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Abstract

This paper proposes a Modified Second Order Sliding Mode Control for boost
inverter in photovoltaic system. The second order sliding mode can eliminate
chattering caused by first order sliding mode control and also ensures high
efficiency under system imperfection. A Lyapunov function is used to analysis
the stability of the proposed controller. The proposed controller is compared
with conventional controller. The comparison result substantiates that the
second order sliding mode control gives fast response, less chattering and low
Total Harmonic Distortion. The robustness of the controller is examined under
different weather and load conditions respectively. The effectiveness of the
proposed approach is demonstrated under MATLAB-SIMULINK environment.

Keywords: Modified Second Order Sliding Mode Control (MSOSMC), Sliding
Mode Control (SMC), Boost Inverter and Photovoltaic (PV).

1. INTRODUCTION

With the continuous increasing cost of fossil fuels and the hazardous effect of using
fossil fuels on the environment in the fields of power generation, transportation and
industrial operation, the governments have moved towards the use of renewable sources
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of energy by providing subsidies[1],[2]. The solar energy can provide clean technology
and appropriate solution to the energy crisis admits all the renewable sources of energy.
In the recent years, the photovoltaic system emerges as the important electrical power
generating source in the world due to the improvement of efficiency and optimization
of the Photovoltaic (PV) panels[3], [4]. In photovoltaic system, the power from the PV
panel is transferred to load through converter/inverter and the transformer. Due to the
advancement of power electronics in the recent year, the bulky and power consuming
transformers are replaced by converters.

There are two types of converter configuration for photovoltaic system; one is single
stage configuration and the other being two stage converter configuration. The single
stage converters configuration is less efficient. Therefore, the photovoltaic system
generally uses two stage converters to transfer the power from solar panel to the load.
The first stage boosts the voltage from the PV and the second stage to convert the Direct
Current (DC) voltage into Alternating Current (AC). However an efficient single stage
converter derived from DC-DC converter which does both the operation in single stage
is reported in[5]. This converter configuration is used in this paper for photovoltaic
system as it has less number of components. The converters are usually non-linear in
nature and it requires proper choosing or designing controller for its reliable operation.
Several controlling techniques like P, P1, PID, Fuzzy logic, neural network controllers
are proposed for the control of these converters[6].A two loop control was proposed in
[7]. Among them, the Sliding Mode Control (SMC) is designed from non-linear control
strategy and used to control non-linear system. The concepts of SMC is first reported
to power electronics converter in [8].

The use of SMC is robust while it creates chattering in the output voltage. In [9],
maximum power point tracking control utilizes a super twisting algorithm to eliminate
chattering phenomenon for a system of relative degree one. The steady state response
and transient response of the output voltage is improved in [10]by the modified SMC
but it requires tuning of control parameters based on load variation. A two loop strategy
with first loop to produce reference voltage for second loop to improve tracking of
irradiance change was proposed in [11]with backstepping and sliding mode concepts
for boost converter. in[12], the output voltage variation due to the input perturbations
and the load disturbances are smoothened out using a super twisting differentiator-
based high order SMC and is designed for step down converters.

The power loss due to variable switching frequency is eliminated in [13] for a Battery-
supercapacitor hybrid energy storage system by a fixed frequency SMC in boost
inverter while in [14], the fuzzy logic based dynamic SMC is applied for boost inverter
in photovoltaic application with the output voltage having reduced Total Harmonic
Distortion (THD). An adaptive control is designed in [15] for boost inverter with an
autonomous oscillator for generating reference signal to avoid synchronization
problems in grid connected systems. A double loop control is proposed in [16] for grid
connected system which provides better performances under dynamic conditions.
Ripple current is eliminated in [17]by a closed loop waveform control in boost inverter.
In [18], a double loop control is proposed for boost inverter to remove dc offset and
clipping effect. In [19], an adaptive super twisting SMC is applied to a boost inverter
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for harmonic compensation and reactive power management. In [20], an adaptive fuzzy
neural network control is adopted for the control of boost inverter with high learning
ability and less knowledge of the plant while an adaptive fuzzy neural network control
based on Total SMC was proposed in [21] for boost inverter. The phase shifted
interleaved operation was proposed in [22] for battery-supercapacitor energy storage
system to reduce the switching frequency current ripple component in it. High order
smc based backstepping control was proposed in [23] to track the output voltage and to
maintain the power factor close to one. [24]presented a SMC for injecting active power,
grid current balance at unity power factor and load harmonics compensation while[25]
proposed Observer-Based Higher Order SMC for Hybrid Electric Vehicle Applications
to improve power factor in three-phase AC/DC converter.

The main motivation of this paper is to diminish the chattering effect and THD in the
output voltage of the boost inverter. In this paper, a Modified Second Order SMC
(MSOSMC) is proposed for boost inverter in photovoltaic system. The control consists
of generation of reference voltage signal based on maximum power point tracking and
the second loop is to track the reference maximum power point voltage and sinusoidal
reference voltage.

The paper is organized as follows: The design of PV model in section 2. The
mathematical model of boost inverter in section 3. The proposed MSOSMC followed
by stability analysis in section 4. The simulation results are presented and discussed in
section 5 and concludes in section 6.

2.PV MODEL

The two diode module with seven parameter deviate from the manufacturers'
specifications [26] is the most accurate PV model with complex computation. Hence a
two diode model [27]with four parameter is used and is depicted in Fig.1.The output
equation of two diode model is

V + IR V+ IR V+ IR
I=1,,—1,¢€ S l+exp| ———5-|-2|— 5 1
i (s ®
with:
G
Iy, = (IPV_STC +KiAT) (2)
STC
_ (IPV_STC + KiAT)
I, = 3)
exp [(VOC,STC + KVAT)/{al +a,l pyV; _1]
where,
V1=N;skT/q

AT =T - Tstc(K)
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Tstc: Temperature at STC (25 °C).

T: Temperature of the p—n junction (K).
Ipv_stc: Light generated current at STC (A).
Ki: Short circuit currentcoefficient(°K).

G: Surface irradiance of the cell, and GSTC (1000 W/m?).
Kv: Open circuit voltage coefficient.
Ns:Cells connectedin series.

q: Electron charge(1.60217646 x10°C).
k:Boltzmann constant(1.3806503 x1023J/K).
p: diffusion current(value chosen as 2.2).
Rs:Internal PV cell series resistance (€2).
Rp:Internal PV cell parallel resistance ().

p: The diode idealityconstant (p = 3).

Figure 1.Two diode model of PV cell.

The power produced by the single cell is small. A number of PV cell is connected in
series parallel combination to produce PV module of large power. Therefore the current
equation is modified as

V+IR.M V+IR.M V+IR.M
I=N <1, —I|exp| —— |+exp| ————— |2 |-| ——3— 4
P{ 2% o\‘ Xp( V.N, j Xp((p—l)VTNS] J ( R,N. ]} (4)

Where,

v :% (5)
.,

In this paper, the PV array consisting of two strings of five PV modules connected in
series to produce a power of 1000 W. The electrical characteristics of commercially

available SPR-E-Flex-100 PV module is given in the Table 1 and the I-V characteristics
of SPR-E-Flex-100 PV module configured in 5 x 2 PV array is shown in the Figure 2.
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Table 1. Electrical characteristics of the SPR-E-Flex-100 PV module at STC: 25° C,
1000w/m2and AM-1.5.

Parameters Value
Nominal Power, Pmpp 100 W

Rated Voltage, Vimpp 17.1VvV

Rated Current, Impp 59A

Open circuit voltage, Voc 22.8V

Short circuit current, Isc 6.3A
Voltage Temp Coefficient, Ky -58.9mVv/°C
Temperature coefficient of voltage, Ki | 2.6 mA/° C
Number of series cells, Ns 32

Figure 2. I-V characteristics curve for SPR-E-Flex-100 in 5x2 configuration
for various temperature and irradiance.
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3. BOOST INVERTER

In photovoltaic system, two stage converter are used for utilized for regulating and
inverting the power from PV panel to the load[28]. In this paper, a boost inverter is
considered which does the regulation and inversion in a single stage. The converter
topology is presented in Fig. 3 where Vpv is the PV cell input voltage, Vo is the output
voltage, X1a and X1y are the inductor current respectively and x2a and X2y are the voltage
across the capacitors respectively. The inductor current is assumed to be PV current.
The component L is the converter inductor, C is the converter’s filter capacitor.

L R L

Vpy @) SﬂK} Tae —— C T —— C {jF S Ct Vpy

~ ~
Converter A Converter B

Figure 3. Boost inverter topology.

Since switches are used, there arises two switching states when
Case 1: Switches S1 and S4 are ON and S2 and S3 are OFF and
Case 2: Switches S1 and S4 are OFF and S2 and S3 are ON.

By applying Kirchhoff voltage law and Kirchhoff current law to the circuit under
these two cases, a model for each switching position is obtained as follows,

Case 1:

¢ RC (6)
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Case 2:
v = Ver =X
la L
% __Xoa "X +xi
24 RC C ©)
5 = Vey =Xy,
W= I
R Ry It
N

Combining the equations of the both cases, we get

= VPV B (1_ ua )x2a

¢ L

—_Xoa "o (1_ u, )xla

¢ RC C (8)

Xop ~ Xoa " (1_”b )xlb
RC C

Xop =~

Since both the converter circuits are identical, combining both the equation and
rearranging, we get

go=ler _Xeq_

1

oA ©)
X, = “RC +E(1_u”)

with

X,= Xpp=X,y, (10)

andsince the switches are complementary

u,=l-u, (12)
Thegeneralized time invariant system given by

x=f(t,x)+g(t,x)u (12)
where

X=[IV] and ue [01].
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4. MODIFIED SECOND ORDER SLIDING MODE CONTROL
The output of each converter is

x,, =V, +V, sin(2zf)and
{x% =V, +V, Sin(2zzft—;z) (13)
The combined output is
X, = X,, —X,, =V, sin(2zft) (14)

There should be a pure sinusoidal output waveform at the output, so the
switching policies are designed for ua and up such that x> follows Xorergiven by,

x2ref = I/m Sln(zw) (15)
where

Vm = Amplitude of the required AC voltage.

o = Frequency of the required AC voltage.

To meet out the above condition, a MSOSMC is proposed. The MSOSMC is of
second order to reduce the chattering and THD respectively. The SMC is
implemented as choosing of the desired sliding surface and the choosing of the
control law.

4.1 Controller design
Let us consider the surface

S =K, (x, — x2ref) + K,V — Vref) (16)
where,
V,y=Viu(1-d(k)) (17)
and d(K) is the duty cycle given in [29]is used and is given by
dP
dk)=dk1)+ M — 18
(k)=d(k-1) a7 (18)
Then the model can be written as
. X 1-u )x
Sl=S2=K1(—R2C+( C“) lj (19)
== 1 (_ Xy + (1_ua )x1j+ (1_”a)[VPV _ (1_”a )xzj (20)
RC\ RC C C L C
1-u, 1-u,) 1 14
2__(RC2)x1_(( 2 ) _chzjx2+%(1_”a) (21)
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S, = f(t,x) +g(t, x)u, (22)
where

_ (-w,) . (@-w)y 1
f(t,x)— RC? X, [ o RZCZJXZ (23)
gltx) =" (1-u,) 2

This equation is of the form
é":f(t,x)+g(t,x)u,f:6'|u_0,g:§6'¢0 (25)
u

where f(t,x) and g(t,x) are unknown functions.
Assume that:

0<K,<g<K,,|f|[<F,F>0 (26)
Then equation (25) and (26) implies that

Gel[-F,F]+[K,.K, Ju (27)
Therefore the problem can be stated as

u=¢(o,0) (28)

4.2. Controller design
The control law is defined as follows:
B {1, if >0

29
0,if o0<0 (29)

This equation will trigger the switching across ¢ but the converter system has operating
frequency limitation and chattering effect [30]. Hence the practical law can be restated
as,

{1,if0>7
u=

30
0,ifo<y (30)

Where v is a small positive number. From (14), it can be seen that the chattering effect
is reduced as the chattering frequency across is ¢ reduced. It can also be expressed as,

u :%(1+ 0') (31)

A MSOSMC based on convergence law is defined as
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o= —Sign(ﬂ | S [M'? sign S)— kI S (32)
And

Km—F > %2 (33)
where

a and B3 are constants, k is the integral constant, o >0, 3> 0 and k > 0.The integral term
is added to bring up better performance of the output voltage under closed loop
condition [10].

4.3. Stability analysis

The Lyapunov function provides the sufficient condition to ensure the stability and
the existence of finite-timeconvergence for a closed loop system. Therefore, the
Lyapunov function is chosen as

1.
V() =S (34)
With
V(0)=0
V(1) > 0for S(1) 0 (35)
S()#0

The stability is achieved when

V(t)<0
S(i)=0 (36)
S()#0
The derivative of the chosen surface is
: x, (@—u,)x
S, =K,| ——%+ a1 37
- o) o
Substituting the value of u,,
. X X 1 ) .
S, = Kl(— é + El (1 - [E (1— szgn(ﬂ |S |2 sign S)— kJ. S)D] (38)
S, =K{—;—é+%(%—sign(ﬂ|5’ M2 sign S)—kjSD (39)

and
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S8, = SlKl(— —+ % (% — sign(,b’ | S M2 sign S)— kI SD (40)

From this equation (41), we can conclude that the stability is ensured as the derivative
of the Lyapunov functionis negative and the required conditions of equation (37).

5. RESULTS AND DISCUSSION

The designed closed loop control of boost inverter in PV application in Matlab-
Simulink is as shown in Figure 4. The proposed MSOSMC for Boost Inverter is tested
and analysed for its applicability in photovoltaic system. The specification of boost
inverter is given in the following Table 2. The PV system is usually affected by change
in irradiance and change in load. The performance of the proposed control is tested
under

1) Normal operation

i) Changing irradiance

i)  Change in load

iv) Change in non-linear load

Furthermore, to evaluate the effectiveness of the proposed control, it is compared with
the conventional dynamic SMC method[31]with the control parameter of Kp=3.125e
band K= 0.25.

:I> Boost Inverter :I> LOAD

PV Array T

-

*2

Vpv
P MSOSMC

Ipv Vref
Vpv MPPT

Figure 4. Closed loop control of boost inverter for PV application.
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Table 2.Specifications of the boost inverter.

Parameters Range

Input voltage,Vin 60~120V
Rated output voltage, Vo 240V
Rated output power, Po 1000W
Switching frequency, fs 20kHz
Duty cycle, D 0.3-0.71
Inductance, L1 180 pH
Capacitance, C 200 uF
Load, R 576 Q

5.1 Normal operation at STC

The normal operation of PV system with MSOSMC and DSMC of Boost Inverter
respectively is shown in Figure 5 and Figure 6. Figure5(a) shows the input voltage,
capacitor voltages and output voltage for MSOSMC of Boost Inverter. Figure5(b)
shows the PV current, inductor currents and the load current for MSOSMC of Boost
Inverter.Figure5(c) shows the comparison of output voltage with the reference voltage
for MSOSMC of Boost Inverter. Figure6(a) shows the input voltage, capacitor voltages
and output voltage for DSMC of Boost Inverter. Figure6(b) shows the PV current,
inductor currents and the load current for DSMC of Boost Inverter. Figure6(c) shows
the comparison of output voltage with the reference voltage for DSMC of Boost
Inverter.

From the Figure5, it can be seen that the MSOSMC provides less chattering in the
capacitor voltages and the output voltage (Figure 5(a)), low ripple in inductor current
and output current (Figure 5(b)) and it correctly tracks the reference voltage and has
low THD (Figure 5(c)). While from the Figure 6, it can be seen that the chattering is
high in capacitor voltages and the output voltage (Figure 6(a)), ripples is high in
inductor current and output current (Figure 6(b)). Also DSMC has delayed tracking in
the output voltage and higher THD in the output voltage (Figure 6(c)).
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Figure 5. Normal operation of boost inverter controlled by MSOSMC. . (a) PV voltage,
capacitor voltages, output voltage, (b) PV current, inductor currents and load current

(c) The comparison of output voltage with the reference voltage.
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Figure 6. Normal operation of boost inverter controlled by DSMC. . (a) PV voltage,
capacitor voltages, output voltage, (b) PV current, inductor currents and load current
(c) The comparison of output voltage with the reference voltage.

5.2 Change in irradiance

In order to test the PV system under changing irradiance, the irradiance is changed from
500 W/m? to 1000W/m? at t = 0.325 s. Figure7 and Figure8 shows the PV system under
change in irradiance with MSOSMC and DSMC respectively. From the Figure7, it can
be seen that the MSOSMC provides less chattering and it correctly tracks the reference
voltage (Figure 7(c)). While from the Figure 8, it can be seen that when the irradiance
is low, the chattering is high in capacitor voltages and the output voltage (Figure 8(a)),
ripples is high in inductor current and output current (Figure 8(b)). Also DSMC has
delayed tracking in the output voltage (Figure 8(c)).
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Figure 7. Normal operation of boost inverter controlled by MSOSMC under change in
irradiance. . (a) PV voltage, capacitor voltages, output voltage, (b) PV current, inductor
currents and load current (c) The comparison of output voltage with the reference
voltage.
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Figure 8. Normal operation of boost inverter controlled by DSMC under change in
irradiance. (a) PV voltage, capacitor voltages, output voltage, (b) PV current, inductor

currents and load current (c) The comparison of output voltage with the reference
voltage.

5.3 Change in linear load

In order to test the PV system under change in linear load, the load is changed from
57.6 Qto 28.8 Q at t = 0.325 s. Figure 9 and Figurel0 shows the PV system under
change in linear load with MSOSMC and DSMC respectively. From the Figure 9, there
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is a small oscillation in output voltage (Figure 9 (a)) and inductor current for half cycle
respectively (Figure 9(b)). Also the MSOSMC provides less chattering and it correctly
tracks the reference voltage (Figure 9(c)). While from the Figure 10 it can be seen that
at the time of load change upto two cycles, the oscillation is high in capacitor voltages
and the output voltage (Figure 10(a)), ripples is high in inductor current and output
current (Figure 10(b)). Also DSMC has delayed tracking in the output voltage (Figure
10(c)).
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Figure 9. Normal operation of boost inverter controlled by MSOSMC under change in
load. (a) PV voltage, capacitor voltages, output voltage, (b) PV current, inductor

currents and load current (c) The comparison of output voltage with the reference
voltage.
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Figure 10. Normal operation of boost inverter controlled by DSMC under change in
load. . (a) PV voltage, capacitor voltages, output voltage, (b) PV current, inductor
currents and load current (c) The comparison of output voltage with the reference
voltage.

5.4 Change in non-linear load

In order to test the PV system under change in non-linear load, the load is changed from
R=57.6 Qto R =57.6 Q&100uHat t = 0.35 s. Figure 11 and Fig. 12 shows the PV
system under change in non-linear load with MSOSMC and DSMC respectively. From
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the Figurell, it can be seen that there is an increase ripple inductor current (Figure
11(b)) but the MSOSMC provides less chattering and it correctly tracks the reference
voltage (Figure 11(c)). While from the Figure 12, it can be seen that at the time of load
change upto three cycles, the oscillation is high in capacitor voltages and the output
voltage (Figure 12(a)), ripples is high in inductor current and output current (Figure
12(b)). Also DSMC has delayed tracking in the output voltage (Figure 11(c)).
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Figure 11. Normal operation of boost inverter controlled by MSOSMC under change
in non-linear load. (a) PV voltage, capacitor voltages, output voltage, (b) PV current,
inductor currents and load current (c) The comparison of output voltage with the
reference voltage.
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Figure 12. Normal operation of boost inverter controlled by DSMC under change in
non-linear load. (a) PV voltage, capacitor voltages, output voltage, (b) PV current,

inductor currents and load current (c) The comparison of output voltage with the
reference voltage.
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Table 3. Performance comparison of MSOSMC and DSMC methods.

Conditions Method Power(W) THD (%)

) MSOSMC 998 3.16
Nominal Performance
SMC 998 7.73
Irradiance variation MSOSMC 998 4.04
L= 0.5to 1.0kW/m? SMC 995 11.96
MSOSMC 998 3.25
Load changed from 57.6 Q to 28.8 Q

SMC 994 7.72
Non-linear load R = 57.6 Q to MSOSMC 895 3.68
R =57.6 Q&100uH SMC 895 7.80

Table 3. summarizes the comparison between MSOSMC and DSMC. Both controllers
are robust under parameter and load variations. But the THD is high in DSMC but less
in MSOSMC. However, DSMC has ripples during input variation and load change but
in case of MSOSMC, there is least ripple.

CONCLUSIONS

This paper presents a MSOSMC for Boost Inverter in photovoltaic system. The sliding
surface designed based on maximum power point voltage and sinusoidal output voltage
in order to track voltage at maximum power point as well as reference sinusoidal
voltage. A Lyapunov function is used to analysis the stability of the proposed controller.
The performance of the closed loop control of boost inverter in PV system is verified
in Matlab-Simulink. The proposed MSOSMC eliminates chattering caused by first
order SMC and also ensures high efficiency under system imperfection. The proposed
control technique is robustness under different weather and load conditions
respectively. The proposed controller is compared with conventional SMC. The
comparison result substantiates that the MSOSMC gives fast response, less chattering
and low THD.
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