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Abstract—The degradation in power quality causes adverse
economical impact on the utilities and customers. Harmonics
in current and voltage are one of the most commonly known
power quality issues and are solved by the use of a hybrid
series active power filter (HSAPF). In this paper, a new
controller design using sliding-mode controller-2 is proposed
to make the HSAPF more robust and stable. An accurate
averaged model of a three-phase HSAPF is also derived in
this paper. The design concept of the robust HSAPF has been
verified through simulation and experimental studies, and the
results obtained are discussed.

Index Terms—Averaged model, hybrid active power filter,
power quality, robust hybrid series active power filter
(HSAPF), sliding-mode controller.

I. INTRODUCTION

the past few years, the enormous increase in the use of
nonlinear loads raises many power quality issues, such as high
current harmonics, voltage distortion, and low power factor,
on electrical grid [1]. Hence, the proliferation of non-linear
load in the system generates harmonic currents injecting into
the ac power lines. This distorted supply voltage and cur-rent
causes malfunction of some protection devices, burning of
transformers and motors, and overheating of cables. Hence, it
is most important to install compensating devices for the
compensation of harmonic currents and voltages produced due
to non-linear load. Traditionally, passive power filters (PPFs)
have been used as a compensating device to compensate
distortion generated by constant nonlinear loads. These filters
[2] are designed to provide a low-impedance path for
harmonics and maintain good power quality with a simplest
design and low cost. How-ever, passive filters have some
disadvantages such as mistuning, resonance, dependence on
the conditions of the power supply system, and large values of
passive components that lead to bulky implementations.

For better power quality requirement, different topologies of
active power filters (series active filters and shunt active
filters) are connected to the nonlinear load. These filters are
the most widely used solution, as they efficiently eliminate
current distortion and the reactive power produced by
nonlinear loads.But they are generally expensive and have
high operating losses [3],[4]. Henceforth, to overcome these
drawbacks and to im-prove the compensation performance
with reduced cost of the APFs, a novel HAPF topology-III is
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introduced by Peng et al. in 1988 [5], in which the APF is
connected in series with the source as well as nonlinear load,
and the PPF connected in parallel with the load, which
behaves as a power factor correction capacitor, is proposed.
This topology [6] attracts much more attention to endure high-
load currents and works as a harmonic isolation between the
source and nonlinear load.

The control strategy is important to enhance the
performance of a hybrid series active power filter (HSAPF).
In reality, many papers for a hybrid power filter have already
proposed advanced techniques to reduce current harmonics
created by these non-linear loads. In [7], a linear feedback-
feed-forward controller is designed for a hybrid power filter.
But this controller is not easy for getting both steady-state and
transient-state performances with the linear control strategy
because the dynamic model of the HSAPF system contains
multiplication terms of control in-puts and state variables. Due
to the nonlinear characteristics of the HSAPF, a sliding-mode
controller is presented in[8]. The sliding-mode control is
known as an appropriate control technique for controlling
nonlinear systems with uncertain dynamics and disturbances
due to its order reduction property and low sensitivity to
disturbances and plant parameter variations, which reduces
the burden of the requirement of exact modeling. Fur
thermore, this sliding-mode control also diminishes the
complicacy of the feedback control design by means of
decoupling the system into individual subsystems of lower
these given properties, the
implementation of the sliding-mode control can be found in
the areas of power electronic switching devices. The principle
of the sliding-mode control is defined as to enforce the
sliding-mode motion in the predefined switching surfaces of
the system state space using discontinuous control. The

dimension. Because of

switching surfaces should be selected in such a way that
sliding motion would maintain desired dynamics of motion
according to a certain performance criterion. The conventional
control methods, such as linear—quadratic regulator or linear—
quadratic Gaussian servo controller [10] for linear systems,
are required to choose proper switching surfaces. Then, the
discontinuous control needs to be chosen such that any states
outside of the discontinuity surface are enforced to reach the
sur-face at finite time. Accordingly, sliding mode occurs
along the surface, and the system follows the desired system
dynamics.

The main difficulty of hardware implementation of a
classical sliding-mode control method 1is chattering.
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Chattering is nothing but an undesirable phenomenon of
frequency and amplitude. The chattering is dangerous
because the system lags control accuracy, high wear of
moving mechanical parts, and high heat losses occur in
electrical power circuits. Chattering occurs because of un
modeled dynamics. These un modeled dynamics are created
from servomechanisms, sensors,and data processors with
smaller time constants. In the slidin mode control, the
switching frequency should be considerably high enough to
make the controller more robust, stable, and no chattering
because chattering reduces if switching frequency of the
system increases. In the application of sliding mode controller
in power converter system, the chattering problem can be
reduced in the natural way by increasing switching frequency.
However, it is not possible in the case of power converters
because of certain limitations in switching frequency for
losses in power converters, for which it results in chattering.
Therefore, this chattering problem cannot blame sliding-mode
implementation, since it is mainly caused by switching
In [I1], it is shown that the chattering
exponentially tends to zero if the relative degree of the system
with actuators or sensors is 2. The relative degree of  the
HSAPF system is 2. Because of this relative degree of the
HSAPF system and also for these obstacles in a classical
sliding-mode controller, this paper pro-poses a new controller,
i.e., sliding-mode controller-2 (SMC-2). This proposed
controller suppresses chattering and enhances the performance
of the HSAPF. This controller is completely new for this
topology of the HSAPF system.

A recent research paper [12] focuses on carrier-based pulse
width modulation (CBPWM) for the HSAPF topology. But, in
some cases, the CBPWM-based HSAPF may not be
completely measurable in most of the real-world situations. In
the case of CBPWM, power system perturbations have not
been taken into consideration, and also, the presence of a time
delay at the reference tracking point gives rise to a slow
response of the overall system. Thus, tracking error is not
reduced effectively, and the stability of the system is

limitations.

minimally improved. To overcome this, SMC-2 is proposed
for a voltage-source converter. The idea behind this controller
is to achieve gain stability, perfect tracking, and distortion-
free current and load voltage. In view of the above-mentioned
issues, we give more emphasis on the development of the
robust controller with a faster reference tracking approach in
the HSAPF, which permits all perturbations such as load
voltage distortion, parametric variation of load, source current
distortion, and supply voltage unbalance so that compensation
capability of the HSAPF system can be enhanced.

This paper is organized as follows. In Section II, the
description of schematic of the system topology and hardwar
modules of the three-phase HSAPF model is explained.
Section III depicts the averaged modeling of the HSAPF
ILDESCRIPTION OF SCHEMATIC OF THE SYSTEM
TOPOLOGY AND HARDWARE MODULES OF THE
HSAPF MODEL

oscillation with finite
Figs. 1 and 2 demonstrate the experimental prototype and the
schematic diagram of the HSAPF developed in the laboratory.
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Fig.2. Schematic diagram of the control and power circuit

of the HSAPF.

This topology of the HSAPF is composed of a series-
connected active power filter (SAPF) and a shunt-connected
PPF. The PPF is connected in parallel with the load. The PPF
consists of a fifth and seventh tuned LC filter of rating (L, s =
1.86 mH and C, r= 60 uF) for the compensation of harmonic
current on the load side. The SAPF is connected in series with
the source through a matching transformer of a turn ratio 1:2
to ensure galvanic isola-tion. The SAPF consists of three
parts: a three-phase insulated-gate-bipolar-transistor-based
SEMIKRON inverter, a dc-link ca-pacitor of 2200 uF, and a
three-phase high-frequency LC filter of impedances (Cr = 60
uF, Ly=1.35 mH). The high-frequency LC filter is applied to
get rid of high-frequency switching rip-ples from the
compensating voltage supplied by the inverter. A nonlinear
load comprising of a three-phase diode bridge rec-tifier (SQL
100 V, 100 A) with an RL load (i.e., a resistor of 8.5 A, 100
Q, and an inductor of 40 mH) is considered. There are seven
voltage sensors and three current sensors (LEM LA 55-P) that
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are necessary. The sensors sense voltages and currents and
give their input to the

TABLE I

SYSTEM PARAMETERS USED FOR SIMULATION AND
EXPERIMENT

Line vo{llage and frequency V, = 50 V(RMS), f = 50 Hz
Line impedance L,=05mH R, =0.10Q
Non-linear load impedance L=40mH. R =100Q.85A
Series active filter parameter Cy=60puF. Ly =135 mH.
Caq. =2200 uF,V;. =40 V

Shunt passive filter parameter Loy =186 mH,Cpy = 60 uF
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Fig. 3. Averaged equivalent circuit in a three-phase stationary
frame of the

R and D board. The control of the HSAPF is achieved by a
controller-based algorithm implemented First, the controller is
implemented using MATLAB/Simulink. The interface
between MATLAB/Simulink permits running the control
algorithm. The basic control structure and its mathematical
equations are presented in Section IV. The switching signals
are generated from the slave DSP. The generated switching
pulse is used as an input to the amplifier circuit. The function
of an amplifier circuit is to convert 5 to 15 V. The amplifier
circuit consists of CD4504 and an isolating circuit of HCPL
2601. The output of the amplifier circuit behaved as an input
to the driver of the inverter. For implementation, the control
algorithm at a fixed step size of 100 wus, and hence, the
maximum switching frequency of a PWM voltage-source
inverter (VSI) of the HSAPF is fixed at 10 kHz. The design
specifications and circuit parameters of the laboratory
prototype are given in Table 1.

III.LAVERAGED MODELING OF THE HSAPF

Fig. 2 shows the schematic diagram of the control and power
circuit of the three-phase HSAPF. The SAPF consists of a VSI
connected to the grid through an LC filter and a three-phase
linear transformer. The series resistance of the inductors is
neglected. u, , up , and u. are the duty cycles of the inverter
legs in a switching period, whereas V.., Vc», and V.. are the
output voltages of the series active filter for three phases
shown in Fig. 2 and I., , I 5 , and I . are known as the three-
phase currents of the active filter; V, v, Vs, and V. y are the
phase voltages for three phases; . , Is» , and ;. are known as
the three-phase source currents; and ¥, y is the neutral voltage.
By averaging the inverter legs in the circuit diagram, the
whole averaged model [13] of the inverter in three phases is
obtained as shown in Fig. 3. From this circuit diagram, the

dynamic model of the HSAPF under a synchronous reference
frame can be expressed by the

following differential equations:
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frequency of the source voltage. To facilitate the controller
design, the HSAPF system model can be defined as follows:

X¥=f@)+g@u  (6)
y=h@

where x = [ica , icg, Vea, Veg, Vac 17 is defined as the state
vector, vector u = [uqs , u, |7 stands for system control
variables, and vector y = [y1, y2 17 = [Vea, Veq |7 presents the
system outputs. It must be noticed that the achieved multi-
input multi-output system is nonlinear because of the
existence of multiplication terms of the state variables and
control variables. And the state variables are intensely
combined with each other. These two difficulties can be
accurately controlled by the design of the sliding-mode
controller, which openly examine the link between the control
variables and the system outputs.

IV. DEVELOPMENT OF THE CONTROL SYSTEM
A. Reference Voltage (Hybrid

Control Approach-Based Synchronous Reference Frame
Method, HSRF)

Generation Scheme

The reference compensation voltage of the HSAPF system
adopting hybrid control approach-based synchronous
source current /; as well as load voltage V; to obtain their
harmonic components. The generation of the reference
compensating signal V.* using the combined load voltage and
source cur-rent detection scheme together with an adopting
hybrid control approach-based synchronous reference frame
method for the HSAPF system can be obtained as (8) and (9).
bined load voltage and source current detection scheme[14] is
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Fig. 4. Reference generation scheme (HSRF).

shown in Fig. 4. Fig. 4 shows that the error between the
reference and the actual dc-link voltage of the dc-link
capacitor of the three-phase PWM inverter fed from the ac
system is first passed through a PI controller, and then, it is
subtracted from the oscillatory component in the d-axis. Extra
fundamental components

(i.e. AVcaf,AVcbf and AVccf) are added to the harmonics
components in each phase. Thus, the reference compensating
voltages can be expressed as

". = I\.l‘,‘,v "[.,-“. T A‘,,
Vi =KLon — Vi + AVay (10)
Ve =Klch — Vien +AVees

B.Proposed Sliding-Mode Controller Design for the HSAPF

—% Switching
signals
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Fig. 5. Proposed sliding-mode control structure for the
HSAPF.

V. RESULTS AND DISCUSSIONS

A. Simulation Results

The reference generation approach (the HSRF method) with
the switching pattern generation scheme (i.e., SMC-2) of the
HSAPF system given in Fig. 2 is tested using MATLAB/
Simulink software. A three-phase source voltage is applied to
a harmonic voltage producing nonlinear load. This voltage
producing nonlinear load comprises of a three-phase diode
bridge rectifier feeding an RL load. Due to this type of
nonlinear load, a harmonic distortion occurs in both source
current and load voltage. This harmonic contamination is the
reason of power quality disturbances. So, power quality
disturbances can be eradicated by means of the HSAPF. The
simulation and experimental parameters are encapsulated in
Table I. One reference generation technique and one
modulation technique, i.e., hybrid control approach-based
SRF method (HSRF) and sliding-mode-controller-based
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Fig. 6. (a) Steady-state response of the load current before
compensation. (b) Steady-state response of the source current
after compensation. (c¢) Transient response of the load current
before compensation. (d) Transient response of the source
after compensation. (¢) Load voltage after
compensation. (f) DC-link voltage for the existing method
(ideal sliding-mode controller).

current
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Fig. 7. (a) Source voltage. (b) Steady-state response of the

load current before compensation. (c) Steady-state response of
the source current after compensation (d) Transient response
of the load current before compensation. (e) Transient
response of the source current after compensation. (f) Load
voltage after compensation. (g) DC-link voltage. (h) Three
phase compensating voltage for the proposed controller-based
HSAPF system.

MATLAB simulation results for source voltage Vs , load
current IL , source current Is , dc voltage Vdc for steady state,
dynamic condition of load, and parametric variation of the
HSAPF system under SMC-2 have been depicted in Figs. 7
and 8. From the simulation results, it is proved that the THD
response of the sliding-mode-controller-based HSAPF is
smaller than the THD response of the existing technique-
based HSAPF. Simulation results under several
operating conditions of load have verified the design concept
of the suggested highly effective and robust sliding-mode-
based HSAPF. The robustness of the proposed HSAPF has
been analyzed here. In the proposed

system
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Fig. 8. (a) Three-phase source current after compensation for
the existing controller-based HSAPF. (b) Three-phase source
current after compensation for the proposed controller-based

HSAPF. (c) Three-phase load voltage after compensation

for the existing controller-based HSAPF. (d) Three-phase load
voltage after compensation for the proposed controller-based
HSAPF. (e) Three-phase compensating current. (f)
Compensating voltage for phase-a in the parametric variation
case of the HSAPF system.

controller, the source current THD is reduced from 20.14% to
1.62%. For the transient condition of load, the THD of source
current for the proposed controller-based HSAPF is reduced
from 26.7% to 2.16%. The harmonic compensation ratio
(HCR) for steady state and the parametric variation of the
HSAPF system case are approximately the same, but the HCR
in the transient case of the nonlinear load is differed by only
0.55% from the above two cases. Thus, the THDs of the
source current are unaffected by the parametric variations of
load. This proves the robustness of the proposed HSAPF
under parametric variations of load. The HCR factor is
calculated as follows:

THD (%4) Aftter Compensation

HCOCR — - z
I'HD (V%) Before Compensation

v 10094,

VI. CONCLUSION
In this paper, a new robust controller design for the
HSAPF has been presented. The control design is established
by SMC-2 that derives the equivalent control law. This
control law is very much helpful for switching pattern
generation. The robustness of the proposed controller has been
verified by analyzing the performance under steady-state and
transient conditions of the power system. With the application
of this technique, the functionalities of the HSAPF are
enhanced. From the obtained simulations as well as
experimental results, the proposed HSAPF has been observed
to provide efficient current as well as voltage harmonic
mitigation, reference voltage tracking behavior, and reactive
power compensation with dynamically varying load
conditions.
In the presence of an additive white noise, switching losses
and distortion in both the source current and the load voltage,
the SRF method is found to be the best one for reference

generation. Furthermore, the main feature of SMC-2 is the
variable structure control method, which reduces tracking
error distortion, suppress chattering, and noise, and hence, a
perfect gain stability of the HSAPF system has been achieved.
The proposed filter can compensate source currents and also
adjust itself to compensate for variations in nonlinear load
currents, maintain dc-link voltage at steady state, and help in
the correction of the power factor of the supply side adjacent
to unity. Simulation results under several system-operating
conditions of load have verified the design concept of the
suggested sliding-mode-based HSAPF to be highly effective
and robust.
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