
Vie 700 V Ce 2.5 mH
TABLE 1L PV ARRAY PARAMETERS
Parameters Values Parameters Values
Irradiance 1000 W/m? Ise 21.16 A
Ambient Temp. Avg. 298 K Vipp 287V
Voc 353V Lypp 19.8 A
6000 - s
4000 F —
>
=
&~ 2000
00 5‘0 150 300 3 "0
3 35
Vey()

Fig. 3. Power-Voltage curve of PV arrays



A. System analysis under solar irradiation uncertainties

Fig. 4 shows the dc-link voltage output of the proposed
controller under different radiations. At 0.5 sec. the
radiation changes from 1000 W/m? to 500 W/m?, the system
has demonstrated excellent performance versus radiation
changes. Fig. 5 shows phase voltage-phase current (e.g.,
phase a), and Fig. 6 shows the power factor of the proposed
controller. The proposed control has a robust performance
on radiation changes and has a high power quality. Fig. 7
and Fig. 8 show the active power and the reactive power
injected into the grid when the radiation changes in 1
second, from 1000 W/m? to 500 W/m?. The results show
excellent tracking of the reference values even though the
radiation varies. The steady-state error of active and reactive
power rapidly leads to zero.

B.  System analysis under inductane variations

The dc-link voltage at a radiation 1000 W/m? and an
-25% uncertainty in the output inductor filter in 0.7 seconds
to 0.9 seconds shows in Fig. 9. Active and reactive power
injected to grid at 1000 W/m? is shown in Fig.10 and Fig.11,
respectively, with a -25% change in output filter inductor in
0.7 seconds to 0.9 seconds.

Despite the -25% change in the output filter inductor,
active and reactive power has not been disrupted, and the
test system has not lost its stability. Between 0.7 seconds to
0.9 seconds, the steady-state error of active power and the
reactive power increased slightly. After this time, the system
has returned to regular operation. Despite severe uncertainty
in the output filter inductor, the system has not lost its
stability.

In this case, current THD is analyzed throughout time. In
all of these scenarios, the current THD was less than 1.2
percent. Fig. 12 shows one of the THD current results. The
proposed system has low THD and an excellent harmonic
spectrum.
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Fig. 4. Dc-link voltage during irradiation variations
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V. CONCLUSION

In this paper, a novel control strategy for a grid-
connected PV system is proposed. A high-fidelity system
model is utilized to improve the accuracy and efficiency of
the proposed controller. Also, a specific theoretical route is
presented for designing a robust controller. The direct power
controller based on modified sliding mode control is used to
control the grid-connected three-phase inverter.

The proposed controller has an excellent response in
steady-state and transient states. Simulation results in
MATLAB/Simulink verify theoretical proof of the system
stability and robustness using Lyapunov function. Besides,
the output current has an outstanding result and power
quality (THD of output current always less than 1.2%,
which is less than the IEEE std.519) in the entire condition,
including the presence of uncertainty (irradiation and
inductance variations). The unit power factor can be
achieved almost under all operating conditions.
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