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Abstract
A novel switching pulse generation methodology based on adaptive fuzzy hysteresis current controlled hybrid shunt active

power filter (A-F-HCC-HSAPF) is presented in this paper for compensating reactive power and harmonics in distribution

network. The harmonic problems are mainly evolved because of extensive use of nonlinear loads in industry and domestic

sectors. There are some adverse effects of harmonics such as: malfunctioning of sensitive equipment, resonance issues,

conductors heating, power losses and reduced efficiency in distribution system. To mitigate harmonics issues passive,

filters are used but when the harmonic component increases the design of passive filters is complex and becomes bulky.

With the advancement in power electronic, the active power filter has been designed. Generally, the rating of the active

filter is very high for some applications; hence hybrid shunt active power filter (HSAPF) is proposed by low-rated shunt

active power filter (SAPF) and low-cost shunt passive filter. Proportional-integral or fuzzy logic controller is used to

estimate the reference current and to regulate the dc capacitor voltage. To generate the switching pulse for the voltage

source inverter of the SAPF, a novel adaptive fuzzy hysteresis current controller (A-F-HCC) is adopted. The performance

of the proposed A-F-HCC-HSAPF is investigated during steady-state and transient conditions using MATLAB/Simulink

and real-time environments.

Keywords Adaptive fuzzy hysteresis current controller � Harmonic compensation hybrid shunt active power filter �
Power quality

1 Introduction

Nowadays the improvement in power quality (PQ) is an

important challenge in the field of power distribution sys-

tem. Generally, the devices used in the load end such as

switched mode power supply (SMPS), arc furnaces, unin-

terruptible power supply (UPS), adjustable speed drives

(ASDs), and other power electronic devices are nonlinear

in characteristics. These loads are the cause of different PQ

problems including harmonics in source/load voltages and

currents which badly affect the system efficiency, security,

and reliability [1]. Therefore, many research works are

carried out using different custom power devices (CPD) for

improving the PQ of the system. The simplest and eco-

nomical solution is the use of passive filters (PFs) [2] for

PQ improvements. But, the PFs are sometimes become

ineffective due to their large size, tuning and resonance

issues, and fixed compensation characteristics [3]. There-

fore for overcoming these issues, a new power electronics-

based device called active power filters (APFs) is devel-

oped. APF injects the compensating current with equal

magnitude and opposite sign in order to cancel out the

harmonics to improve power quality [4, 5].

A series APF that compensates distortions in load

voltage and current, by using an integrated quality con-

troller (IQC), is presented in [6]. Authors in [7] eliminate

the load current harmonics by using different inverter-

based APF. The capability of APF depends upon the fast-

ness and accuracy in generating the reference current and
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switching pulses to the inverter. Hence, researchers have

proposed many harmonics extraction techniques like d-q,

p-q theory [8–11], adaptive filter [12], wavelet transform

(WT) [13] and artificial neural network (ANN) [14] for

improvement in power quality. But, the cost and rating of

APF may increase with the increase in higher-order har-

monics. Therefore, hybrid filter is designed by combining

both passive and active filters to further enhance the

compensation objective [15, 16].

In [17], the authors proposed a predictive direct power

control technique to design SAPF for power quality

improvement. Wiener filter with adaptive least mean

square (ALMS)-based estimation is presented in [18] for

compensation of harmonics. The authors in [19] have

presented a fuzzy predictive control technique to mitigate

harmonics. A new synchronous reference frame-based

power angle control (SRF-PAC) technique [20] is sug-

gested to design unified power quality controller (UPQC)

for efficient mitigation of harmonics. In [21], the authors

proposed a robust extended Kalman filter (REKF) for

estimation of harmonics. A dual p-q theory-based harmonic

estimation technique is discussed in [22]. Again, hysteresis

current control (HCC), sinusoidal pulse width modulation

(SPWM) and space vector pulse width modulation

(SVPWM) techniques in SAPF are implemented for

improving power quality [23]. A sliding mode control

(SMC)-based APF is proposed for compensation objectives

[24]. A modified SMC is presented using fuzzy logic

control (FLC) for harmonics mitigation [25]. The authors

in [26] suggested a particle swarm optimization (PSO) and

fuzzy logic controller for designing SAPF and adaptive

sliding mode control-based neural network (ASMC-NN)

[27] for PQ improvements are proposed by researchers. A

fuzzy-PI-based current control algorithm is presented in

[28], while FLC with PWM is presented in [29] for

improvements of harmonics. Among the several current

control algorithms, the HCC technique [30] provides

quicker current controllability, faster response, peak cur-

rent limiting capability and simple execution. However, the

drawback of HCC is that, the variation of switching fre-

quency is within a particular band which is unequal. To

overcome these restrictions, an adaptive hysteresis current

controller (AHCC) [31] is developed where the hysteresis

band can be changed according to the parameters of supply

and load to optimize the performance of the PWM inverter.

But, the switching frequency in AHCC is very high due to

which more switching loss will occur in the network.

Hence, a novel A-F-HCC technique [31] is proposed in

this paper for regulating the modulation frequency, to

reduce the switching loss, and hysteresis band can be made

adaptive. The hysteresis bandwidth is calculated by FLC in

the proposed method. Again, the voltage across dc link

capacitor is regulated using PI or FLC [32, 33] for

extracting the amplitude of reference current. Compared to

PI, the FLC is more robust [34] and does not need very

detailed modeling for handling the uncertainty and non-

linearity. Extensive simulation and real-time experiments

are carried out to test the robustness of the proposed

SHAPF under different loading conditions.

In this paper, Sects. 2 and 3 provide the description of

shunt passive and active filters, respectively. Section 4

presents precise strategy of the proposed HSAPF. The

different control strategies to extract the reference current

for SAPF are described in Sect. 5. Case studies using

simulations and experiments are presented in Sect. 6, and

conclusion is given in Sect. 7.

2 Shunt passive filter system

Shunt active filters provide a better solution for the har-

monic mitigations. But, as the cost of the APF is higher,

shunt passive filters are being used for many applications

for providing a cost effective solution for harmonic miti-

gations. The passive filter connected in shunt has the ability

to eliminate 5th-, 7th-, 11th-order harmonics. In this work,

single-tuned 5th and 7th harmonic filter and double-tuned

11th and 13th harmonic filter are considered for designing

the shunt passive filter (SPF). The single-line diagram of

the SPF is displayed in Fig. 1. The design of single-tuned

SPF and double-tuned SPF is discussed in the following

subsections.

Fig. 1 Single-line diagram of the shunt passive filter
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2.1 Design of single-tuned shunt passive filter
(STSPF)

The impedance of a single-tuned filter is calculated as

follows:

Zfilter ¼ Rþ j xL� 1

xC

� �
ð1Þ

Tuning frequency ftuned of the filter is given in (2)

ftuned ¼
1

2p
ffiffiffiffiffiffiffi
LC

p ð2Þ

In (3), VLL and kVARfilter represent the rated line voltage

and filter reactive power capacity, respectively. Firstly, the

capacitor size is defined for a power factor of desired value

at rated line voltage and then the reactance value is cal-

culated using (3).

Xc ¼
V2
LL

kVARfilter

ð3Þ

The mathematical formula for the quality factor Q is

given in (4) from which it is clear that Q decides the filter

resistance value. Then, Eq. (5) provides the parallel reso-

nance frequency which is less than the tuning frequency

where Ls is the source inductance.

Q ¼
ffiffiffiffiffiffiffi
LC

p

R
ð4Þ

fresonance ¼
1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ðLs þ LÞC

s
ð5Þ

2.2 Design of double-tuned shunt passive filter

The tuned frequencies x1 and x2 are chosen first in the

design of double-tuned filter for a specified system voltage

V and reactive power Q and then the parallel resonance

frequency xp is chosen in between the tuned frequencies.

Next, the series resonance frequency xs is evaluated from

(6).

xs ¼
x1x2

xp

ð6Þ

Neglecting dielectric losses in the capacitor and reac-

tor’s resistance, the value of C1 is evaluated as:

C1 ¼

xf

xp

x1x2

� �2

� 1

xf

þ

xf x2
1 þ x2

2 � x2
p

� �
xp � x2

1x
2
2

x2
1x

2
2ðx2

px
2
s Þ

0
@

1
A

0
BBBBB@

1
CCCCCA

V

Q
ð7Þ

wherein xf is the fundamental angular frequency and by

solving Eq. (7), L1 is evaluated as per (8):

L1 ¼
xp

x1x2

� �2
1

C1

ð8Þ

The value of capacitor C2 is

C2 ¼ C1

x2
1 þ x2

2 � x2
p

x2
s

 !
� 1

 !
ð9Þ

After evaluating the values of C1 and C2, the reactor L2
is calculated from (10)

L2 ¼
1

x2
pC2

¼ 1

x2
pC1

x2
1 þ x2

2 � x2
p

x2
s

 !
ð10Þ

This is how the different parameters of the passive filter

are evaluated for harmonics compensation.

3 Shunt active power filter system

The basic configuration of the SAPF is depicted in Fig. 2

where the SAPF filter is connected to the distribution

system at the point of common coupling (PCC) through the

filter inductance Lc. The function of Lc is to filter out the

distortions due to the inverter switching. A compensating

current, of same magnitude and opposite sign, is injected

by the filter at the PCC to cancel out the harmonic contents,

The source current is expressed as:

isðtÞ ¼ iLðtÞ � icðtÞ ð11Þ

The source voltage is given by:

VsðtÞ ¼ Vm sinxt ð12Þ

If the load current is distorted, it can be expressed as:

Fig. 2 Basic configuration of SAPF
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iL tð Þ ¼
X1
n¼1

In sin nxt þ /nð Þ

¼ I1 sin xt þ /1ð Þ þ
X1
n¼2

In sin nxt þ /nð Þ
 !

ð13Þ

The power across the load is expressed as:

pL tð Þ ¼ vs tð Þ � iL tð Þ ¼ VmI1 sin
2 xt � cos/1

þ VmI1 sinxt � cosxt � sin/1

þ Vm sinxt �
X1
n¼2

In sin nxt þ /nð Þ
 ! ð14Þ

pL tð Þ ¼ pf tð Þ þ pr tð Þ þ ph tð Þ: ð15Þ

here pL tð Þ consists of harmonic power ph tð Þ, fundamental

reactive power pr tð Þ and active power pf tð Þ. From (14), the

fundamental real power across the load is derived by

pf tð Þ ¼ VmI1 sin
2 xt � cos/1 ¼ vs tð Þ � is tð Þ: ð16Þ

For converting the source current is tð Þ to pure sinusoidal

form so as to make it in phase with the voltage, the SAPF

provides the required reactive power compensation for

which the three-phase source currents is given by

i�sa tð Þ ¼ pf tð Þ
vs tð Þ

¼ I1 cos/1 sinxt ¼ Imax sinxt: ð17Þ

where Imax ¼ I1 cos/1:

Similarly,

i�sb tð Þ ¼ Imax sin xt � 120�ð Þ: ð18Þ

i�sc tð Þ ¼ Imax sin xt þ 120�ð Þ: ð19Þ

PI or FLC is used for regulation of dc link capacitor

voltage of the inverter which in turn estimate the reference

current Imax [32, 33].

4 Hybrid shunt active power filter (HSAPF)

HSAPF topology is designed by using a low-rated SAPF

and a low-cost shunt passive LC filter. The proposed

HSAPF has the merits of both active and passive filters,

and eliminates the disadvantages of pure active and passive

filters. Schematic diagram of HSAPF is shown in Fig. 3.

The shunt-connected LC passive filter is comprised of

single-tuned 5th and 7th harmonic filters and double-tuned

11th and 13th harmonic filters. The filtering characteristic

is not satisfactory when passive filter is connected alone.

Thus, APF is inserted into the existing passive filter con-

figuration to improve the overall performance. SAPF

operates as a current controlled voltage source and injects

the compensation currents into the system. If only active

filter is used, then the power rating required for PWM

converter is more. Hence, a hybrid combination of passive

and active filters is used to mitigate the principal har-

monics. To minimize the initial cost of the converter,

power MOSFETs are used instead of IGBTs to form the

PWM converter for low voltage applications. In this paper,

compensation of harmonics and improvement in power

factor is considered as the main objectives.

5 Control of SAPF

The basic configuration of the control strategy used for

SAPF is depicted in Fig. 4. The proposed control structure

can be divided into two parts out of which first one is

extraction of reference current which is done by dc link

capacitor voltage regulation using PI or FLC. The second

part is the generation of switching pulse by PWM tech-

nique using fixed hysteresis, adaptive hysteresis and

adaptive fuzzy hysteresis controller.

5.1 Extraction of reference current

SAPF compensates the distortions in the source current so

that it can be in phase with the supply voltage without

depending on the load current characteristics. Hence, in

this method, the main currents are evaluated by calculating

the three phase supply current:

i�sa tð Þ ¼ Imax sinxt

i�sb tð Þ ¼ Imax sin xt � 120�ð Þ
i�sc tð Þ ¼ Imax sin xt þ 120�ð Þ

ð20Þ

In this equation, the peak value of the source current

Imax and the phase are calculated. The phase of the source

current is evaluated from the supply voltage and thus only

the peak value Imax has to be calculated using PI or fuzzy

logic controllers by the regulation of the voltage of the dc

link capacitor.

There are two basic functions of the dc link capacitor of

the inverter. During the steady state operation, it controls

the dc link voltage with negligible distortions and during

the transient operating conditions; it supplies the deficiency

in the real power. During the steady state, the dc link

capacitor voltage is maintained constant at the reference

value because the supply and the real power demand are

same. But, the balance between the supply and demand is

affected by any sudden load switching or transient, thereby

forcing the dc link capacitor to supply the deficient power.

During such conditions, the capacitor voltage deviates from

the desired reference value. To stabilize the voltage, supply

current and hence the real power changes so that a balance

between supply and load is maintained. Once the transient

is over, the capacitor regains its original reference to reach
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a new steady state. Hence, it is important to estimate Imax to

stabilize voltage across the dc link capacitor. With the

above concept, it is easier to design the control circuit

independent of the load current parameters. Hence, refer-

ence current is extracted using the conventional PI and the

Fig. 3 Schematic diagram of

HSAPF

Fig. 4 Configuration of the

control strategy for SAPF
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proposed FLC for simpler implementation requiring less

hardware circuitry.

5.1.1 PI controller

The input to the PI controller is the voltage error signal (e)

between Vdc and Vdc;ref , the actual and reference voltages of

the dc link capacitor, respectively.

e ¼ Vdc;ref � Vdc ð21Þ

To attenuate the harmonic components, the error signal

e is passed through a low pass filter. The transfer function

of the error signal is given as [31]:

H sð Þ ¼ Kp þ KI=s ð22Þ

The proportional and integral gains Kp and KI are

evaluated using (23) and (24), respectively, where n
(= 0.707) is the damping ratio and xn is the undamped

frequency. The proportional and integral controllers elim-

inate the steady state error and the settling time of the dc

link capacitor voltage. The PI controller is used to control

the dc link capacitor voltage and estimates the peak current

Imax. Then, Imax is multiplied with the reference currents to

produce the required gating pulse to the switches for

injecting the compensating current at PCC.

Kp ¼ 2 � n � xn � C ð23Þ

KI ¼ xn=2 � n: ð24Þ

5.1.2 Fuzzy logic controller (FLC)

The basic block diagram of the FLC for SAPF is depicted

in Fig. 5. Vdc and Vdc;ref are sensed and compared to design

the FLC for a SAPF. The error e nð Þ ¼ Vdc;ref � Vdc and

change in error ce nð Þ ¼ e nð Þ � e n� 1ð Þ signals are used as

inputs to the FLC.

FLC is designed as follows:

(a) For each input and output variables, seven fuzzy sets

(ENB, ENM, ENS, EZE, EPS, EPM, EPB) are

defined.

(b) Triangular membership functions are selected.

(c) With the help of continuous universe of discourse,

fuzzification is done.

(d) Mamdani-type minimization operator is used.

(e) Height method is used for defuzzification.

Fuzzification

From Fig. 5, the change in error and error, i.e. ce(n) and

e(n), are used input to the fuzzification process. Here, the

numerical variables are converted to linguistic variables

such as Error Negative Big (ENB), Error Negative Medium

(ENM), Error Negative Small (ENS), Error Zero (EZE),

Error Positive Small (EPS), Error Positive Medium (EPM)

and Error Positive Big (EPB). Figure 6 gives the normal-

ized triangular membership functions (MFs) used in

fuzzification.

Rule evaluator

For evaluation of fuzzy set rules, some basic fuzzy logic

operations, AND (\) for intersection, OR ([) for union and

NOT (-) for complement, are used and defined as:

Intersection: AND: lA\B ¼ min lA Xð Þ; lB vð Þ½ �
Union: OR: lA[B ¼ max lA Xð Þ; lB vð Þ½ �
Complement: NOT: lA ¼ 1� lA vð Þ.

Defuzzification

The output generated by fuzzy logic rules are in lin-

guistic variables and are converted to crisp values for real

time requirements. This conversion procedure has to be

conciliation between precision and intensity for

computation.

Rule and data base

The description of the triangular MF is stored in the

database that will be used by defuzzifier and fuzzifier. All

the linguistic rules are kept in the rule base for designing

FLC. All the 49 rules are formulated based on the expert’s

knowledge and depicted in Table 1.

The output of the FLC (i.e. Imax) and unit template

reference currents are multiplied to generate the required

reference current for mitigation of harmonics.

Fig. 5 Fuzzy logic controller

for SAPF
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5.2 PWM switching pulse generation/PWM
current controller

The PWM current controller design decides the perfor-

mance of the SAPF. When compared with other techniques

such as SPWM and triangular current controller [34] for

SAPF, Hysteresis Current Controller (HCC) has proven to

be more suitable because of its merits like rapid current

controllability, unconditional stability, fast response, good

accuracy and simple in implementation [23]. The following

subsections describe the fixed hysteresis, adaptive hys-

teresis and adaptive fuzzy hysteresis current controller for

SAPF.

5.2.1 Fixed hysteresis current controller (FHCC)

The switching pulses generated by FHCC for SAPF are

shown in Fig. 7 where Iref and Iactual are the reference and

actual current, respectively. They are compared, and the

error is used to produce the gate pulse of the inverter. In a

hysteresis controller, if the error signal is greater than

upper band limit, the upper switch is made off and the

actual current starts decreasing. If error is more than the

lower band limit, the upper switch is made on and the

actual current starts increasing. The switching logic of the

upper switch is expressed in (25).

S ¼ OFF if Iactual [ Iref þ HB

ON if Iactual\Iref þ HB

� �
ð25Þ

In spite of many advantages, the main shortcoming of

this control scheme is irregular switching frequency that

causes audio frequency noise making the design of filter bit

difficult [35].

The efficiency and reliability of the SAPF gets affected

by this unpredictable switching frequency. The demerits of

fixed hysteresis can be overcome by adaptive HCC where

the bandwidth changes as per the variation in the instan-

taneous compensation current.

5.2.2 Adaptive hysteresis current controller (A-HCC)

The structure of the A-HCC is shown in Fig. 8. The switch

Q1 is turned ON and Q4 is turned OFF when the current Ia
touches the lower hysteresis band. Hence, the current starts

increasing when it touches the upper hysteresis band for

which Q4 is ON and Q1 is OFF. Thus, the current starts

decreasing touching the lower hysteresis band and the

process repeats. During switching, t1 and t2 are evaluated

using the following equations [36, 37].

diþa
dt

¼ 1

Lc
0:5Vdc � Vsð Þ ð26Þ

di�a
dt

¼ � 1

Lc
0:5Vdc � Vsð Þ ð27Þ

Now, we can write

diþa
dt

t1 �
di�a
dt

t1 ¼ 2HB ð28Þ

di�a
dt

t2 �
di�a
dt

t2 ¼ �2HB ð29Þ

t1 þ t2 ¼ Tc ¼
1

fc
ð30Þ

where fc is the modulating frequency and t1; t2 are the

switching interval, respectively. Adding (28) and (29) and

substituting in (30), we get

diþa
dt

t1 þ
di�a
dt

t2 �
1

fc

di�a
dt

¼ 0 ð31Þ

Subtracting (29) from (28), we get

diþa
dt

t1 �
di�a
dt

t2 � t1 � t2ð Þ di
�
a

dt
¼ 4HB ð32Þ

Putting (27) in (32)

(a)

(b)

Fig. 6 a MF for e and ce (input variables), b MF for dImax (output

variable)

Table 1 Rule base table

e ce ENB ENM ENS EZE EPS EPM EPB

ENB ENB ENB ENB ENB ENM ENS EZE

ENM ENB ENB ENB ENM ENS EZE EPS

ENS ENB ENB ENM ENS EZE EPS EPM

EZE ENB ENM ENS EZE EPS EPM EPB

EPS ENM ENS EZE EPS EPM EPB EPB

EPM ENS EZE EPS EPM EPB EPB EPB

EPB EZE EPS EPM EPB EPB EPB EPB
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t1 þ t2ð Þ di
þ
a

dt
� t1 � t2ð Þ di

�
a

dt
¼ 4HB ð33Þ

Putting (27) in (31) and after simplification

t1 � t2 ¼
di�a
	
dt

fc diþa
	
dt


 � ð34Þ

Putting (34) and (26) in (33), simplifying we get

HB ¼ 0:125Vdc

fcLc
1� 4L2c

V2
dc

Vs

Lc
þ m

� �2
" #( )

ð35Þ

Here, fc is the modulating frequency and slope of ref-

erence current is represented by m ¼ di�a
	
dt. This con-

troller keeps the modulating frequency fc nearly constant

by changing the hysteresis bandwidth (HBW) at various

points of fundamental frequency which in turn improves

the switching of the inverter. From (35), it is clear that the

HBW is a function of supply voltage, modulation

frequency fc, dc link capacitor voltage Vdc and the slope of

reference compensating current m. Adaptive HBW calcu-

lation block diagram is given in Fig. 9.

5.2.3 Adaptive fuzzy hysteresis current controller (A-F-HCC)

From Fig. 10, it is observed that the FLC is used for

extremely efficient calculation of hysteresis bandwidth

HBW0 in the proposed A-F-HCC. The difference between

A-HCC and A-F-HCC is that, in A-HCC, the hysteresis

bandwidth (HBW0) is evaluated based on Eq. (35), but the

same bandwidth HBW in A-F-HCC is used as error signal

E (HBW0) and change of error signal CE(HBW) for fuzzy

logic processing. From Fig. 10, fuzzy logic controller

output HBW0 is the adaptive fuzzy hysteresis current

controller bandwidth. The fuzzy logic rules needed by the

rule evaluator are stored as linguistic variables. To calcu-

late the necessary bandwidth HBW0 in this adaptive fuzzy

Fig. 7 Fixed-hysteresis band

current controller

Fig. 8 Adaptive hysteresis

current controller (A-HCC)
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hysteresis current controller, 49 rules are formulated and

are given in Table 1. The HBW0 is calculated by the pro-

posed A-F-HCC is supposed to maintain a constant mod-

ulation frequency fc. This A-F-HCC improves the

performances of the HSAPF by reducing losses in the

switching of the inverter to a large extent.

6 Results analysis

The investigations of the performance of proposed HSAPF

are presented in this section under steady state and transient

operating scenarios.

6.1 Simulated result analysis

In this case study, a shunt passive filter is designed based

on the characteristic of the load. For better harmonic fil-

tering, a SAPF is appended to the existing shunt passive

filter system. A MOSFET-based inverter is modeled for

SAPF, and a capacitor is connected on its dc side for

energy storage during transients. The control of the APF is

done by dc link capacitor voltage regulation using PI or

fuzzy logic controller. The switching pulse is generated by

three different techniques such as HCC, A-HCC and A-F-

HCC. For designing the passive filters, the reactive power

requirement is taken as 2kVAR which is divided as

1000VAR for single-tuned 5th harmonic filter and

500VAR each for single-tuned 7th harmonic filter and

double-tuned filter. A 3-Ø bridge rectifier with R-L load on

its DC side is taken as the nonlinear load. Actually, when

the load is diode rectifier, it does not require much reactive

power, but for design purpose it is taken as such. The

proposed power system incorporated with HSAPF model is

developed in Matlab/Simulink. The various parameters of

the hybrid filter system are tabulated in Table 2. First, the

power system with the nonlinear load simulated without

any filter and the wave shape of the load current along with

its harmonic spectrum is depicted in Fig. 11. The load

current is observed to be distorted having a total harmonic

Fig. 9 Block diagram for

adaptive HBW calculation

Fig. 10 Structure of the

proposed A-F-HCC
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distortion (THD) of 25.14% with dominant 5th, 7th, 11th

and 13th harmonics. For the same load, analysis is per-

formed in two different cases; Case I: when passive filter is

connected alone and Case II: when both passive and active

filters (HSAPF) are connected together.

Case I When passive filter is connected alone.

In this case study, the harmonic mitigation is analyzed

when shunt passive filter is incorporated with the power

system. The source current and its frequency spectrum is

depicted in Fig. 12 from which it is analyzed that the THD

is decreased from 25.14% to 17.50% and the harmonic

contents are reduced with the effect of the passive filter.

The source voltage, current, load current and the filter

current are depicted in Fig. 13.

Case II When hybrid filter is connected.

The mitigating ability of the hybrid filter consisting of

both active and passive filters is presented here in this case

study. The compensation by SAPF is achieved by the

estimation of reference current effectively by using PI or

FLC and the PWM switching pulse generation by using

HCC or A-HCC or A-F-HCC techniques. In fixed hys-

teresis, the switching losses are very high and thus to

overcome this and improve the PWM performance, a new

A-F-HCC concept is used here to calculate the hysteresis

bandwidth by FLC.

The wave shape of the source current along with its

harmonic spectrum using A-F-HCC-HSAPF is shown in

Fig. 14. From Fig. 14a–b, it is clear that THD is decreased

from 17.50 to 2.25% and from 17.50 to 2.15%, respectively

by using PI- and FLC-based HSAPF. Figure 15 presents

the load current, source voltage, current, active and passive

filter currents and the dc link voltage using the proposed

A-F-HCC-based passive, active and HSAPF at steady state.

From Fig. 15a, the source voltage is analyzed to be bal-

anced because of the action of the passive filter. Figure 15b

shows the source current without compensation or the load

current. The injected passive filter current to the PCC is

shown in Fig. 15c. Balanced and sinusoidal source current,

injected current from the filter and the regulated dc side

capacitor voltage is depicted in Fig. 15d–f and g–i,

respectively, using A-F-HCC-based active and HSAPF.

From Fig. 15f and i, it is shown that the capacitor voltage is

regulated at 680 V and the proposed A-F-HCC-HSAPF

decreases the settling time and percentage overshoot as

compared to that of PI-based HSAPF. The settling time (ts)

Fig. 11 Wave shape of the load

current along with its harmonic

spectrum without any filter

Table 2 Parameters of hybrid filter

Parameters Values

Source voltage (Vrms) 230 V

System frequency (f) 50 Hz

Source impedances

Resistance (Rs) 0.1 X

Inductance (Ls) 0.5 mH

Nonlinear load

Diode rectifier 6-diode

Resistance (RL) 40 X

Inductance (LL) 100 mH

Shunt active power filter

Power converter 6-MOSFETs/6-diodes

Filter resistance (Rc) 0.4 X

Filter inductance (Lc) 1.35 mH

DC link capacitance (Cdc) 2000 lF

Reference voltage (Vdc,ref) 680 V

Shunt passive power filter

5th harmonic filter kVAR = 1, quality factor Q = 50

7th harmonic filter kVAR = 0.5, quality factor Q = 50

11th and 13th harmonic filter kVAR = 0.5, quality factor Q = 50

PI controller KP = 0.35, KI = 15
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and percentage overshoot (%OS) of the dc link capacitor

voltage are calculated under different PWM current control

methods and are given in Table 3.

Figure 15j displays the voltage and current of phase-a in

which the proposed A-F-HCC-HSAPF performs power

factor improvements and simultaneously reduces the

reactive power supplied from the source that improves the

PQ of the system. Real power (P), reactive power (Q) and

the power factor (CosØ) of the system are represented in

Table 3 for different filters. Comparison of THD values is

given in Table 3 from which it is analyzed that the THD in

the case of the proposed A-F-HCC-HSAPF is reduced to

2.15% as compared to that of the other filters.

6.1.1 Dynamic response of A-F-HCC-HSAPF system

To test the dynamic behavior of the A-F-HCC-HSAPF, a

load change is applied in the simulation at 0.15 s (load is

increased) and 0.3 s (load is decreased). At t = 0.15 s, the

capacitor voltage is dropped when the load current is

suddenly increased from 16.5 amps (peak value) to 30.00

amps and is recovered by the increase in the source current

eventually. The transient response at this condition is

Fig. 12 Wave shape of the

source current and its harmonic

spectrum using only passive

filter

Fig. 13 Various waveforms

using only passive filter
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depicted in Fig. 16. For verifying the switch in response of

A-F-HCC-HSAPF, the passive filter is connected in the

line at 0.1 s and the active filter is connected at 0.2 s and

the corresponding response is depicted in Fig. 17.

From Fig. 16, it is analyzed that the filter is effectively

tracking the load changes and settled at a new steady state

value. It is seen from the obtained results that APF is set-

tling within 80 ms which is within four cycles. The active

filter is generating a new filter current so that the source

current becomes sinusoidal. Similar response is obtained

when the active filter is switched at 0.1 s which is dis-

played in Fig. 17.

6.2 Experimental result analysis

The experiment setup to test the proposed A-F-HCC-

HSAPF in the laboratory is shown in Fig. 18a. A model of

SHAPF with 3 kW load is developed experimentally in

laboratory for testing the performance of the proposed

controller under different operating scenarios. A real-time

digital signal processing device (dSPACE, DS1103) is used

along with CP1103 for signal analysis of the control

algorithm. For designing the SHAPF system, SEMIKRON

inbuilt IGBT-based inverter stack with all the supporting

equipments is utilized. The voltages at the PCC, DC link

and supply side is measured with the help of Hall Effect

voltage (LV-25) sensor while the load point and source

point currents are measured by the current sensors (LA-

55p). These signals are being passed through the ADCs of

DSP. The control signals produced by different controllers

are fed through the IGBT’s driver circuit. The recording

and analyses of the signals are done with the help of Fluke

power quality analyzer and digital storage oscilloscope

(DSO). The specifications of the hardware components are

given in Table 4.

Fig. 14 The wave shape of the

source current along with its

harmonic spectrum for HSAPF

system a A-F-HCC with PI,

b A-F-HCC with FLC
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Fig. 15 Wave shape of A-F-

HCC-HSAPF system at steady

state a source voltage, b source

current, c passive filter current

using passive filter, d source

current, e active filter current

f dc link voltage using active

filter, g source current h filter

current, i dc link voltage using

hybrid filter, j source voltage/

current after compensation

using proposed hybrid filter

Table 3 Various results under

different condition
Different condition ts (s) OS (%) P (kW) Q (VAR) cosØ THD (%)

Without any filter – – 8.609 581.3 .9673 25.1

With passive filter – – 8.372 - 1572 .9679 17.5

HCC-PI-HSAPF .11 8.66 8.772 30.12 .9891 3.48

HCC-F-HSAPF .10 8.34 8.997 34.67 .9912 3.07

A-HCC-PI-HSAPF .09 7.93 9.013 20.11 .9918 2.93

A-HCC-F-HSAPF .09 7.81 9.114 20.34 .9908 2.60

A-PI-HCC-HSAPF .07 7.69 9.334 17.65 .9988 2.25

A-F-HCC-HSAPF .06 7.69 9.500 14.99 .9990 2.15
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Figure 18b–e shows the three-phase source voltage,

current, its harmonic spectrum and the performance

parameters, respectively, without any filter. Figure 18b, c

shows the three-phase source voltage, current are non-

sinusoidal in nature because of the load nonlinearity.

Frequency spectrum as shown in Fig. 18d consists of

significant 5th, 7th, 11th and 13th harmonics and hence

the THD of the three-phase currents are found to be

29.2%, 28.4%, 27.8%, respectively, for phases a, b, c,

respectively. The power and power factor before filtering

are depicted in Fig. 18e. Now to improve the system

performance, A-F-HCC-HSAPF is connected to the sys-

tem. Figure 19a and b gives the three-phase source current

of the hybrid filter system and the harmonic spectrum of

phase-a current, respectively. THD of the source current is

observed to be decreased from 29.2 to 3.3% because of

the compensating action of the proposed SHAPF. The

filter current is presented in Fig. 19d. Further, the active,

reactive powers, power factor (p. f.) and other perfor-

mance parameters are shown in Fig. 19c. Here, the power

factor is improved to 0.99 in the case of the proposed

filter as compared to that without filter case with p. f. of

0.95.

7 Conclusion

In this research work, to test the robustness of the proposed

fuzzy and conventional PI-based HSAPF, different case

studies are performed under different scenarios. The

Fig. 16 Dynamic response of

A-F-HCC-HSAPF for load

change
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harmonic compensation performance is not satisfactory in

the case of only passive filter as the THD is 17.50% in

comparison to 25.14% in the case without any filter. Hence,

SAPF is appended to the existing passive filter to design

HSAPF. The estimation of reference current and regulation

of voltage across dc link capacitor are done using PI or

FLC. A-F-HCC is employed for generating the switching

pulse of inverter. This technique is proposed in this paper

for regulating the modulation frequency, to reduce the

switching loss and to design an adaptive hysteresis band.

Simulation and real-time case studies are carried out to

investigate the mitigating capability of the proposed and

other filters. From the result analysis, it is observed that the

proposed A-F-HCC-HSAPF provides the enhanced har-

monic compensation performance and minimum THD

under all operating scenarios. It is within the IEEE-519

standard which is less than 5%.

In the future study, the stabilization of the dc link

capacitor voltage can be achieved by connecting renewable

energy resources such as solar PV, wind along with storage

systems like battery, flywheel and ultra capacitors. The

estimation of the reference can be done using some

advanced nonlinear techniques like extended Kalman and

adaptive filters for generating the suitable switching pulses

to the inverters for achieving improved harmonics mitiga-

tion objective.

Fig. 17 A-F-HCC-HSAPF

systems switch in response
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Fig. 18 a Hardware

experimental setup, b source

voltage, c source current,

d THD of phase-a source

current, e performance

parameters without any filter

Table 4 Experimental parameters

Parameters Value

Line voltage, frequency 415 V, 50 Hz

Line, load impedances Ls = 0.15 mH, Lac = 1.5 mH, RL = 60 X, L = 10 lF; (R1 = 2 X, R2 = 4 X, R3 = 6 X)

Tuned passive filter Cf5 = 50 lF; Lf5 = 8.10 mH; Cf7 = 20 lF; Lf7 = 8.27 mH; Cf11 = 20 lF; Lf11 = 8.30 mH

APF CD = 1500 lF; VD = 750 V

Coupling inductance 5 mH

PI gains KP = 0.5, KI = 0.1

d-SPACE parameters (dSpace-DS1103) Connector panel module—CP1103

MOSFET modules—SKM75GB123D

MOSFET drivers as SKHI 22AR

voltage and current sensors: (LV-25 and LA-55p)

PQ analyzer (Fluke 43 B)
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