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Abstract

The power quality is the challenging criteria in all equipment’s at all levels comprise industrial sectors and consumer places. Some
parameters are very sensitive which may affect and disturb the power quality. These parameters are harmonic current, power compensation
and voltage sag. Providing the source without these parameters with efficient power quality is essential. Hence by selecting proper device
the power output may reach without any interruption along with linear, non-linear and unbalanced loads. This paper introduces a Sliding
Mode Controller (SMC), a very effective controller implemented with Shunt active filter and Static VAR Compensator (SVC) FACTS
device which increases the reactive power compensation and suppresses the harmonic to enhance the system performance with high

reliability.
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1. Introduction

Power quality plays a vital role in industrialization using power
electronic devices because of rapid growth of Power Systems and
in house hold equipments. There is necessary in distributing the
energy to all levels with improved power quality. Power quality
may affect by voltage sag [3], power factor [4], harmonic current
and reactive power. These parameters degrade the performance and
power quality of the power system. Moreover power electronics
utilization is increased widely these constraints [7] must be
suppressed to improve the power quality [14] in power system.
FACTS device [13], [15] is the best method to reduce the above
mentioned constraints. These devices are economic and control the
power flow to improve the stability. Another important constraint
that affects the power quality is harmonic (disturbance) [9] or
ripples. Many research works are going on this field to predict the
harmonics. This may affect the system behavior critically and tunes
performance of the system vigorously [9]. Ripples are unwanted
variance generated and dominant in direct voltage output from input
alternating voltage. These unwanted ripples or harmonics are
caused by non-linear a load which is a combination of harmonic
and unbalanced load connected in power system. Therefore, it must
be eliminated or reduced and is achieved by Passive and active
filters connected at the load to improve the power flow. Many
passive and active shunt filters [5] are present to improve power
quality [1]. Hence to improve the power quality in power systems
there is a need for reactive power [6] compensation by power
electronic devices. There are different types of controllers like Pl
controller [12], PID controller, Fuzzy logic controller [11], Power
Electronic converter [9] and space vector modulation technique [8]

to eliminate harmonics under non-linear load. Adaptive controller
[10] compensates power for

harmonic distortion under load. In this paper FACTS device SVC
and shunt active filter is utilized.

The proposed method, Sliding Mode Control is to control shunt
active filter for harmonic suppression and FACTS device is the best
device to improve reactive power. Because of its fast response,
system stability and robustness SMC has been widely utilized. This
paper is organized as follows. Section Il deals with related work.
Section 1l walks through proposed methodology. Section IV
discuss about the results. Section V concludes the paper.

2. Related Work

L. H. Tey et al proposed an artificial neural network (ANN)
technique to improve power quality and reactive power by
suppressing harmonic currents for shunt active filter with nonlinear
load. This technique used two signals for hysteresis control, one in
three phase IGBT and another in voltage source inverter which
speeds up the system by extracting the harmonics and reduced the
time cycle to 1 cycle instead of 2 or 3 cycles.

Adil M. Al-Zamil and David A. Torrey (2001) has developed a
hybrid series passive shunt active power filter system with space
vector pulse width modulation control based on dead beat control
model which reduced the complexity, shunt active filter bandwidth
and system cost. The proposed controller utilized a 16 bit
microcontroller, Motorola MC68HC16Z1.

A. A. Valdez et al has proposed a current loop controller for reactive
power compensation, to improve stability of the system due to
harmonic current distortion caused between line and load
impedance which brings power factor close to unity.
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Wen Li and Yoichi Hori illustrates about vibration suppression
using a combination FO-DOB and neuron based Pl fuzzy
controller, in which former is to estimate disturbance and to
generate compensation signal and later is used to realize the outer
loop.

PichaiJintakosonwit et al has discussed about automatic gain
adjustment when it detects voltage harmonic at its installation bus
without considering circuit parameters, moreover it reduce losses,
current compensation and avoid over-damping performance in
active filter.

Ying Xiao, Y. H. Songand Y. Z. Sun, 2002 has developed a flexible
steady state power flow control of FACTS device based on active
and reactive power injection model and optimal power flow model.
This approach was implemented with Jacobian matrix which is
independent of physical models and different control parameters of
FACTS devices.

Chien-Hung Liu and Yuan-Yih Hsu in 2010 has designed a self-
tuning Pl controller which adapt the controller gains for
STATCOM under all load conditions and disturbances using
particle swarm optimization algorithm. Real time measurements
were derived with an efficient formula to estimate system load
impedance.

3. Proposed Methodology

Among various types of filters such as active, passive filters [1]
with series, shunt or combination of series and shunt configurations,
shunt active filter is preferred under linear, non-linear load and
unbalanced load conditions. Shunt active filter is employed to
control the inverter pulses. Sliding mode controller is proposed in
this paper, which is a non-linear control method to suppress
harmonics [16] and reactive power compensation to improve power
quality [2]. Shunt active filter with SVC FACTS devices
implemented using Sliding Mode Controller (SMC) is shown in
Figure 1.
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Fig. 1: Shunt Active Filter with Static VAR Compensator and Sliding Mode
Controller
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Fig. 2: Configuration of Shunt Active Filter

Power system and power electronic engineers have been intended
to design/develop a solution for power quality problems due to
increased harmonic pollution severity in ac network with non-linear
loads. One such device is active power filter used since 1970’s to
suppress harmonics to increase voltage balance.

a) Shunt active filter

Active power filters are classified according to topology such as
series, shunt or combination of both. Shunt active filter is widely
used to eliminate unbalanced current, harmonic current of higher
order and reactive power compensation in the three phase
transmission line. Mostly it is connected at load end to inject
compensating current in opposite phase of non-linear load current.
In this paper shunt active filter as shown in Figure 2, acts as
controlled current source which injects load generated harmonic

generated by load with phase shift of 180°.
b) DC link capacitor

DC link capacitor in shunt active filter is supplied by solar energy.
Its main contribution is

« to maintain almost constant DC voltage

* serves as energy storage unit to supply actual power

difference between load and power source

Real power by source and load are equal in steady state to
compensate the loss. Under load, the real power will be disturbed
and also the DC link voltage. This difference in real power is
compensated by DC link capacitor. To maintain steady state
operation, the tracked peak value of the shunt active filter must be
proportionately adjusted with the actual power drawn from the
source. Thus the consumption of actual power by load is
compensated by capacitor’s charged or discharged current and also
loss.

c) Static VAR Compensator

Static VAR Compensator (SVC) is used for voltage stability in
power system network to improve power quality, inwhich the
inverter pulses are controlled by Sliding Mode Controller (SMC).
SVC is one of the FACTS device which regulates the voltage,
harmonics, power factor correction (brings the power factor near to
1) and stabilizes the system. SVC is mainly connected near load end
in large industrial sectors to improve power quality and also to
regulatetransmission voltage when connected to power system.
Reactive power compensation is done by this FACTS device in
transmission line system and is improved by controlling the power
factor. If power factor becomes low, current in transmission line

will be high.

Due to this high current

. Copper loss will be high

. Machine will produce large KVAR which,

in turn increases the size of the machine and

cost of themachine.

. Voltage drop will be increased

. Produce low efficiency

Hence power factor must be improved. Maintaining the power
factor greater than 0.95 will reduce reactive power loss and voltage-
drop in the transmission line at the point of common coupling
(PCC). The power factor improvement brings active power current
same as the circuit current.

d) Sliding mode controller

Sliding Mode Controller is one among non-linear control method.
Sliding Mode Converter replaces the Power converters [9] because
of its robustness, steady state response and inelastic structure.The
sliding mode controller design consists of

A) Switching function

B) Control law
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This control law makes the switching function to the system state  U,,,;,, = min{U~(a, t),U*(a, t)} (15)
and can either be continuous or discontinuous. Let the nonlinear {7 = = max{U~(a,t),U*(a,t)} (16)

system form be

A=f(au) )
Due to discontinuity forced on surface control side

o(a)=0 @

Where, A is the system error and u is the control issued by the
corrector with variable structure. The system will take either (3) or
(4) depending on the application of order.

A=f"(AU)ifc (A) <0 (3)
A= f*(A,Ubifo (A) >0 4)
Case (i) Non-linear system

A nonlinear system is given interms of differential equation as
below

A=fA)+gAt).U (5)

Where,

A e SYU € S™f(A,t) € S*g(At) € SE™
Initially, switching surface of desired dynamics o(a) = 0 is
defined. Second, the control functionu(a, t)is synthesized. This is
done to check whether any state outside and inside the switching
surface joined. A sliding mode occurs once it is attained and hence
equilibrium point reaches.

The sliding surface is given by

o(@)=Cx=10 (6)
o(a) = YL, cay Q)

Case (ii) Multivariable
It is represented as

A=fA4,0+g AU ®)
Where,

A€ SYU € S™f(A,t) € S*g(A,t) € SE™
The switching surfaces (070,05 ... ....d,,) makes the problem

more complex. At the intersection of these surface only sliding
modes occurs. The switching surfaces are

o(a) = Cx 9)
a(a) = [01(a), 02(a), 0 (@)]" = 0 (10)
C =[c1,¢3 .- Cn (11)

The switching surface of dimension “m” and o;(a) is the it"
switching surface.
Case (iii) Mono-variable
It is represented as
A=f(A)+gA¢t).U (12)
Where,

A€ SYU € S™f(A,t) € S*g(A,t) € SE™
The condition of sliding mode:

[(Z—Z)Tg(a, t)]_1 0

The average value of the control is represented as

Min{U" — (a,t), U+ (a,t)} <u_eq < max{U" —
(a,t), U™ + (a,t)}(14)

The sufficient and necessary condition for sliding mode is given by

(13)

The harmonic currents and components are identified. The
proposed method injects the reactive and harmonic current.

4. Results and Discussion

The simulation of a proposed Sliding Mode Controller designed
with Shunt Active Filter, non-linear load and SVC has been carried
out with MATLAB Simulink tool. The parameters of the system are
source voltage, source frequency, line inductance for 3 phase and 1
phase, DC link voltage and capacitor, AC filter inductance, filter
resistor, filter capacitor and switching frequency for Shunt active
power filter. The waveforms for various combinations are analyzed
for with balanced load, unbalanced load and combination of both
with and without filter and SVC. The entire simulation work was
carried out in MATLAB/Simulink and the parameters of the
proposed system is given in Table 2.

a. Balanced load

The simulated waveforms of the system when connected with
balanced linear load and its FFT analysis are shown in Figure 3. In
this case there is no need of SAPF since, the load is purely linear in
nature and is free from harmonics. It is observed from Figure 3(b) ,
that the grid current is undistorted, sinusoidal with equal magnitude
in phases. Since the grid current is sinusoidal the THD level is zero,
which is shown in Figure 3(c)
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Fig.3: System performance under balanced linear load conditions (a):
Load voltage waveform for the system connected with balanced load (b):
Load current waveform for the system connected with balanced load (c):

THD analysis for system with balanced load

b. Unbalanced load

The simulated waveforms of the system when connected with
unbalanced linear load and its FFT analysis are shown in Figure 4.
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In this case also there is no need of SAPF since, the load is purely
linear in nature and is free from harmonics. It is observed from
Figure 4(b) , that the grid current is undistorted, sinusoidal with
unequal magnitude in phases due to the unbalance nature of the
load. Since the grid current is sinusoidal the THD level is zero,
which is shown in Figure 4(d).
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Fig.4: Performance under unbalanced linear load conditions (a) Load
voltage waveform for the system connected with unbalanced load (b)
Source current for system with unbalanced load (c) Load current
waveform for the system connected with unbalanced load (d) THD for
system with unbalanced load

¢. Unbalanced and Distorted load

The performance of the system is evaluated with distorted and
unbalanced load, one after the other. Parameters such as source
voltage, source current, load current are evaluated to demonstrated
its proper functioning. Moreover THD of the line current is
analysed for determining power quality at AC mains. Figure 5
illustrates the waveform of the system which supplying distorted
and unbalance load.
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Fig. 5: Performance under unbalanced and distorted loads conditions
(@) Load voltage waveform (b) Source current (c) Load current
waveform(d) THD for system with unbalanced load

Initially a nonlinear load is connected in the system which is 40%
of the rated load till 0.05 s. At the instant of 0.05 s, for analysing
the dynamic nature of the system, an unbalanced load is also
connected. It is observed from the simulated waveforms shown in
Figure 5(b) and 5(c), that there is sudden change in magnitude of
current at the instant of 0.05 s due to the addition of the new load
which is unbalanced in nature and the THD is found to be 30.27%
which is shown in Figure 5(d). The nonlinear nature of the load
contributes for the increased THD. The THD level can further be
reduced by installing a superior quality power filter.

d. System connected with filter

SAPF is employed with the aim of improving the performance of
the system. The performance of the system is evaluated with SAPF.
Parameters such as source voltage, load current, filter current,
source current, dc link capacitor voltage (Va) and THD are
evaluated to demonstrate the working of the filter. Figure 6
illustrates the simulated output waveforms of the system when
connected with SAPF.
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Fig. 6: Performance under unbalanced and distorted loads conditions with
SAPF (a) Source Voltage (b) Load Current (c) Filter Current (d) Source
Current (e) Vg Regulation (f) THD for system with SAF

Initially only the nonlinear load is connected and at the instant of
0.05 s an unbalanced load is connected which is reflected in Figure
6(b) and 6(d). Based on the requirement of the load, SAPF injects
negative harmonic filter current at PCC which is shown in Figure
6(c). It is observed that, initially there are transients in the filter
current when the load changeover takes place (i.e., from 0.05 s

onwards) and the transients dies out immediately after few
millisecond. It is evident from Figure 6(d) that the source current is
sinusoidal and free from harmonics and THD level is further
reduced to a lower value of 6.39% as shown in Figure 6(F). Still the
THD level is marginally high which is due to the unbalance nature
of the load and insufficient reactive power compensation.

e. System with filter and SVC

The system is connected with shunt active filter and FACTS device
SVC to suppress the harmonic and to improve the reactive power
compensation. The reactive power is compensated by injecting the
compensating current to utilize the real power by the system. The
Figure 7 shows the waveform of the system when connected with
filter and SVC.
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Fig. 8: (a) Power factor of the system with fault without SVC (b) Power
factor of the faulted system with SVC

In Figure 8(a) when fault occurs, power factor of the system varies
between 0.6 and 0.8 and it is not constant when load is changed.
For tackling this issue SVC with a PI controller is used. When SVC
is not connected to system, power factor is 0.8, when it is connected
to the system; power factor is increased to 0.96 Figure 8(b) shows
power factor of system when SVC is connected to the system. Table

Table 2 gives the detail about the simulation parameters. Table 3
provides the THD analysis for the system under different load
conditions.

Table 3: Analysis of THD under different load condition

Determination Load THD (%)
Without SAF and SVC Balanced 0
Unbalanced 0
Balanced and unbalanced 30.27
With SAF and without SVC | Balanced and unbalanced 6.36
With SAF and SVC Balanced and unbalanced 0.96

5. Conclusion

Power quality is the major criteria in distribution system. Power
quality is improved by injecting compensating current at the load
end to utilize the real power maximum by the system. In this paper,
Shunt active power filter (SAPF) is employed to reduce the
harmonics and to compensate the reactive power. FACTS device
Static VAR Compensator (SVC) is utilized to improve the power
quality and power factor of the system. The experimental results for
various combinations of load are connected with the system and are
implemented iINMATLAB . Thepower factor is 0.96 which is nearer
to unity with the system connected with SAF and SVC and the
power factor is 0.8 when the system connected without SVC. The
THD value is 30.27%, 6.36% and 0.96% for the system connected
without SAF and SVC, with SAF and without SVVC, and with SAF
and SVC. Therefore by using SVC the stability of the system is
improved while the load of the system varies. The proposed system
not only mitigates harmonics but also regulates the power factor in
the power system. It states that the proposed method improves the
power quality and enhances the KVAR compensation of the
system.
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