
Design of Nonlinear Uncertainty Controller for Grid-Tied Solar Photovoltaic
System Using Sliding Mode Control

D. Menaga1, M. Premkumar2, R. Sowmya1,* and S. Narasimman3

1National Institute of Technology, Tiruchirappalli, 620015, India
2GMR Institute of Technology, Rajam, 532127, India

3Adhiparasakthi College of Engineering, Vellore, 632506, India
�Corresponding Author: R. Sowmya. Email: sowmyanitt@gmail.com

Received: 31 July 2020; Accepted: 09 August 2020

Abstract: The proposed controller accompanies with different sliding surfaces. To
understand maximum power point extraction as opposed to nonlinear uncertain-
ties and unknown disturbance of a grid-connected photovoltaic system to various
control inputs (ud, uq) is designed. To extract maximum power from a solar array
and maintain unity power flow in a grid by controlling the voltage across the dc-
link capacitor (Vpvdc) and reactive current (iq). A multiple input-output with multi-
ple uncertainty constraints have considered designing proposed sliding mode con-
trollers to validated their robustness performance. An innovative controller
verifies uncertain inputs, constant and changes in irradiances, and temperature
of the photo-voltaic system. These controllers do not limit the parametric uncer-
tainties and disturbances on the system, which shows the significance of the
developed designs. The performance characteristics have been compared to two
sliding mode controllers and validated through numerical simulation for both nor-
mal and robustness conditions.

Keywords: Grid-connected; multiple input-output systems; nonlinear control
design; photovoltaic system; sliding mode control; uncertainty

Nomenclature
MPPT: Maximum Power Point Tracking
l: Filter Inductor
r: Resistance
Vpvdc: Solar Array Voltage
Ipv: Solar Array Current
vdc: Voltage Across the DC-Link Capacitor
Vpvdcref : Voltage Reference from MPPT
Idref : Current Reference from MPPT
Ia, Ib, Ic: Grid Current
Va, Vb, Vc: Inverter Output Voltages
Ea, Eb, Ec: Grid Voltages
Ed , Eq: D-Q Axis Grid Voltages
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Id , Iq: D-Q Axis Grid Current
x: Grid Angular Frequency
S1; S2: Sliding Surfaces
u1; u2: Control Law
PPV : PV Power

1 Introduction

In recent days, renewable energy utilization has become popular due to increased demand for electricity
and the availability of advanced conversion technologies. The photovoltaic power conversion is a popular
method, as solar energy is directly converted to electrical units. Solar energy is free from pollution,
inexhaustible, and distributed continuously to earth. The ability and effective performance of the PV
(photo-voltaic) power plants are validated under different operating conditions with respect to the
constant power algorithm [1]. Several PV tracking aspects and mechanisms are discussed with various
technologies based on their characteristic performances [2]. Many grid-connected photovoltaic control
topologies are discussed with their challenges, requirements, and IEEE standards [3]. The desired steady-
state and dynamic behavior of the synchronized system is evaluated by different technologies in grid-
connected PV plants [4]. The control approaches of a single-stage PV system are discussed with their
maximum power tracking, voltage, and power control in grid synchronization networks [5]. Power loss
performance is investigated with a single stage and double stage power conversion system. A single-stage
power conversion system overcomes the double stage conversion system due to good power quality, low
cost, high efficiency, and reduced maintenance [6,7]. Extracted maximum power is delivered to the grid
from a solar plant by maintaining unity power flow control in the grid using different nonlinear designs in
the photovoltaic system [8–17]. Also, for unbalanced grid voltage systems [9,10] and uncertainties in the
systems [10,12,18]. In the literature survey [10,13,14,18], a sliding mode controller is a robust nonlinear
control to extract maximum solar power and assured unity power flow control in the grid-connected PV
system against parametric, uncertainties variations are explained with different control laws. Several
power point tracking technologies [15,19–22], are implemented with various algorithms in the
photovoltaic system.

The sliding mode controller (SMC) is a robust nonlinear control technique that controls nonlinear
uncertainties and unknown disturbances in the model. The dynamic behavior of the proposed system is
concerned with the control law of the sliding surfaces. This photovoltaic grid-connected system is
examined for standard and changing atmospheric conditions. Disturbances in the grid-connected
photovoltaic system may occur due to solar irradiance, temperature variations, atmospheric changes, and
climate variation. The main target of the proposed system is to track maximum power from a solar array
by regulating the dc-link voltage across the capacitance of the inverter model. To make unit power factor
in the grid to ensure q-axis current as zero using different sliding surfaces. The trajectories have been
forcing to reach the sliding manifold in finite-time to achieve the control objectives. Proposed controller
surfaces are designed with all uncertainty changes in the system, and it is assumed to be bounded
conditions within the known bounds. A proposed controller’s effectiveness has been validating through
numerical simulations for both normal and robustness condition.

The rest of the paper is organized as follows: The proposed photovoltaic system’s mathematical
modeling and problem formulation are given in Sections 2, while the controller design is explained in
Section 3. The controller’s simulation result and discussion, and its comparison are presented in Section 4,
followed by the conclusion in Section 5.

482 EE, 2020, vol.117, no.6



2 Mathematical Modelling and Problem Formulation

2.1 Mathematical Modelling
A three-phase grid-connected photovoltaic system model is shown in Fig. 1. This system’s inverter

output power is provided to the grid supply through a filter inductance (l) and connecting lines (r) in a
single stage with the help of a dc-link capacitor. A three-phase grid voltage and current are represented
through the phases A, B, C, in-terms of Ea;Eb;Ec and Ia; Ib; Ic. This three-phase ac voltage and
current dynamics are changed into dc values Ed;Eq and Id; Iq through d; q reference rotating
transformation model by,

l
dx1
dt

¼ �rx1 þ xlx2 � Ed þ ud

l
dx2
dt

¼ �rx2 � xlx1 � Eq þ uq

(1)

The following equation expresses a power balance between the dc photovoltaic input and AC grid output,

Edx1 þ Eqx2 ¼ vpvdcidc; C _vpvdc ¼ ipv � idc

_vpvdc ¼ 1

C
½ipv � ðEdx1 þ Eqx2

x3
Þ� (2)

Let us consider as x1 ¼ Id; x2 ¼ Iq; x3 ¼ vpvdc Photo-voltaic, dc-link current can be measured in terms
of ipv; idc. Where the system variables Ed;Eq and Id; Iq are the grid d; q axis voltages and currents, ud; uq are
the d; q axis output voltages of the inverter, grid frequency ðxÞ, respectively. The system Eqs. (1) and (2) can
be modified with dynamic uncertainty changes by the following equations.

_x1 ¼ � r

l
x1 þ xx2 � Ed

l
þ ud

l
þ nd

l

_x2 ¼ � r

l
x2 � xx1 � Eq

l
þ uq

l
þ nq

l

_x3 ¼ ½nx3
C

� Edx1 þ Eqx2
Cx3

�

(3)

The system uncertainties nd, nq and nvdcpv can be represented by the following equations,

nd ¼ Drx1 � xDlx2 þ DEd þ Dl _x1 þ fd

nq ¼ �Drx2 þ xDlx1 þ DEq þ Dl _x2 þ fq

nvdcpv ¼ 1

x3
ðEdDx1 þ DEdðx1 þ Dx1Þ þ EqDx2 þ DEqðx2 þ Dx2ÞÞ

þDC _x3 þ Dvþ ipv þ fv

(4)

where dq axis uncertainty currents (Dx1;Dx2), grid uncertainty voltages (DEd;DEq), and other external
system disturbances (fd;fq;fv) like dynamic response changes in the nonlinear module and angular
frequency are caused due to variations in the system parametric (Dr;Dl), uncertainty voltage changes in
the dc-link can be measured in terms of (Dv). All uncertainty changes in the system are assumed to be
bounded conditions within the known bounds.

In the proposed system, the photovoltaic current (ipv) and power changes take into the account-of system
dynamics by slowly making small parameter variations in the module parameters. Time derivatives of all
three uncertainty (nd; nq; nv) variables are considered to be bounded with around zero condition as time
t ! 1. The derivatives of uncertainty dynamics ( _nd; _nq; _nvdcpv) are assumed to be zero for stability
control _nd ¼ 0; _nq ¼ 0; _nvdcpv ¼ 0.
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The proposed PV system state model can be expressed from the Eq. (3) with control inputs (ud; uq) and
control outputs (x2; x3), multiple input, multiple output, uncertainty nonlinear, and the mathematical state
model is given by

_x ¼ f ðxÞ þ g1ðxÞuþ g2ðxÞn

_x ¼

�ðr
l
Þx1 þ xx2 � Ed

l

�ðr
l
Þx2 þ xx1 � Eq

l

�ðEdx1 þ Eqx2
Cx3

Þ

0
BBBBBB@

1
CCCCCCA

þ

1

l
0

0
1

l
0 0

0
BBBB@

1
CCCCA

ud
uq

� �
þ

1

l
0 0

0
1

l
0

0 0
1

C

0
BBBBB@

1
CCCCCA

nd
nq
nvdcpv

0
B@

1
CA (5)

The output vector,

y ¼ y1 y2½ �; y ¼ iq vdc½ � (6)

State and disturbance vector is defined as,

x ¼ id iq vdc½ �T ¼ x1 x2 x3½ �T ; n ¼ nd nq nvdcpv
� �

(7)

2.2 Problem Formulation
The main objective of the 3f grid-connected photovoltaic system is to deliver maximum power from the

solar system to the grid with unit power factor while ensuring a maximum power point tracking operation. Real
power (P) and reactive power (Q) are controlled by the d and q-axis current controller components. To maintain
unity power factor in the grid, their q-axis current component is set to zero, i.e., iq ¼ 0. Active power flowing to
the grid is controlled by keeping grid voltages in-phase with inverter current. These control objectives are
achieved by tracking a pre-computed value of vpvdc using an MPPT algorithm and by setting iq ¼ 0. Hence
the control problem is defined as regulating the state x2 ¼ 0 and track x1 to x1� & x3 to x3ref .

3 Controller Designs

The main objective of the nonlinear uncertainty control designs for the grid-connected photovoltaic
system is to deliver maximum power from the solar system to the grid with a unity power factor and also
ensure maximum power point tracking operation by keeping sliding manifold M ffi S1 ¼ S2 ¼ 0. For
designing controller inputs (ud; uq), the sliding surfaces (S1; S2) are set to zero. Thus, the control
trajectories starting from anywhere reaching the sliding manifold M is finite-time.

Figure 1: Three-phase grid-connected photovoltaic system
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3.1 Controller I
Lemma 3.1. Single-stage three-phase, grid-connected PV system, represented in the Eqs. (1) and (2)

ensures unity power factor and maximum power extraction on the sliding manifold M ffi S1 ¼ S2 ¼ 0.

S1 ¼ x1 � x�1
S2 ¼ x2

(8)

Proof: On the manifold M ¼ 0, i:e:; S1 ¼ S2 ¼ 0

S1 ¼ 0

x1 � x�1 ¼ 0

x1 ! x�1 as t ! 1
(9)

Since the sliding surface S1 is settled at zero, it can track the maximum power point quickly. In addition,
S2 ¼ 0 which implies that x2 ¼ 0 assures unity power factor.

Proposition 3.1. The sliding manifold M is finite-time reachable using the following control law.

ud ¼ �la1sgnðS1Þ þ r

l
x1 � xlx2 þ Ed

uq ¼ �la2sgnðS2Þ þ r

l
x2 þ xlx1 þ Eq

gd1 ¼ � nd
l
þ _x�1; gq ¼

nq
l

nd ¼ Drx1 � xDlx2 þ DEd þ Dl _x1 þ fd

nq ¼ Drx2 þ xDlx1 þ DEq þ Dl _x2 þ fq

(10)

where a1 > j�odj, a2 > j�oqj
Proof: The dynamics of S1 become,

_S1 ¼ _x1 � _x1
�

¼ � r

l
x1 þ xx2 � Ed

l
þ 1

l
ðDrx1 � xDlx2 þ DEd þ Dlx1 þ fdÞ þ

ud
l
� _x1

�

¼ � r

l
x1 þ xx2 � Ed

l
þ 1

l
ðDrx1 � xDlx2 þ DEd þ Dl _x1 þ fdÞ

þ 1

l
½�la1sgnðS1Þ þ rx1 � xlx2 þ Ed� � _x1

�

¼ � r

l
x1 þ xx2 � Ed

l
þ Dlx1

l
þ Drx1

l
� xDlx1

l
þ DEd

l
þ fd

l
� a1sgnðS1Þ

þ r

l
x1 � xx2 þ Ed

L
þ nd

l
� _x1

�

¼ �a1sgnðS1Þ þ Dlx1
l

þ Drx1
l

� xDlx1
l

þ DEd

l
þ fd

l
� _x1

�

¼ �a1sgnðS1Þ � nd
l
þ _x1

�

¼ �a1sgnðS1Þ þ gd1

Since jgdj < a1; S1 _S1 � 0 and the surface S1 ¼ 0, it is finite time reachable. The dynamics of S2
becoming,
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_S2 ¼ � r

l
x2 � xx1 � Eq

l
þ 1

l
ðDrx2 þ xDlx1 þ DEq _x2 þ fqÞ þ

uq
l

_S2 ¼ � r

l
x2 � xx1 � Eq

l
þ 1

l
ðDrx2 þ xDlx1 þ DEq _x2 þ fqÞ þ

uq
l

¼ � r

l
x2 � xx1 � Eq

l
þþ 1

l
ðDrx2 þ xDlx1 þ DEq _x2 þ fqÞ

þ 1

l
½�la2sgnðS2Þ þ rx2 þ xlx1 þ Eq�

¼ � r

l
x2 � xx1 � Eq

l
� a2sgnðS2Þ þ r

l
x2 þ xx1 þ Eq

l

þ 1

l
ðDrx2 þ xDlx1 þ DEq _x2 þ fqÞ

¼ �a2sgnðS2Þ þ
nq
l¼ �a2sgnðS2Þ þ gq

(11)

Since a2 > 0 and the surface S2 ¼ 0, it is finite time reachable.

3.2 Controller II
Lemma 3.2. Single-stage three-phase grid-connected PV system represented in the Eqs. (1) and (2)

ensures unity power factor and maximum power extraction on the sliding manifold M ffi S1 ¼ S2 ¼ 0.

S1 ¼�kx32C þ CKx3x3ref � Edx1 � Eqx2 � x3nx3ref
�Cx3 _x3ref

where nx3ref ¼
1

x3
ðEdDx1 þ DEdðx1 þ Dx1Þ þ EqDx2

þDEqðx2 þ Dx2ÞÞ þ DC _x3 þ Dx3 þ ipv þ fv

S2 ¼ x2; K > 0

(12)

Proof: On the manifold M ¼ 0, i:e:; S1 ¼ S2 ¼ 0

S1 ¼� CKx3
2 þ CKx3x3ref � Edx1 � Eqx2 þ x3ipv

C
þ EdDx1 þ DEdx1 þ DEdDx1

þ EqDx2 þ DEqx2 þ Dx2 þ DCx3 _x3 þ Dx3x3 þ nx3 � Cx3 _x3ref ¼ 0
(13)

EdDx1 þ DEdx1 þ DEdDx1 þ EqDx2 þ DEqx2 þ Dx2 þ DCx3 _x3

þDx3x3 þ x3ipv
C

þ nx3 � CKx3
2 þ CKx3x3ref � Cx3 _x3ref ¼ Edx1 þ Eqx2

(14)

1

Cx3
EdDx1 þ 1

Cx3
DEdx1 þ 1

Cx3
DEdDx1 þ 1

Cx3
EqDx2 þ 1

Cx3
DEqx2 þ 1

Cx3
Dx2 þ 1

C
DC _x3

þ 1

C
dx3 þ 1

C
ipv þ 1

C
fv � Kðx3 � x3ref Þ � _x3ref � 1

Cx3
ðEdx1 þ Eqx2Þ � _x3ref ¼ ðEdx1 þ Eqx2

cx3
Þ

(15)

1

C
ð 1
x3
ðEdDx1 þ DEqðx1 þ Dx2Þ þ EqDx2 þ DEqðx2 þ Dx2ÞÞ þ DC _x3

þDx3 þ ipv þ fvÞ � ðEdx1 þ Eqx2
cx3

Þ � _x3ref ¼ Kðx3 � x3ref Þ
(16)
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Cx3½ 1

Cx3
EdDx1 þ 1

Cx3
DEdx1 þ 1

Cx3
DEdDx1 þ 1

Cx3
EqDx2 þ 1

Cx3
DEqx2 þ 1

Cx3
Dx2

þ 1

C
DC _x3 þ 1

C
Dx3 þ 1

C
ipv þ 1

C
nv � Kx3 þ Kx3ref � _x3ref ¼ Edx1 þ Eqx2

(17)

kx32C þ CKx3x3ref � Edx1 � Eqx2 � x3nx3 � Cx3 _x3ref ¼ 0
Cx3nx3ref

C
� Cx3Kx3 þ CKx3x3ref � Cx3 _x3ref ¼ Edx1 þ Eqx2

Cx3½
nx3ref
C

� Kx3 þ Kx3ref � _x3ref � ¼ Edx1 þ Eqx2

nx3ref
C

� Kx3 þ Kx3ref � _x3ref ¼ Edx1 þ Eqx2
Cx3

½nx3ref
C

� ðEdx1 þ Eqx2
Cx3

Þ� � _x3ref ¼ Kðx3 � x3ref Þ
_x3 � _x3ref ¼ �kðx3 � x3ref Þ
x3 ! x3ref as t ! 1; K > 0

(18)

As x3ref is computed from the MPPT algorithm, maximum power extraction is achieved. S2 ¼ 0 implies
that x2 ¼ 0 which further implies that the unity power factor is achieved.

Proposition 3.2. The sliding manifold M is finite time reachable using the following control law.

ud ¼ 2lKx1 þ 2KlEqx2
Ed

� lx1x3ref
x3

� Eqlx2x3ref
dx3Ed

þ rx1 � xlx2 � Ed

þEqxlx1 þ lEqa2sgnðS2Þ
Ed

� Eqxlx2
Ed

þ la1sgnðS1Þ
Ed

uq ¼ �la2sgnðS2Þ þ r

l
x2 þ xlx1 þ Eq

(19)

where, a1 > jgd2j; a2 > jgqj.

gd2 ¼
n2x3ref
C

� Edx1nx3ref
Cx3

� Eqx3nx3ref
Cx3

� 2Kx3nx3ref þ x3ref nx3ref �
Ednd
l

� Eqnq
l

� Cx3 _x3ref � C _x3 _x3ref þ KCx3 _x3ref

gq ¼
nq
l
; nq ¼ Drx2 þ xDlx1 þ DEq þ Dl _x2 þ ’q

Proof: The dynamics of S1 becoming,

_S1 ¼ �_x3nx3ref � Cx3€x3ref � C _x3 _x3ref � 2KCx3 _x3 þ KC _x3x3ref
þKCx3 _x3ref � Ed _x1 � Eq _x2

(20)

¼ _x3nx3ref � 2KCx3 _x3 þ KC _x3x3ref � Ed _x1 � Eq _x2 � Cx3€x3ref
�C _x3ref _x3 þ KCx3 _x3ref

¼ ðnx3ref
C

� ðEdx1 þ Eqx2
Cx3

Þnx3ref Þ � 2KCx3ð
nx3ref
C

� ðEdx1 þ Eqx2
Cx3

ÞÞx3ref

�Edð� rx2
l
þ xx2 � Ed

l
þ ud

l
þ nd

l
Þ � Eqð� rx2

l
� xx1 � Eq

l
þ uq

l
þ nq

l
Þ

�Cx3€x3ref � C _x3ref _x3 þ KCx3 _x3ref

(21)
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_S1 ¼ ðx3nx3ref � Edx1 � Eqx2
Cx3

nx3ref Þ � 2KCx3ð
x3nx3ref � Edx1 � Eqx2

Cx3
Þ

þKCðx3nx3ref � Edx1 � Eqx2
Cx3

Þx3ref þ Edrx1
l

� Edxx2 þ Ed
2

l
� Edud

l

�Ednd
l

þ Eqrx2
l

þ Eqxx1 þ Eq
2

l
� Equq

l
� Eqnq

l�Cx3€x3ref � C _x3 _x3ref þ KCx3 _x3ref

(22)

¼
n2x3ref
C

� Edx1nx3ref
Cx3

� Eqx2nx3ref
Cx3

� 2Kx3nx3ref þ 2KEdx1 þ 2KEqx2

þx3ref nx3ref �
Edx1x3ref

x3
� Eqx2x3ref

x3
þ Edrx1

l
� Edxx2 þ Ed

2

l

�Ed

l
ð2lKx1 þ 2KEqlx2

Ed
� lx1x3ref

x3
� Eqlx2x3ref

x3Ed
þ rx1 � xlx2 þ Ed

þEqxlx1
Ed

þ lEqa2sgnðS2Þ
Ed

� Eqxlx2
Ed

þ la1sgnðS1Þ
Ed

Þ þ Eqrx2
l

� Ednd
l

þEqxx1 þ Eq
2

l
� Eq

l
ð�la2sgnðS2Þ þ rx2 þ xlx2 þ EqÞ

�Eqnq
l

� Cx3€x3ref � C _x3 _x3ref þ KCx3 _x3ref

(23)

¼
n2x3ref
C

� Edx1nx3ref
Cx3

� Eqx2nx3ref
Cx3

� 2Kx3nx3ref þ 2KEdx1 þ 2KEqx2

þx3ref nx3ref �
Edx1x3ref

x3
� Eqx2x3ref

x3
þ Edrx1

l
� Edxx2 þ Ed

2

l

� 2lkx1Ed

l
� 2Klx2EdEq

lEd
þ lx1x3ref Ed

lx3
þ lEdEqx2x3ref

Edx3
� rx1Ed

l
þ xlx2Ed

l

�Ed
2

l
� xlx1EdEq

lEd
� lEdEqa2sgnðS2Þ

lEd
þ xlx2EdEq

lEd
� lEda1sgnðS1Þ

lEd
þ Eqrx2

l

�Ednd
l

þ Eqxx1 þ Eq
2

l
þ lEqa2sgnðS2Þ

l
� Eqrx2

l
� Eqxlx1

l
� Eq

2

l
� Eqnq

l�Cx3€x3ref � C _x3 _x3ref þ KCx3 _x3ref

(24)

_S1 ¼ �a1sgnðS1Þ þ
n2x3ref
C

� Edx1nx3ref
Cx3

� Eqx2nx3ref
Cx3

� 2Kx3nx3ref

þx3ref nx3ref �
Ednd
l

� Eqnq
l

� Cx3€x3ref � C _x3 _x3ref þ KCx3 _x3ref

¼ �a1sgnðS1Þ þ gd2

(25)

Since jgd2j, a1; S1 _S1 � 0;K. 0 and the surface S1 ¼ 0, it is finite-time reachable. The dynamics of S2
becoming,
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_S2 ¼ � r

l
x2 � xx1 � Eq

l
þ 1

l
ðDrx2 þ xDlx1 þ DEq _x2 þ fqÞ þ

uq
l

_S2 ¼ � r

l
x2 � xx1 � Eq

l
þ 1

l
ðDrx2 þ xDlx1 þ DEq _x2 þ fqÞ þ

uq
l

¼ � r

l
x2 � xx1 � Eq

l
þ 1

l
ðDrx2 þ xDlx1 þ DEq _x2 þ fqÞ

þ 1

l
½�la2sgnðS2Þ þ rx2 þ xlx1 þ Eq�

¼ � r

l
x2 � xx1 � Eq

l
� a2sgnðS2Þ þ r

l
x2 þ xx1 þ Eq

l

þ 1

l
ðDrx2 þ xDlx1 þ DEq _x2 þ fqÞ

¼ �a2sgnðS2Þ þ
nq
l¼ �a2sgnðS2Þ þ gq

(26)

Since a2 > 0 and the surface, S2 ¼ 0 it is finite-time reachable.

4 Block Diagram Description and Results

A 3’ grid-connected photovoltaic system voltages and currents are changed into d-q axis components
through the abc� dq axis formulation shown in Fig. 2. Furthermore, dq component control inputs (ud; uq) are
transformed into three-phase voltages and current using dq� abc axis transformation, which is fed to three-
phase inverter switches. The q-axis current (Iq) is set to zero to maintain grid voltage and the current in phase.
The photo-voltaic array conveys the output voltage and current, which vary with respect to different values of
irradiance and temperature. This controller tracks automatically (x1, x3) accordingly (x1�, x3ref ) and it makes
the essential voltage and current to extract maximum power from the solar array using MPPT techniques,
which is transferred to the grid. A state variable x1�; x3ref simultaneously changes with respect to the
irradiance and temperature, so that the output current and voltage x1; x3 can track the desired extract
power of the photovoltaic system. The designed controller’s exploration is justified through simulation in
the subsequent section.

4.1 Simulation Results and Discussions
This section presents numerical simulations to validate the proposed nonlinear uncertainties controller

designs for grid-connected photovoltaic systems using sliding mode. It compares with different surfaces by
constant irradiance with constant temperature, variable irradiance with variable temperature, and system
parametric uncertainties. The proposed grid-connected PV system is represented in Eq. (3) with the
various sliding function Eqs. (8) and (12) in the controller I and II. The parameters of R ¼ 2:4 �,
L ¼ 8:4 mH, C ¼ 9200 mF, a1 ¼ 10, a2 ¼ 10 and gain k ¼ 5 are used to design controllers. The
simulation result demonstrates capacitor across the dc-link voltage x3ref , x1� in the controller I and II
tracks absolute with its reference and to the MPPT controller, which shows the potential of MPPT system
q-axis current tends to zero with respect to its mentioned value iqref ¼ 0 this d-axis current (id) is
determined by PV array output power which has tended to a constant value.

4.1.1 Case I
In this analysis, the laws of the controller I and II Eqs. (10) and (19) are kept at constant irradiance with

constant temperature, and the parameters R, L, C are change 50% of its systems original values shown in
Figs. 3a, 3b, 4a and 4b to validate the performance of the controllers I and II through simulation.
Due to parametric uncertainty, the controller does not affect the proposed system. Since the sliding
manifold (S1) reachable at zero, it shows performance in the Figs. 3e and 4e with maximum power
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tracking of photo-voltaic output voltage, current, and power at vpvdc ¼ 430:3 Volt, id ¼ 7:75 Amps,
P ¼ 3334:85 Watts is verified with Figs. 7g, 7h and 7k.

The sliding manifold (S2) reachable at zero, shows the performance of reactive power control
operation by the waveforms of grid line current and grid line voltage in the Figs. 3g, 4g, and 3h, 4h
revealing synchronized at unity power factor from out-of-phase to an in-phase condition. Controllers
always make a single-stage grid-connected photovoltaic system as a unity power factor and are stable.
Grid line current, inverter voltage, and reactive current (iq) remain the same under parametric
uncertainties operating conditions.

4.1.2 Case II
In this analysis, the laws of the controller I and II Eqs. (10) and (19) are kept at constant irradiance with

varying temperature, and the parameters R, L, C are change 50% of its systems original values shown in
Figs. 5a, 5b, 6a and 6b to validate the performance of the controllers I and II through simulation. Due to
parametric uncertainty, the controller does not affect the proposed system. Since the sliding manifold (S1)
reachable at zero, it shows performance in the Figs. 5e and 6e with maximum power tracking of photo-
voltaic output voltage, current, and power at vpvdc ¼ 430:3 Volt, id ¼ 7:75 Amps, P ¼ 3334:85 Watts is
verified with the Figs. 7g, 7h and 7k. The sliding manifold (S2) reachable at zero, shows the performance
of reactive power control operation by the waveforms of grid line current and grid line voltage in the
Figs. 5g, 6g, and 5h, 6h revealing synchronized at unity power factor from out-of-phase to an in-phase
condition. Controllers always make a single-stage grid-connected photo-voltaic system as a unity power
factor and are stable. Grid line current, inverter voltage, and reactive current (iq) remain the same under
parametric uncertainties operating conditions.

Figure 2: Overall proposed controller block diagram

490 EE, 2020, vol.117, no.6



4.1.3 External Unknown Disturbance Robustness Analysis
In this analysis, the laws of the controller I and II Eqs. (10) and (19) are respectively kept at variable

irradiance with variable temperature, and their values are changed to 50% of its standard values, as
shown in Figs. 7a and 7b, which validates the controller’s performance I and II through simulation. Due
to external uncertainty disturbances controller does not affect the proposed system. Since both controllers,
I and II sliding manifold (S1) is reachable at zero. It shows the performance in Fig. 7e with
maximum power tracking of photo-voltaic output voltage, current, and power at P ¼ 3334:85 Watts,
vpvdc ¼ 430:3 Volt, id ¼ 7:75 Amps so as to be verified with Figs. 7g, 7h and 7k. Both the controllers I
and II sliding manifold (S2) reachable at zero in Fig. 7f, and it shows their performance of reactive power
control operation by waveforms of grid line current and grid line voltage while in Figs. 7i and 7j are
synchronized at the unity power factor from an out-of-phase to an in-phase condition. Controllers make a
single-stage grid-connected photo-voltaic system as a unity power factor and are stable. Since grid line
current, inverter voltage, and reactive current (iq) remain the same under external disturbances except
sliding manifolds (S1).

Figure 3: Controller I behaviour under standard atmospheric condition
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Figure 4: Controller II behaviour under standard atmospheric condition

Figure 5: Controller I behaviour under constant irradiance and varying temperature condition
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Figure 6: Controller II behaviour under constant irradiance and varying temperature condition

Figure 7: Controller I (blue) and II (brown) behaviour under varying atmospheric condition
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4.2 Comparison of Controller I and Controller II
Finally, the proposed sliding mode control design compared with different sliding manifolds under

different operation conditions such as parametric uncertainty changes in the system and irradiances,
temperature disturbances in the solar array input to validate robustness through standard performances. In
the proposed system, control techniques, there is no need to change any controller gain values for the
occurrence of uncertainties and external disturbances by the proper selection of the sliding manifolds in
the control designs to show their robust performance. From the simulation analysis, controller I and II
have the only difference in sliding manifold (S1) and reach zero in Fig. 7e. To extract maximum power
from the solar array and transfer it to the grid by regulating dc-link voltage across the capacitor in
controller II ensures fast and good finite time convergence at the equilibrium point with assured error
tracking dynamics compared to a controller I by regulating referenced-axis current. But the controller II,
under different operating conditions, does not affect any output of the photo-voltaic system. So the
proposed system is stable by controlling q-axis current (iq ¼ 0) using the dc-link voltage vpvdc of the
proposed system. Also, it is observed that the effect of external variations is less in the performance for
nonlinear control design II based on voltage reference sliding surfaces manifolds satisfies with
M ffi S1 ¼ S2 ¼ 0 condition at finite-time under different disturbances. But controller I, based on current
reference sliding surface manifolds, is not satisfied with the M ffi S1 ¼ S2 ¼ 0 conditions. However, the
difference can be seen from the plot of sliding functions S1, S2, d-axis current, and control input u1.
Furthermore, the control input u2 remains the same for different operating conditions.

5 Conclusion

Two nonlinear sliding mode controllers are designed for a proposed grid-connected PV system to extract
and transfer maximum power from a solar array to a grid to ensure the unity power factor. A proposed
controller II performances have good robustness versus uncertainty disturbances and parameter variations
of the PV systems compared to Controller I. The proposed system controller II is more stable under
different operating conditions. A controller II does not limit the parametric uncertainties and disturbances
on the system, which shows the significance of the developed designs compared to controller I. The
stability of the PV system has proved through numerical simulation for both normal and robust conditions.
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