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Abstract— This paper deals with a photovoltaic system connected to a grid. Sliding Mode Control is used for the maximum
power extraction from the photovoltaic array by dc-dc boost converter and for the conversion of dc bus voltage to three-
phase ac voltage by three-phase inverter and injection of generated power from the photovoltaic system directly to utility
grid.

Index Terms—Sliding Mode Control, photovoltaic system, dc-dc boost converter with MPPT, three-phase grid

. INTRODUCTION

Renewable energy has more importance today when compared with the other form of energy generation because of depleting
fossil fuel reserves and also these traditional fuels and nuclear power are not eco-friendly. Among the renewable energy solar energy
has wide importance all over the world. As the solar energy can be converted by photovoltaic arrays to electrical energy and can be
used at different location where as other renewable energy systems cannot.

Several control strategies for grid connected photovoltaic system have been developed [3], [4], [5], [6], [7] and [8]. commonly
consists of a dc-dc boost converter with MPPT technique to extract maximum power from the photovoltaic array and then followed
by a dc-ac converter to interface the power between the photovoltaic system and utility grid. A LCL filter is used at the inverter before
integrating the power to grid to remove any harmonics present in the output of the inverter

Il. PV SYSTEM MODELING
The proposed system of three-phase grid connected photovoltaic system is as shown in fig 1.
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Fig 1. Block of grid connected photovoltaic system
A number of series and parallel combination of solar modules to generate the required power output. While making an PV array,
generally the modules are connected initially in series manner to obtain the desired voltage, and in parallel to produce more current
based on the requirement. A boost converter is used to raise the generated dc voltage, and to extract the maximum power from the
PV. Three-phase full-bridge inverter converts the dc voltage into sinusoidal voltage.
A. PV CELL MATHEMATICAL MODELING
Consider a two diode model [9] of PV cell as shown in fig 2.

Fig 2 Two diode PV model
The mathematical equation for this model is as represented in equation 1.
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| s_s7c - Saturation current at STC

Eg - Energy band gap for semiconductor
T — Temperature

TSTC - Temperature at STC

g - Charge of electron

ISC_STC - short circuit current at standard test condition
VOC_S[C - open circuit voltage at standard test condition

kv - Temperature coefficient of open circuit voltage

a - Diode ideality constant
As the total power generated by a single PV cell is very low, we used a combination of PV cells to fulfill our desired requirement,

with N series and Ng, shunt diodes as PV array as shown in fig 3.
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Fig 3. PV model with Ns series and Nsn shunt diodes and its equivalent series resistance and parallel resistance.
The equation of PV array is given by

N N N
V+IR,| — V+IR, | —= V+IR, | — ’
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Izlthsh_Isth exp| —————— |+ exp| ———— -2 |-—<
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B. BOOST CONVERTER
Boost converter [12] is used to raise the PV voltage to the desired level and also to track the MPP from the PV array.

Block diagram of boost converter is as shown in fig 4.
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Fig 4. Boost converter block diagram
State equations of dc-dc boost converter [10] is given as
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where current through capacitor is given by iC = (1—5)i|pv to extract the maximum power from PV array sliding mode voltage
controller(SMVC) is implemented.

C. THREE-PHASE INVERTER MODELING WITH LCL FILTER
Three-phase VSI’s are used to interface between dc and ac systems in distributed power generation system. The model
of grid connected PV system as shown in fig 1.
The equations for grid connected inverter is given by [8], [1]

Vdc (Sl - SZ ) = Van + Vno (6)
Ve (53 - s4 ) =Vpn Voo (7)
Vdc (85 - 86) = Vcn + Vno 8)

Where s; to S are transistors acts as switches
The model equations for three-phase inverter in matrix form is given as

v, 2 -1 -1 f
v, |= Vgc 12 1| f,
Ve, -1 -1 2| f;

where f; to f3 are PWM signals
The average model of three-phase VSI with LCL filter is as shown in fig 6.
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Fig 6. Average VSI circuit model
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Current equations for L,

L, [%} = Vera | = [Var ] (15)

dt
L[ e |~ v ] (v (16)

d-IZC ]
L, [#7 = I:chc :I - [Vcr ]
abc to dq0 transformation is given by
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Applying abc to dq transformation to equations (9) to (17)

We have )
iL‘ld 1| Va Vet 3 —lag (19)
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The instantaneous active and reactive power which is delivered to the grid line in dq rotating frame is given by
(22)

2 .
P = gvdrlLZq

(23)

2 .
Q = §VquL2d

I11. PROPOSED CONTROLLERS

1. MPPT CONTROL
There are various control techniques for the MPPT control [10]. We study the SMC control of MPPT technique [2].
The control function for MMPT is assumed to be a non-linear integral control and can be expressed in matrix form as

Viet — ﬂvdc

Xi d (Vref — PVq ) (24)
dt

X3
J.(Vref I ﬂvdc )dt
where X; is error voltage
X, is voltage error dynamics

X5 is integral of voltage error
For CCM of inverter, equation (24) can be modified as

x| [0 1 o0 . 0

. . _ V _

Xboost = X2 =|0 —1 0 X2 —+ &—& u (25)
_ rC . LC LC
X3 1 0 o 0

where U =1—u is the inverse logic of U
SMC based MPPT control schematic diagram as shown in fig 7.
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s

Fig 7. MPPT SMC control

The state space form of equation (25) in standard form X = AX+Bu+D

Where
0O 1 o o]
26
A—lo =X o B — BV _ PVon (26)
rC LC LC
i1 0 o 0
0
D=|0
0
For these systems, it |s appropriate to have a general SM control law that adopts a switching function such as
when S5=>=0
M=
1_0; when S50 @7)
Where S is the instantaneous state variable’s trajectory, and is described as
S =aX + 0% +aX, =J'X (28)

Where JTZ[al a, a3]

O, ,0,and (are the control parameters termed as sliding coefficients
€)) DERIVATION OF EXISTANCE CONDITION

The existence conditions of SMC operation the local reachability condition ISIrr(I) S.S < 0 must be satisfied
-

For boost converter

Bic , g Pie

C I’C ref _ﬂvdc) <0 (29)
|

a 1
o ﬂl{_l_—CJ 55~ LC 7 (Vier = PVacgss) ) < BVaeiss) ~Vongman) 0
2

rI(min)
We have taken into account the complete ranges of operating conditions (minimum and maximum input voltages, i.e., Vdc(min)

and Vdc(max), and minimum and maximum load resistances, i.e., I ) and I’l(max). This assures the compliance of the existence

condition for the full operating ranges of the converters. In the case of designing an SM controller with a static sliding surface, a
practical approach is to design the sliding coefficients to meet the existence conditions for steady-state operations Under such

(min

consideration, the state variables Iz and Vy, can be substituted with their expected steady-state parameters, i.e., c(ss) and V, de(ss)

which can be derived from the design specification.
(b)  SELECTION OF SLIDING COEFFICIENTS
The equation relating the sliding coefficients to the dynamic response of the converter during SM operation
can be easily found by solving S=0, which results in a linear second-order equation with three possible types of responses: under-

damped (0 <{< 1) , critically damped (( = 1) , and over-damped (é’ > l) . In the case of under-damped response converters,

. N L ) . o
the desired settling time (é’ > 1)'|'S =57S (1% criteria), where is the natural time constant, can be set by tuning — using
o

2
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a, 10
— =T (1)
0‘2 Ts
And the desired damping ratio can be set using
a, 25 -
T 22
az g Ts

M 2
In| —
100
M 2
7%+ In| —2
100

And My is the % peak over shoot.

Where ¢ =

—

(c) DERIVATION OF CONTROL EQUATION FOR PMW-BASED CONTROLLER
The equivalent control function is mapped onto the instantaneous duty cycle function of the pulse width
modulator for boost converter

Vc :_KpliC + sz (Vref _ﬂvdc)_'_ﬂ(vdc) (33)
And Vramp = ﬂ(vph) (34)
Where
K- AL (& - Lj
a, rC (35)
K - a,LC
p a,

The values of K p1 and K p2 can be found in terms of converter’s parameters L, C and r .

2. THREE PHASE INVERTER CONTROL
The SMC control for three-phase inverter [11], Let the reference currents that are to be injected to the controller is

given by
P __2 p* (36)
lloq = 3\/_ P
rd
.. 2 .
log = 3\/_Q @37

rq
* * - * = *

where P Q are reference active and reactive power, I, ,loq are reference currents

Let the error functions be

. . *

€ =lio0 —li2g (38)
€= iqu _iqu (39)
Let the control for the non-linear system be c,e, +c, e1+€1 =0 (40)

where C;,C,,C;are positive constants
we have the control law third derivatives of equations (38), (40) as

e =i, {iJrgaf}Eﬂv;fq— 1 i1 v, —Eiiqu (41)
CiL, 4 2L, CiLL CiLL 2CL,

€2 =, LJrga)z +§£chd— 1 Vv, + Vi +§L|le (42)
CfLZ 4 2 L2 Cf L2L1 CfL2L1 2CfL2

The control vectors Vg and Vg are in the third derivative of error functions. By exponential reaching law let the surfaces of the
SMC can be written as
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s =—Ms, —Nsign(s, ) (43)
s2 =—Ms, — Nsign(s, ) (44)
From equations (43), (44) and (41), (42) we have the control law as
: : \Y
V, =C,L,L | Ms, + Nsign(s,)+i,,q L 9. —3—”vch+ w _3_o i (45)
CiL, 4 L, CiLL 2CL,
: . \Y
V, =C,L,L| Ms, + Nsign(s,) +i ,, 1 % +3—”’vcfd— w3 @ i (46)
CiL, 4 L, CLL 2CL
Where
M, =M, =2, B1=B2= C;LLL,
3V,
—i | 92| 32y Vew 3 _@ (47)
AZ_'““[CfLQW‘”} L CLn 2,

. . V.
A =1, &"'%wz + 3La)vcfd e Ic_fd "‘E « i1q (48)
f 2 2 f 2L1 2 Cf L2
Block diagram for the proposed control is as shown in fig 8.
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Fig 8. Block diagram of SMC
IV. RESULTS

The Figure below gives the characteristic I-V and P-V curve for fixed level of solar irradiation and temperature for a Sun Power

SPR-305E-WHT-D with parallel cells N, =11, series cells Ng =3 Power developed by solar array= 305x11x3=10065 Watt
Table 1 CHARACTERISTICS OF SUN POWER SPR-305E-WHT-D

Parameter value Parameter value
Maximum power 305.266 _ Shunt 270
resistance(ohms)
Open circuit Series
voltage(V) 64.2 resistance(ohms) 0.4
Temperature
\I\//IOPIS'IQ?\?; 54.7 coefficient of 0.061745
Isc(%°C)
Light generated
Cells per module 96 current(A) 6
Current Short-circuit 596
MPPT(A) current(A) '

PV and IV characteristic curves for the PV array is as shown below fig 9.
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PV, IV Characteristics curves for solar array at fixed temperature 35°C and irradiance 1000Wh/m?

Array type: SunPower SPR-I0SE-WNT-D
1 series modules; 11 parabel strings

Fig.9.

Votmge (V)

Voitage (V)

Fig. 10 PV, IV Characteristics curves for solar array at fixed temperature 25°C and different irradiance at 1000 Wb/m?,
800 Wh/m?, 600 Wh/m?

Fig. 10 illustrate as the irradiance of light decreases the power and current generated by PV array decreases. MPPT
also varies

Arvay type SunPower SPRIOSE-WHT.D;
3 wurien medules; 11 parabel strings

Fig .11 PV, IV Characteristics curves for solar array at fixed irradiance and variable temperature
Fig. 11 illustrate as the temperature varies MPPT and Vsc varies at constant irradiance
Fig. 12 illustrate the output voltage of the PV array
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PV srray output Volage

Fig 12 PV array output voltage
Fig.13 illustrate the boost up voltage of the PV array by SMC control reached the steady state voltage of 500V and a constant
voltage level is maintained over the time.
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Fig. 13 Output voltage of boost converter
Fig. 14 illustrate the output voltage of the dc-ac, three-phase inverter. The proposed controller converts the dc voltage to three-

phase voltage to the reference voltage. Voltage level is adjusted to reference voltage by the controller before 0.1sec.
Taverrer Outpat Voltage:

I () ! N I T i || ‘

VellageiV|

Time (seconds)
Fig.14 Output voltage of the three-phase inverter
Fig.15 illustrate the grid voltage. The voltage of the three-phase inverter is stepped up to the grid voltage by a three-phase
transformer.
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Grid Voltage

ValtageV)

Fig.15 Grid voltage
Fig. 16 illustrate the injected currents. The LCL filter filters the harmonics in the current waves. The injected currents reach the

steady state current levels at 0.1sec.

Injectod grid currents

Time seconds)
Fig.16 Injected currents in to grid
V. CONCLUSION

In this paper a grid connected three-phase inverter model is simulated by MATLAB. Dc-dc boost converter for extraction of
maximum power by proposed SMC is satisfactory and the results are plotted. Dc-ac three-phase inverter converts the dc bus
voltage to three-phase voltages by proposed SMC controller and the voltage levels are maintained at the reference levels. The
performance of the SMC controller for three-phase inverter is satisfactory and the results of the three-phase inverter are plotted.
Abbreviations

PV : Photovoltaic

PVG : Photovoltaic generator

MPPT : Maximum Power Point Tracking

MPP : Maximum Power Point
otovoltaic cell curren

Ly Photovoltaic cell t

| oh_sTC : Photovoltaic cell current at STC

STC : Standard Test Condition

|d : Diode Current

Vd : Diode Voltage

q Charge of electron

n Ideality factor

K Boltzmann constant

T Temperature

|51,2 : Diode reverse saturation current

| 5_sTC : Diode reverse saturation current at STC

Rs : Series resistance
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