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Abstract:

Power quality degradation has an adverse economic impact on utilities and customers. Current and
voltage harmonics are one of the most well-known power quality problems and are addressed through
the use of a hybrid series active power filter (HSAPF). In this article, a new controller design is
proposed that utilizes the sliding-mode controller (S2) to increase the robustness and stability of the
HSAPF. An accurate averaging model of the three-phase HSAPF is also derived. The robust HSAPF
design concept has been verified through simulation and experimental studies, and the results obtained
are discussed.

Keywords: Robust HSAPF, sliding-mode controller, power quality, hybrid active power filter,
averaging model..

Introduction

Over the past few years, the enormous increase in the use of non-linear loads, arises many power quality
issues like high current harmonics, voltage distortion and low power factor etc. on electrical grid [1].
Hence the proliferation of non-linear load in system generates harmonic currents injecting into the AC
power lines. This distorted supply voltage and current causes malfunction of some protection devices,
burning of transformers and motors, 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 have been used as a compensating device, to compensate
distortion generated by constant non-linear loads. These filters

[2] are designed to provide a low impedance path for harmonics and maintaining good power quality
with an simplest design and low cost. However, passive filters have some demerits like mistuning,
resonance, depen- dence on the conditions of the power supply system and large values of passive
component that leading to bulky implementations. For high-quality power requirements, numerous
topologies of active filters i.e. APF connected in series or in parallel (series active filters and shunt
active filters) to the nonlinear loads with the aim of improving voltage or current distortion. These filters
are the most widely used solution, as they efficiently eliminate current distortion and the reactive power
produced by non-linear loads. But they are generally expensive and have high operating losses [3] [4].
Henceforth to overcome these drawbacks and to improve the compensation performance with reduced
cost of the APFs, a novel HAPF topology- 111 is introduced by Peng et al. in 1988 [5], in which APF is
connected in series with the source as well as non-linear load and PPF connected in parallel with the
load, which behaves as power factor correction capacitor is proposed. This topology [6] attracted much
more attention to endure high load currents and works as a harmonic isolator between source and non-
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linear load.

The control strategy is important to enhance the performance of HSAPF. In reality, many articles for
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 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 HSAPF sys- tem contains multiplication terms
of control inputs and state variables. Due to the non-linear characteristics of HSAPF, a sliding mode
controller is presented in [8]. The sliding mode control is known as an appropriate control technique for
controlling non-linear 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. Furthermore, this sliding mode control also diminishes the
complicacy of feedback control design by means of decoupling the system into individual subsystems of
lower dimension. Because of these given properties, the implementation of sliding mode control can be
found in the areas of power electronic switching devices. The principle of sliding mode control is
defined as to enforce the sliding mode motion in a predefined switching surfaces of the system state
space using discontinuous control. The switching surfaces should be selected in such a way that
sliding motion would maintain desired dynamics of motion according to certain performance criterion.
The conventional control methods, such as Linear-quadratic regulator (LQR) [9] or Linear quadratic
Gaussian (LQG) servo controller [10] for linear systems, are required to choose proper switching
surfaces. Then, the discontin- uous control needs to be chosen such that any states outside of the
discontinuity surface are enforced to reach the surface 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 classical sliding mode control method is chattering.
Chattering is nothing but an undesirable phenomenon of oscillation with finite frequency and
amplitude. The chattering is dangerous because the system lags control accuracy, high wear of moving
mechanical parts, and high heat losses occurs in electrical power circuits. Chat- tering occurs because of
unmodeled dynamics. These unmodeled dynamics are created from servomechanisms, sensors and data
processors with smaller time constants. In sliding 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. The application of sliding mode
controller in power converter systems for example in HSAPF, a natural way to reduce chattering is
increasing switching frequency. However, it is not possible in 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 limitations. In [11], it is shown that the chattering exponentially tends to
zero if the relative degree of the system with actuators or sensors is two. The relative degree of HSAPF
system is two. Because of this relative degree of HSAPF system and also for these obstacles in classical
sliding mode controller, this research paper proposed a new controller i.e. sliding mode controller-2.
This proposed controller suppressed chattering and enhance the performance of HSAPF. This controller
is completely new for this topology of HSAPF system. The recent research paper [12] focuses on carrier
based PWM (CBPWM) for HSAPF topology. But in some cases the CBPWM based HSAPF may not be
com- pletely measurable in most of the real-world situations. In case of CBPWM, power system
perturbations have not been taken into consideration and also the presence of a time delay at the
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reference tracking point gives rise to a slow response of the overall system. Thus, tracking error is not
reduced effectively and stability of the sys- tem is minimally improved. To overcome this, a SMC-

2 controller is proposed for voltage source converter (VSC). The idea behind this controller is to
achieve gain stability, perfect tracking and distortion free current and load voltage. In view of above
mentioned issues, we give more emphasis on the development of robust controller with a faster
reference tracking approach in 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 system topology and
hardware modules of three phase HSAPF model is explained. Section-Ill depicts the averaged
modelling of HSAPF system. Section-1V disclose the controller design for HSAPF. Section-V depicts
the simulation as well as experimental results for harmonic compensation using HSAPF. Section-VI
presents the conclusions of this work.

DESCRIPTION OF SCHEMATIC OF SYSTEM TOPOLOGY AND HARDWARE MODULES OF HSAPF
MODEL

Fig. 1 and Fig. 2 demonstrates the experimental proto- type and schematic diagram of hybrid series
active power filter (HSAPF) developed in the laboratory. This topol- ogy of HSAPF is composed of a
series connected active power filter (SAPF) and a shunt connected passive power filter (PPF). PPF
connected in parallel with the load. The PPF consists of fifth, seventh tuned LC filter of rating (Lpf =
1.86mH and Cpr = 60pF) for the compensation of harmonic current on load side. The SAPF connected
in series with the source through a matching transformer of turn ratio 1:2 to ensure galvanic isolation.
SAPF consists of three parts such as:-three phase IGBT based SEMIKRON inverter, a DC-link capacitor
of 2200uF and a three phase high frequency LC filter of impedances (Cs = 60uF, Lf = 1.35mH). The
high frequency LC filter is applied to get rid of high frequency switching ripples from the
compensating voltage supplied by the inverter. A non-linear load comprising of a three phase diode
bridge rectifier (SQL 100V 100A) with RL-load (i.e.resistor of 8.5A, 1002 and inductor of 40mH) is
considered. There are 7 no. of voltage sensors ( LEM LV 25-P) and 3 no. of current sensors (LEM LA
55-P) mandatory. Sensors sense voltages, currents and given its input to the dSPACE 1103 R and D
board. The control

! AdSPACE 1103 ¢ 1GBT based Inverter ¢

. + iode Rectifie
Connector Board Diode Rectifier

Interfacing
Inductors

IJFMR Volume 7, Issue 3, May-June 2025 1066



https://www.ijfmr.com/

~ Y International Journal for Multidisciplinary Research (IJFMR)

i

IJFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

I=olating
anstormer

(b)
Fig. 1: (a) Experimental Setup of SAPF. (b) Experimental Setup of HSAPF

of HSAPF is achieved by controller based algorithm implemented with dSPACE 1103. At first, the
controller is implemented using MATLAB/Simulink. The real time workshop is used to produce C code
for real time appli- cations. The interface between MATLAB/ Simulink and dSPACE 1103 permit
running the control algorithm. The dSPACE 1103 permit running the control algorithm. The dSPACE
1103 permit running the control algorithm. The dSPACE 1103 permit running the control algorithm.
The pulse used as input to the amplifier circuit. The function of amplifier circuit is to convert 5V to 15V.
The amplifier circuit consists of CD4504 and an isolating circuit of HCPL 2601. The output of amplifier
circuit behaved as input to the driver of inverter. For implementation, the control algorithm at a fixed
step size of 100us and hence, the maximum switching frequency of PWMVSI of HSAPF is fixed at
10kHz. The design specifications and circuit parameters in laboratory prototype are given in Table I.

AVERAGED MODELLING OF HSAPF

Fig. 2 shows the schematic diagram of the control and power circuit of 3-phase HSAPF. The SAPF
consists of a voltage source inverter connected to the grid through an LC filter and a three phase
linear transformer. The series resistance of the inductors are neglected. Where, ua, U, and uc are the
duty cycle of the inverter legs in a switching period, whereas Vca, Vb, Ve are the output voltage of
series active filter for three phases are shown in Fig. 2 and lca, leb, lcc are known as the three phase
current output of active filter, Van, Von, Ven are the phase voltages for three phases, lsa, lsb, Isc are
known as the three phase source current, Van is the neutral
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Fig. 2: Schematlc dlagram of the control and power circuit of HSAPF.

voltage. By averaging the inverter legs in the circuit diagram, the whole averaged model [13] of the
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inverter in three phases are obtained as shown in Fig. 3. From this circuit diagram, the dynamic model of
HSAPF under synchronous reference frame can be expressed by the following differential equations

died

Dot Yed | yjeg — UdVae o)
dt LF Lr

dieg _ Veg . UgVie (2
dt  Lf d r
dVed ted  isd

—  =wWVog— — + 3

dt Cr  CFf @

e TV "Lfl . 'ﬁ. {4y
dt e

dVde 3

? = E{Udﬁ:d + Ll'ql:cq} (j}

Where, Vg and Vq are the dg-axis compensating volt- ages, ugs and uq are the dg-axis duty ratio, w is the
angular frequency of the source voltage. To facilitate the controller design, the HSAPF system model
can be defined as follows:

X = X))+ Xy

y:;{;} g (x) ©

Where X = [icd, icg, Ved, Veg, Vac]" is defined as the state vector, vector u = [ug, Ugq]" stands for system
control variables, vector y = [y1, y2]" = [Ved, Veg] " presents the system outputs. It must be noticed that the
achieved multi-input multi-output(MIMO) system is non-linear because of existence of multiplication
terms of the state variables and control variables. And also the state variables are intensely combined to
each other. These two difficulties can be accurately controlled by the design of sliding mode controller,
which openly examine

the link between the conwtrLoli.variables and the system outputs
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Fig. 3: Averaged equivalent circuit in three phase stationary frame of HSAPF

DEVELOPMENT OF THE CONTROL SYSTEM

1. A. Reference voltage generation scheme (Hybrid control approach based synchronous reference
frame method (HSRF))

2. The reference compensation voltage of the HSAPF

3. system adopting hybrid control approach based syn- chronous reference frame method are

expressed as:

V==Kl =V ]
c sk Lk

This hybrid control approach simultaneously detect both source current | as well as load voltage to
obtain their harmonic components. The generation of reference compensating signal V * using the
combined load voltage and source current detection scheme together with adopt- ing hybrid control
approach based synchronous reference frame method for HSAPF system can be obtained as (8) and (9).
The realization circuit for generating V * is shown in Fig. 4
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Ud=Kid —Vd (8)
Ug = Kig — Vg %)

The generation of reference compensating signal using the combined load voltage and source current
detection scheme [14] is shown in Fig. 4. From Fig. 4, the error between the reference and the actual
DC-link voltage of DC-link capacitor of three phase PWM inverter fed from the ac system is first passed
through a P1 controller and then it is subtracted from the oscillatory component in d-

axis. Since the extra fundamental components are added to harmonic components respectively. Thus the
reference compensating voltages are also expressed as:

Vc: = Klzah — Viah + AVear

1

V.-_-b* = Kisph — Vibh + &AVebr (10)
vcék = Klzseh — Voch + &Veer ) -
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Fig. 4: Beferance generation scheme (HEEF)
|

B. Proposed sliding mode controller design for HSAPF

This section describes the synthesis of sliding mode controller based on the averaged model of HSAPF
system. Based on system model (6), we differentiate the compensating voltage with respect to time until
the control variables ug and uq appear explicitly, which leads the following equations as:

dVed led  Isd
—  =wWeg - ___ + __ (11}
at cr cr
dVeg . .
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So the relative degree of the system is ‘2’ because at 2nd derivative of compensating voltage in dq-axis
we get control variables ug and uq. The Jacobi matrix of j (d)
with respect to the control vector 'u’ can be calculated
as follows:
aud =

13
ddT 0 (1)

bl o

In fact, the dc-link voltage Vg is positive in the operating range. 29 is non-singular. Henceforth the
relative degree vector of system is = [B1, f2]" = [2, 2]" and 1 + 2 = 2 + 2 = 4 is strictly less than the
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system order n = 5. To synthesize a robust HSAPF system, a sliding mode controller is designed based
on the linearised model (6). The control objective of the HSAPF system is to force the compensating

voltages Vcg and Veq , the mathematical expression of sliding surface

34
=
s (18)
S=5+as (17)
54 = Sd + 5d (18)
Ty = 51+ Sg (19)
putting the values of Vid and Veg in (207 and (22)
Sd=(Ved— Ve ey V — (20)
- - od Ve
$= Vea—Va +on Vea— Ve (21
_ B . - &
5g = (Veg — Vg )+ az Veg — Vg (22)

_ - .o - -
Sq3= Veg—Vog +az Veg—Vg

(23)
Where o iz a positive constant The design procedure of
sliding mode controller is depicted as:

s=0 24)
Sa=0 23)

substituting (11) and (13} in (23], the equivalent control
law in d-axis can be directly derived as:

: : Lf i .
Ugequ. = — V5 +aVi + . (CrwVeg — ied + izd)
3
QaLF - Yod
+ —Cfw Ved — wWicg + Wisg — — wicg + isd
Ve Lf
(26)

Similarly, equivalent control law in g-axis has been
derived as follows

Ugequ. = — Ve +ar Vg + Vi (Crwled — Tog + izg)
al .
+—L —Cr_wzch - wi 4 wi - Vg wied T isg
Ve Lr
)
U = Uggu. + Uswitching (28)
U = Udege. + Udswitching (29)
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Ug = Ugequ. + Ugswitching (30)

The non-linear control law has been directly derived on
potting the values of Udequ, Ugegr 1n (19) and (30).

- .- L
Ug= — Vg +aVa +E{i{cfwvﬂg—m+m}
- Ve
+ —Crw Ved — wicg + wisg — — i ;
¥ dp ! € cq 5q r Wicg + fsd
—Ki1sign (5d) — Kazsign 54
(31)
- - EL ] )
Ug=— 'I.-"'ﬂﬁ‘ +EI!1-"::-3- +1-"r|:|'.c {CfWVcd—Ia;'+Isq}
ol Vi
+v_‘f —wazb'cq — Wicd + Wisd — =4 _ Wicd + isg
de

—Kausign(53) — K z25ign 5g
(32)
The control block diagram of the proposed control
strategy has been illustrated in Fig. 5
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Fig_ 5: Proposed shidms mode confrol structure for HSAPF

Ueg = U switching

+1, Whens =0 (35]
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For the satisfactory operation of HSAPF system, this
controller meets stability condition.

C. Stability analysis of sliding mode controller based
HEAPF

This segment analyzes the stability of the HEAPF
system with the suggested control strategy. For the

stability analysis of the system external dynamics of Ved
and Veg, we define a sliding manifold as follows:

§5= 52 5, =0 (34)
For the evidence of system stability with the sliding

mode comtroller, we adeopt a Lyapunov function as a
candidate function ie.

vix)= o5 —
T % s (33)
whose time derivative iz . i
. = = 5
v= 52 5¢ 0 (36)
substituting (20) to (23) in (36). we can get
) r-c_d ‘-S_d cean - -
d OF Of g od
—5dera —Kaa sign (5d) - K12 5ign 55 - ;d
i i
_s lea _lsa_ ., _ -
7 cF cr cd cd

—Sgo:  —Kusign (S;) — K psign 5, — Vﬂ;
(37

We can see from (37) thatv-l{x] = 0,Ifin a region,
there exist a scalar function v (x) with continuous first
partial derivatives such that

-V (%) iz positive definite

-V (%) 13 negative semi-definite

Then the equilibrivm point is stable. If, actually, the
derivative Vv (x) iz locally negative definite in exist

region, then the system is stable. Which means the attractiveness of the manifold (34) is stable for
proposed sliding mode controller-2 based HSAPF.

In this proposed control approach the control signal satisfies all the above conditions, so that the state
trajec- tories are moved towards the switching surface. Hence- forth during the operation of this
proposed controller, the HSAPF system achieves fast response, good robustness and throwaway
disturbances effectively.

RESULTS AND DISCUSSIONS
Simulation results
The reference generation approach (HSRF method) with the switching pattern generation scheme (i.e.
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sliding mode controller-2) of HSAPF system given in Fig. 2 is tested using MATLAB/Simulink
software. A 3-phase source voltage is applied to a harmonic voltage pro- ducing non-linear load. This
voltage producing non-linear load comprises of a 3-phase diode bridge rectifier feeding an RL-load. Due
to this type of non-linear load, a harmonic distortion occurs in both source current as well as in load
voltage. This harmonic contamination are the reasons of power quality disturbances. So power quality
disturbances can be eradicated by means of HSAPF. The simulation as well as experimental parameters
are encapsulated in Table-l. One reference generation tech- nique and one modulation technique, i.e.
hybrid control approach based SRF method (HSRF) and sliding mode controller based HSAPF are
verified and analyzed using the following MATLAB simulation results. In order to verify the reliability
of the proposed controller, the system is simulated under MATLAB/Simulink version 2010. The goal of
simulation is to reduce the THD response of sliding mode controller based HSAPF below 5%. And also
a HSRF combined with sliding mode controller technique utilizes DC-link voltage properly for
equivalent control law generation. MATLAB simulation results for source voltage Vs, load current I,
source current Is, dc voltage Vqc for steady state as well as

dynamic condition of load under existing method has been presented in Fig. 6. The nature of the source
current without filter is exactly like load current. MAT- LAB simulation results for source voltage Vs,
load

current I, source current ls, dc voltage Vqc for steady

state, dynamic condition of load, parametric variation of HSAPF system under sliding mode controller-2
has been depicted in Fig. 7 and Fig. 8 respectively. From the simulation results, it is proved that the
THD response of sliding mode controller based HSAPF is smaller than the THD response of existing
technique based HSAPF. Simulation results under several system operating con- ditions 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

TABLE I: SYSTEM PARAMETERS USED FOR SIMULATIONG6 AND EXPERIMENT

Line voltz _
m"m = | V. =s0V(RMS), &=30Hz
Line mpedance | Ls = 0.5mH, A= = 0.10
Mon-linear
L=40mH, R = 1000, £.54
load impedance s -5

Zerles active Cr=60uF, Ls=1.35mH,
filter paramates] Oy = 2200uF, Vi =40V
Shimt pazzve
filtar parameater

L.=1.8emH, C.y=60uF

Fig. 6: (a) Steady state response of load current before compensation
(b) Steady state response of source current after compensation (c) Transient response of load current
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before compensation (d) Transient response of source current after compensation (e) Load voltage after
compensation (f) DC-link voltage for existing method (ideal sliding mode controller)

been analyzed here. In proposed controller the source current THD is reduced from 20.14% to 1.62%.
For 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, parametric
variation of HSAPF system case are approximately same but the HCR in transient case of non-linear
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%AfferCompenzation
THD(%)\EeforeCompensation

HCR = + 100%

Experimental Results

The proposed control algorithm has been implemented in real time on the hardware setup developed in
our laboratory. A prototype of the experimental setup is shown in Fig. 1. The efficacy of the proposed
scheme is compared with the existing method [15](Harmonic series compensators in power systems:
their control via sliding mode), in which instantaneous reactive power theory used as reference
generation process and ideal sliding mode controller with carrier based PWM is applied for switching
pattern generation. The demerit of this controller is switching frequency i.e. it require high
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Fig. 7: (a) Source voltage (b) Steady state response of load current before compensation (c) Steady state
response of source current after compensation (d) Transient response of load current before compen-
sation (e) Transient response of source current after compensation (f) Load voltage after compensation
(g) DC-link voltage (h) Three phase compensating voltage for proposed controller based HSAPF system
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Fig. 8: (a) Three phase source current after compensation for existing controller based HSAPF (b) Three
phase source current after compensation for proposed controller based HSAPF(c) Three phase load
voltage after compensation for existing controller based HSAPF

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

switching frequency to make the system more robust and stable but it produces more switching loss,
chattering and white gaussian noise. But in case of proposed approach, sliding mode controller-2 is
employed as voltage con- troller i.e. for switching pattern generation and HSRF method for reference
voltage generation in HSAPF. The experimental studies for both steady state and dynamic conditions are
performed and discussed in the following sections.

CASE-1: Balanced supply voltages with steady-state load condition:

The performance of the proposed HSAPF is verified through load impedance in initial case. A diode
bridge rectifier with a R-L load is selected as the test load to measure the operation of HSAPF for load
compensation.
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Fig. 9: Case-1a: (a) Three phase load current before compensation
(b) Three phase source current after compensation (c) Three phase load voltage before compensation (d)
Three phase load voltage after compensation (e) THD of source current after compensation (f) DC- link
voltage in the existing method
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Fig. 10: Case-1b: (a) Three phase source current after compensation
(b) Three phase load voltage before compensation (c) Three phase load voltage after compensation (d)
Compensating voltage for phase-a (e) THD of source current after compensation (f) DC-link voltage in
the proposed method The three phase load currents (ILa, Ib, ILc) before compensation are shown in Fig.
9a. The source current is found to be sinusoidal. The source current, load voltage and the reference
tracking behaviour of the compensating voltage for both the existing and proposed method has been
presented in Fig. 9 and Fig. 10 respectively.
CASE-2: Balanced supply voltages with steady-state load condition as well as changing HSAPF
parameters: In this case, the HSAPF parameters are changed from Cf =504 F, Lt = 0.35mH to Cs =
60 F,
Ls = 1.35mH. Under this condition, the performance
of the proposed controller has been verified with existing method through Fig. 12 and Fig. 11. It is seen
that in case of the proposed approach the source current are smooth

TABLE II: HARMONICS COMPENSATION EFFECT OF THE PROPOSED AND EXISTING
CONTROL STRATEGY IN HSAPF(EXPERIMENTAL)

HCR
Cases THD % phase-a source current (%)
Methods Before After
used comp. comp.
in HSAPF | THD (%) THD (%)
Proposed
Case-1 24.5 214 8.73
method
Exist 24.5 419 17.1
method
Case-2 Proposed 20.14 16 7.94
method
Exist
20.14 4.16 20.65
method
Case-3 Proposed 259 2.16 8.33
method
Exist
259 3.25 12.54
method
Case-4 Proposed 26.7 2.16 8.08
method
Exist
26.7 3.25 12.17
method
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Fig. 11: Case-2a:(a) Three phase source current after compensation
Load voltage before compensation (c) Load voltage after compen- sation (d) THD of source current after
compensation (e) Three phase compensating voltage (f) DC-link voltage in the exist method(ideal
sliding mode controller) and distortion less as compared to the existing method. Hence, the effective
harmonic compensation is more in case of proposed method. Also the THD response of source current
after compensation is superior in case of proposed method over existing method.
CASE-3: Balanced supply voltages with dynamic load condition:
The performance of the proposed HSAPF, assuming the balanced supply voltages, during a sudden load
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Fig. 12: Case-2b:(a) Three phase source current after compensation

(b) Three phase load voltage before compensation (c) Three phase load voltage after compensation (d)
Three phase compensating voltage THD of source current after compensation (f) DC-link voltage for
proposed method varying condition is illustrated in Fig. 13 and Fig. 14. To create dynamic condition, the
load is changed from (R = 100Q, L = 40mH) to (R =20, L = 10mH).

When the load change occurs, the compensating voltage quickly respond to changes to compensate the
harmonic voltage and current in the load, as shown in Fig. 13. Also, the compensated source current can
be viewed from Fig. 14a and Fig. 13b for both existing and proposed methods. As noticed, the HSAPF
system with proposed approach achieves better performances in comparison to existing one.
Furthermore, the dc link voltage in case of existing method settles to the reference value with a time
delay of 0.1s, while a delay of only 0.024s is possible for the proposed technique as illustrated in Fig.
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13d and Fig. 14c. Fig. 13 and Fig. 14 shows that the source current THD is effectively reduced from
25.9% to 2.16% and 3.25% in the proposed and existing method, respectively. Therefore this transient
event demonstrates the actual capability and enhance the performance of the proposed approach over

existing approach.

CASE-4: Unbalanced supply voltages with steady- state load condition:
In the previous cases, the supply voltages has been considered as sinusoidal and balanced, but this
voltage is considered as unbalanced in nature. To verify the effectiveness of the proposed control
algorithm under such condition, experiments have been carried out. The profiles for three phase supply
voltages and source currents are shown in Fig. 15 and Fig. 16 respectively. This Fig. 16 shows that, the
harmonic compensation per- formance of HSAPF has not deteriorated at unbalanced source voltage

condition and the source currents are also balanced. But, a small no. of flickers are observed
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Fig. 13: Case-3a: (a) three phase load current bafore compensation
(b) three phaze zource current after compensation (¢) three phaze load
voltage after compensation (d) de-link voltage (&) THD of zource
current after compensation (f) compenzating voltage for phase-a
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Fig. 14: Case-3b: (a) Three phase source cwrent after compensation
{(b) Three phase load voltage aftar compenzation (¢) DC-link voltage
(dy THD of zource current before compenszation (2) THD of zource
cwrent after compensation (f) Thres phase compensating voltage after
compenszation m the proposed method

in case of existing method. THD analysis for phase- a supply current shown in Fig. 15 and Fig. 16, the
proposed method has lower down the THD (i.e.2.16%) as compared to existing method (i.e. 3.25% )
whereas the load current is distorted with a THD factor of 26.7%.
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It is verified through experiments that the proposed controller based HSAPF has better steady state
perfor- mances as well as better dynamic responses as com- pared to existing approach. In addition, to
evaluate the robustness performance of the existing controller and the proposed controller assuming
previously mentioned four cases, HCR factors are calculated and summarized in Table. 11. The results of
Table. 11 demonstrate that in case of proposed approach, HCR factors are maintained nearly the same i.e.
8% and these factors are unaffected
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Fig. 15: Case-4a: (a) Three phase source voltage before compen-
zation (b) Three phass load current befora compensation (c) Thres
phasa source cwrent zfter compensation (d) Three phaze load voltage
after compensation {2) DC Imk voltage (f) THD of source currant after

compensation
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Fig. 16: Caze-4b: () Three phase source current after compensation

{(b) Three phase load voltage after compenszation (¢) DC-link voltaze

(d) THD of zource cumrent before compensation (2) THD of sourcs

cuwrrent after compensation (f) Compensatmg voltage with load current

and source current after compenzation m the propozad method
by any perturbations raised in load or source sides, such robustness can not be achieved by using
existing control strategy, in which HCR factor has been largely deviated in the presence of steady state
and parametric variation behaviour of the load. Thus, the superiority of the proposed algorithm over

existing method has been highlighted through all situations of power system perturbations.

CONCLUSIONS
In this paper, a new robust controller design for HSAPF has been presented. The control design is es-
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tablished by sliding mode controller-2 that derives the equivalent control law. This control law is very
much helpful for switching pattern generation. The robust-

ness of the proposed controller has been verified by analyzing the performance under steady state as
well as transient condition 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 behaviour, and reactive power compensation with dy- namically
varying load conditions. In the presence of an additive white noise, switching losses and distortion in
both source current as well as load voltage, SRF method is found to be the best one for reference
generation. Furthermore, the main feature of sliding mode controller- 2 is the variable structure control
method , which reduces tracking error distortion, suppress chattering, 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 non-linear load currents, maintain dc- link voltage
at steady state and helps in the correction of power factor of the supply side adjacent to unity. Simulation
and experimental results under several system operating conditions of load has verified the design
concept of the suggested sliding mode based HSAPF to be highly effective and robust.
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