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ABSTRACT:- Most of the pollution issues created in power systems are due to the non-linear
characteristicsand fast switching of power electronic equipment. Dueto this har monics are produced and
reactive power compensation isrequired, so that system efficiency islessand power factor is poor. Active
power filters have been developed over the years to solve these problems to improve power quality.
Among which shunt active power filter is used to eliminate and load current harmonics and reactive
power compensation. In this work both Pl controller based and fuzzy logic controlled, three-phase shunt
active power filter to compensate harmonics and reactive power by nonlinear load to improve power
quality is implemented for three-phase three wire systems. The advantage of fuzzy control is that it is
based on linguistic description and does not require a mathematical model of the syssem. A MATLAB
program has been developed to smulate the system operation. Various simulation results are presented
under steady state conditions and performance of fuzzy and PI controllers is compared. Simulation
results obtained showsthat the perfor mance of fuzzy controller isfound to be better than PI controller.

Keywords:-Active power filter, Pl controller, Fuzzy logic controller(FLC), Harmonic distortion

. INTRODUCTION

In modern electrical distribution systems there esn a sudden increase of single phase and thessmon-
linear loads. These non-linear loads employ saéitespower conversion and draw non-sinusoidal atsrigom
AC mains and cause harmonics and reactive powelebyand excessive neutral currents that respliblintion
of power systems. Pollution has been introduntm power systems by nonlinear loads such asfamsrs
and saturated coils.Due to its nonlinear charasttesi and fast switching, PE create most of th&upoh issues.
Most of the pollution issues are created due tanthrdinear characteristics and fast switching of PErease in
such non linearity causes different undesirableufea like

* Low system efficiency

e Poor power factor

» Causes disturbance to other consumers and

» Interference in nearby communication networks
The effect of such non-linearity may become sizeabler the next few years. Hence it is very imptrta
overcome these undesirable features. Active pditers have been developed to overcome these @nabl
Shunt active filters based on current controlled NP\tbnverters are seen as viable solution. Theretaoe
approaches to the mitigation of power quality peoi. The first approach is called load conditioninbich
ensures that the equipment is made less sensitipower disturbances, allowing the operation evedeu
significant voltage distortion. The other solutig to install line-conditioning systems that supgsreor
counteract the power system disturbances. Pagtimes fhave been most commonly used to limit tlosvfof
harmonic currents in distribution systems. Theyuseally custom designed for the application. Hoavetheir
performance is limited to a few harmonics, andtbay introduce resonance in the power system. Antibeg
different new technical options available to impegwower quality, active power filters have provedoe an
important and flexible alternative to compensate dorrent and voltage disturbances in power distidn
systems.
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he active power filter topology can be connecteddries for voltage harmonic compensation ar
parallel for current harmonic compensation. Mostged current harmonic compensation, so the shuivie:
filter is used than series active filter. The nt active power filter has the ability to keep tim@ins curren
balanced and sinusoidal after compensation regarddé whether the load is r-linear and balanced i
unbalanced.
Recently, fuzzy logic controllers (FLC's) have geated a goodeal of interest in certain applicatiol
The advantages of FLC's over the conventional odliets are
* It does not need accurate mathematical n
e It can work with imprecise inpt
e It can handle nonlinearity, at
» Itis more robust than conventional llinear controllers.
In this work both Pl and fuzzy logic controlled shactive power filter for the harmonics and reaetpower
compensation of a nonlinear load are implementedh Bontrollers performance under certain condgiand
different systenparameters is studie

[I. PRINCIPLE OF BASIC COMPENSATION

Figure (a) shows the basic compensation principle shunt active power filter. It is controlleddoaw / supply
a compensating current ic from / to the utility,that it cancels current haonics on the AC side, and mal
the source current in phase with the source voltaggire (b) shows the different waveforms. CurvésAhe
load current waveform and curve B is the desirednsnaurrent. Curve C shows the compensating cu
injected bythe active filter containing all the harmonicsptake mains current sinusoic
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Figure.(b) Shunt active power fil-Shapes of load, source and desired filter currenteorms

A. Current supplied by source

From Figure.(a) the instantaneous currents camriten a:
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is(®)=ii(t)-ic(t)(1)
Source voltage is given by
Vg(t)= VSinwt(2)
If a non-linear load is applied, then the load eaotrwill have a fundamental component and harmonic
components which can be represented as
[L(1)= 2" n=aln SIN(Mot+Dp)
= Iisin(et+®4) +3 "=, |, Sin(not+d,) 3
The instantaneous load power can be given as
PL)= vs(t)*ii(1)
= V| ;sirfot*cosd; + V| sinot*cosmt*sind,
+ VpSinot*Y " =2 1 sin(not+®,) 4)

=P(t) + R(t) + Ry(1) 5)
From (4), the real (fundamental) power drawn byltiaal is

Pi(t)=V pl isinfot*cosd; = v(t)* i (t)(6)
From (6), the source current supplied by the squafter compensation is

is(t)= Pi(t)/ vt) =l,cosD;sinwt =lg,sinmt
Where L.~ |,c08D;
The total peak current supplied by the source is

Isp: lsm+ 15((7)

If the active filter provides the total reactivedaharmonic power, then(t) will be in phase with the utility
voltage and purely sinusoidal. At this time, théefilter must provide the following compensatiomrrent.
io()=iL(t) — is(t)
Hence, for accurate and instantaneous compengati@active and harmonic power it is necessarystorate,
i.e. the fundamental component of the load curastihe reference current.

B. Estimation of reference source current

The peak value of the reference currigntan be estimated by controlling the DC side capaebltage. Ideal
compensation requires the mains current to be sidalsand in phase with the source voltage, irretpe of
the load current nature. The desired source crafter compensation, can be given as
lsa = lspSinot

lsp = IsSin(et-120)

lse = IgSin(t+120)
Wherelg(=11 cos®1+14) the amplitude of the desired source current. Pleiak value of the reference current
has been estimated by regulating the DC side capaailtage of the PWM converter.

C. Function of dc side capacitor

The DC side capacitor serves two main purposes:

(i) it maintains a DC voltage with small ripplesteady state,

(ii) serves as an energy storage element to sugallypower difference between load and source dutie
transient period.

In the steady state, the real power supplied bysthece should be equal to the real power demairideotbad
plus a small power to compensate the losses inattiwe filter. Thus, the DC capacitor voltage cam b
maintained at a reference value. However, wherdhd condition changes the real power balancedsst the
mains and the load will be disturbed. This real podifference is to be compensated by the DC ctgabie
peak value or the reference source current camtaéned by regulating the average voltage of thecBgacitor
The active filter produces a fundamental voltagacttisin-phase with fundamental leading currentthod
passivefilter. A small amount of APF is consistitige to the leadingcurrent and fundamental voltagthe
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passive filter and itdelivers to the dc capacifbnerefore, the ectrical quantityadjusted by the -voltage
controller is consequently. Tomaintaig. equal to its reference value, the losses througls resistive-
inductive branches will be compensated byactinthersupply currer

[11. DESIGN OF POWER CIRCUIT OF A SHUNT ACTIVE POWER FILTER

The design of the power circuit includes three np@rameter.

« Selection of filter inductor, .

» Selection of DC side capacitorgC

* Selection of reference value of DC side capagitdtage, \qc ref

A. Selection of L and Ve e

The design of these components is based on thleniolly assumption
1. The AC source voltage is sinusoi
2. To design of Lc, the AC side line current ditor is assumed to be 5
3. Fixed capability of reactive power compensatibthe active filter.
4. The PWM converter is assumed to operate initiead modulation mode (i.e<m<1).
As per the compensation principle, the activerfitdjusts the curren.; to compensate the reactive powel
the load. If the active filterampensates all the fundamental reactive powereofaad, is1 will be in phase al
ic1 should be orthogonal togVas shown in Fig.b. (the 1 stands here for thddamental componen

f | _— Ver L, v
Vi ¢ e—— -

5 [ &x cormmtion »

let Vg

2 ~A Jol ey
Figure.2.5. Active power filter and its phasor deag
The three-phse reactive power delivered from the active fitten be calculated from a vector diag
Q1= 3Vde1 = 3VV /ol (1-(V4 V1)) 8
i.e. the active filter can compensate the reagiweer from the utility only when > V..
If the PWM converter is assumed to operate in the linear natidnl mode (i.e. <m<1), the amplitude
modulation factor ma is

M= Vi/ (Vad2)

wherevm=/2V,, and hence Y. = 2V2 V., for m=1.
The filter inductor Lc is also used to filter thpples of the convertecurrent, and hence the design «is based
on the principle of harmonic current reduction. Thpple current of the PWM converter can be givererms
of the maximum harmonic voltage, which occurs atftequency mé:

leh(miv) = Venmio)/ MroLc(9)
Where mf is the frequency modulation ratio of the PVgdhverter
By solving (8) and (9) simultaneously, the valud.., and \; (i.e.Vy) can be calculated..;, and hence ¥,
must be set according to the capacity requiremfktiiteosystem (i.e. <V.<2Vy). As the switching frequency
not fixed with the hysteresis controller, a praatlic feasible value of 10 kHz has been assu
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B. DC side capacitor (Cy.) Design

The design of the DC side capacitor is based opttineiple of instantaneous powdow. The selection of 4
can be governed by reducing the voltage ripplepésthe specification of the peak to peak voltaggle (Vqcp.-
p(max) and rated filter currentl ), the DC side capacitorqcan be found from equati

Ca= ([T cl,ratel)/(\/3mvdc,p—p(max) (10]
The value of G depends on the maximum possible variationin loatireot on the stedy state value of loa
current.Hence, proper forecasting in the load variatioruces the value of §& Further, filte inductor can be

calculated as:
Lemin = n’hvdc,re/(z\lz)aAISW,P»P K- fsw,max
IV. Pl CONTROL SCHEME
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Figure(a). Schematic diagram of shunt active f

The complete schematic diagram of the shunt agtioxger filter is shown in figure (a). While figu
(b).gives the control scheme realization. The daapacitor voltage is compared with a set refezaradut.

Hysteresis
controller

Figure (b). APF Control theme with PI controller
The error signal is fed to Pl controller. The outpéi Pl controller has been considered as peakevafuthe

reference current. It is further multiplied by thait sine vectors 5 Wy, and 4o in phase with the sourc
voltages to obtain the reference curreng, i, and k). These reference currents and actual currer:
given to a hysteresis based, carrierless PWM curentroller to generate switching signals of th&/N#
converter. The difference of refece current template and actual current decidespleation of switches. T
increase current of particular phase, the lowetchwof the PWM converter of that particular phasewitchec
on, while to decrease the current the upper svafche particLar phase is switched on. These switching sig
after proper isolation and amplification are givienthe switching devices. Due to these switchinioas
current flows through the filter inductol,, to compensate the harmonic current and reactivee| of the load,
so that only active power drawn from the so.

104



E-ISSN: 2321—9637
Volume 1, Issue 5, December 2013

| nter national Journal of Research in Advent Technology

Available Online at: http://www.ijrat.org

V.FUZZY CONTROL SCHEME

Fuzzy logic control is deduced from fuzzy set tlyda 965;where transition is between membershipraord
membership function. Hence, limitation of fuzzyssean beundefined and ambiguous; F&@re an excellent
choicewhen precise mathematical formula calculatemeimpossible.

MNon-linear load
R, L, R
T
(RO
I I

3-phase

SOUrce g gﬁ. ..f.:.

e X

Hysteresis
controller

Figure(b).Fuzzy Control scheme
Fig. (a) shows the block diagram of the implemerfitezay logic control scheme of a shunt active pofitar.
Fig. (b) shows the schematic diagram of the coratigbrithm.

In order to implement the control algorithfracshunt active power filter in closed loop, tii#€ side
capacitor voltage is sensed and then comparedawigiference value. The obtained error eV geac) and
the change of error signal ce(n)=e(n)-e(n-1) anthesampling instant as inputs for the fuzzy pssoey. The
output of the fuzzy controller after a limit is codered as the amplitude of the reference curreakltakes care
of the active power demand of load and the logséisal system.

The switching signals for the PWM converter areagtd by comparing the actual source curregisgi and
is) with the reference current templategt(iis,*, and i) in the hysteresis current controller. Switchgignals
so obtained, after proper amplification and isolatiare given to switching devices of the PWM cotere

A. Basic Fuzzy Algorithm

In a fuzzy logic controller, the control actiondgtermined from the evaluation of a set of simpguistic
rules. The development of the rules requires aotigin understanding of the process to be contrdlietlit does
not require a mathematical model of the system. ifikernal structure of the fuzzy controller is shrowm

Fig.(c).
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Blas(n)
e(n)

Fuzzification Defuzzification r=lra (1) Blus()
—
V:I
e{n-1)

Decision Making

Figure (c). Internal structure of fuzzy logic caiker.

A fuzzy inference system (or fuzzy systdmajically consists of a formulation of the mappfrgm a
given input set to an output set using fuzzy logibis mapping process provides the basis from witeh
inference or conclusion can be made. A fuzzy infeegprocess consists of the following steps:

»  Step 1:Fuzzification of input variables

» Step 2: Application of fuzzy operator (AND,OR,NOih)the IF(antecedent) part of the rule

»  Step 3: Implication from the antecedent to the eqnent(THEN part of the rules)

» Step 4: Aggregation of the consequents acrosaiths r

» Step 5: Defuzzification
The crisp inputs are converted to linguistic vaeahin fuzzification based on membership functibttF]. An
MF is acurve that defines how the values of a fuzaryable in a certain domain are mapped to a meshie
value pu (or degree of membership) between 0 and 1. A meshie function can have different shapes, as
shown in figure. The simplest and most commonhduUgé is the triangular-type, which can be symmetrar
asymmetrical in shape.

The basic properties of Boolean logic are alsodvedr Fuzzy logic. Once the inputs have been fiedjfwe
know the degree to which each part of the antederfemrule has been satisfied. Based on the @iepr AND
operation on the fuzzy variables is done.

The implication step helps to evaluate tbasequent part of a rule. There are a number ofidatjpn
methods in the literature, out of which Mamdani arfl types are frequently used. Mamdani, proposed th
method which is the most commonly used implicatizethod. In this, the output is truncated at theieddased
on degree of membership to give the fuzzy outpakafai-Sugeno-Kang method of implication is différe
from Mamdani in a way that, the output MFs is otiyistants or have linear relations with the inputs.

The result of the implication and aggregatitpes is the fuzzy output which is the unionlbfre outputs
of individual rules that are validated or “fired”.

Conversion of this fuzzy output to crisptput is defines as defuzzification. There are mamthods of
defuzzification out of which

» Center of Area (COA) and

* Height method
are frequently used.

Here in this scheme, the error e and ohasfgerror ce are used as numerical variables filzenreal
system. To convert these numerical variables iimguistic variables, the following seven fuzzy lever sets
are chosen as: NB (negative big), NM (negative omadli NS (negative small), ZE (zero), PS (positineah),
PM (positive medium), and PB (positive big).

The fuzzy controller is characterized as follows:

» Seven fuzzy sets for each input and output.

» Triangular membership functions for simplicity.

*  Fuzzification using continuous universe of disceurs

» Implication using Mamdani's 'min‘ operator.

» Defuzzification using the 'height' method.

The below Figure.shows the normalized triangulamivership functions used in fuzzification
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(a)Membership functions for e and ce
(b)Membership function fodl max

B. Design of Control Rules

The fuzzy control rule design involves defining esilthat relate the input variables to the outputieho
properties. The input variables of the FLC aredtrer e and the change of error ce.The outputa<ttange of
the reference currendl(,,). The time step response of a stable closed lgsiem should have a shape shown
in figure (a). and figure (b). shows the phase @laajectory of the step response, which showstapping of
the error against the change in error.

A As Mg Ay

(Wl

Figure.(a). Time step response of a stable closmg $ystem
(=

Figure(b). Phase plane trajectory of step response.

The system equilibrium point is the origifithe phase plane. The time response has beeatediuito four
regions A1,A2,A3, and A4 and two sets of pointsoss-over (b1, b2) and peak (c1, c2). The index fize
identifying the response area is defined as
Al: if e>0&ce<0, A2: if e<0&ce<0
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A3:if e<0&ce>0, A4: if e>0&ce>0

The cross over index:

bl : e>0to e<0,ce<0

b2 : e<0 to e>0,ce>0

and the peak valley index:

cl: ce=0,e<0, and c2: ce=0,e>0

Based on these four areas, two sets of points haskpplane trajectory of e and ce, the rule bafsarised. The

corresponding rule for the region 1 can be fornadads rule Rand has the effect of shortening the rise time
R, :ifeis + ve and ce is - ve, théh,,is +ve

Rule 2 for region 2 decreases the overshoot ofyktem response, which can be written as

R, :if eis - ve and ce is - ve; théhy. is — ve

Similarly, rules for other regions can be formedr Bre determined based on the theory that inrthesient
better control performance finer fuzzy partitionsab- state, largeerrors need coarse control, wtaghires
spaces (NB, NM, NS, ZE, PS, PM, PB) are used, araise input/output variables; in the steady state,
summarized in Table. The elements of this tabledvan small errors need fine control, which recuifiee

input/output variables. Based on this, the elemehtke rule table are obtained from an understandif the
filter behavior and modified by simulation perfonnca.

error(e) b1
A2 S ve [nus  Jze [ps [eude | a
Ng |NB [NB |NB [ NE | NMNS ZE
NM NB HB | HE | MuiNs ZE | Ps
NE | NB | NB | MMNS ZE |PS | PI
& | RTINS — — 1
Change 7E | NB | NMNS ZE s I e
in —* 55 | NMNS ZE PM |PB |PB +¥——
error(cej ) | |
PM | NS | ZE | PS PB | PE | PB
pB | ZE | PS | PO PE | PB | PB
Az .\
= 1 "

b2
Table.1.Control rule table

VI. MODELLING OF THE SYSTEM

A program is developed to simulate the fuzzy Idgased shunt active power filter in MATLAB. The cdete
active power filter system is composed mainly oé#iphase source, a nonlinear load, a voltage sdW¢M
converter, and a fuzzy controller or a PI controlidl these components are modeled separatelygiated and
then solved to simulate the system.

A. Modelling of non linear load

A three-phase diode rectifier with input impedaacel R-L load is considered as a nonlinear load. idube
presence of source inductance, six overlappings@ndion-overlapping conduction intervals occur inyale.
During a non-overlapping interval only two devios8l conduct while during an overlapping intervdirée
devices of the bridge will conduct simultaneousiyie dynamic equations during non-overlap and operla
intervals are given in (1) and (2) respectively:

Pii= (Vo=(2Rs + R)iq— 2v)/(2Ls + L) (11)

Pig = (Vo—(1.5Rs + R )ig— 2vg)/(1.5Ls + L) (12)

Where Randls are the elements of the source inductangés the voltage drop across each deviceaRd L
are the elements of load impedangés the load current flowing through the diode paind p is the differential
operator d/dt). Yis the AC side line voltage segmenty(Woe, Voa Vea Veb, Vap during non-overlap, and,yv,d2,
VbatVd 2, VeatVpd 2, VeptVed 2, VastVen/2, VactVad2 during overlap intervals) based on diode pairdemtion. The
phase currents, is,, and i are obtained by iconsidering the respective diode pair conduction.
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B. Modelling of PWM Converter

The PWM converter has been modeled as having a tittrase AC voltage applied through a filter impegan
(Rc,Lc) on its input, and DC bus capacitor on it$poit. The three phase voltages vfa, vfb, and flerted on
the input side can be expressed in terms of théoiCcapacitor voltage Vdcand switching functiorgisgy the
on/off status of the devices of each leg Sa, Sisanas

vfa =(Vdc/3)(2Sa-Sb-Sc)
vfb = (Vdc/3) (-Sa+2Sb-Sc) (13)

vfc = (Vdc/3) (-Sa-Sb+2Sc
The three phase currents iy, and j. flowing through impedances {R..) are obtained by solving the
following differential equations

l:)ifa = (1/ Lc)(Rci fat (Vsa_ Vfa)

Pib = (/L) (Réim+ (Vsb— Vin) (14)

Pifc = (1/|—c) (Rcifc+ (Vsc_ Vfc)
The DC capacitor current can be obtained in terhphase currents,j i, and j. and the switching status (1 for
on and O for off) of the devices S, and $

lge = iaSa + 0SS + S

From this, the model equation of the DC side capagbltage can be written as

PVae = (VG ( iraSa + inSp + ircS) (15)
C. Estimation of peak supply current

The peak value of the reference currepy is estimated using fuzzy controller by controlliige DC side
capacitor voltage in closed loop. The output ofzfuzontrol algorithm is change in peak curréht.m. The
peak reference currentl at the nth sampling instant is determined by adtérgrevious peak currentak.1)
to the calculated change in reference current:

Imax(N) = Imax(N=1) +5lmax(N)
In classical control theory this is integratingeetf, which increases the system type and improtesglg state
error.

D. Hysteresis Controller

The current controller decides the switching patteof the devices in the APF. The switching logc i
formulated as

Ifi < (isa - hb) upper switch is OFF and lower switch is @Neg “a” of the APF;

Ifi s> (isa - hb) upper switch is ON and lower switch is OiRHeg “a” of the APF.

Similarly, the switches in the legs “b” and “c” aaetivated. Here, hb is the width of the hysterbsisd around
which the reference currents. In this fashion,sineply currents are regulated within the hysterieaisd of their
respective reference values.

The performance of active filter is analyzed byvewl set of differential equations (11)-(15), witther
expressions by a fourth order Rungakutta method.

VII. SIMULATION RESULTS

The system studied has also been modeled usindiskrand performance of Pl and Fuzzy controllers is
analyzed. The system parameters selected for dionlstudy are given in table 7.1. Figures 7.1-&&06ws the
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simulation results of the implemented system with cBntroller and fuzzy controllers with simulation
parameters mentioned in table 7.1. The source g®lteaveform of the reference phase only (phase-thi$
case) is shown in fig.7.1. A diode rectifier withLRload is taken as non-linear load. The THD of thad
current is 27.88%. The optimum values (Kp and K& faund to be 0.2 and 9.32 respectively.

Table7.1.System parameters for simulation study

S.No System Parameters Values
1 Source voltage(y 100V(peak)

2 System frequency(f) 50Hz

3 Source impedance(fR.) 0.19;0.15mH

4 Filter impedance(RL.) 0.40;3.35mH

5 Load impedance(R,) 6.7Q2;20mH

6 DC link capacitance 2006

7 Reference DCIlink voltage(¥e) | 220V

Wealy)

AR ATT ATy

0 oos 01 015 02 025 03 03 04 045 05
Times(s)

Figure.7.1. Source voltage.

lla(&)

o 005 04 015 02 025 03 035 04 045 D05
Time(s)

Figure.7.2.Load current.
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Figure.7.3. Compensating current with Pl controller
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Figure.7.4. Compensating current with fuzzy coirol
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Figure.7.5. Source current with Pl controller.
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Figure.7.6. Source current with fuzzy controller.
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Figure.7.7. DC side capacitor voltage with PI colfer.
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Figure.7.8. DC side capacitor voltage with Fuzzgtoaller.
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Figure.7.9. Voltage and current in phase with Ritcmler after compensation.
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Figure.7.10. Voltage and current in phase with yuzantroller after compensation.

From the responses it is depicted that the settimg required by the PI controller is approximpt8lcycles
whereas incase of fuzzy controller is about 6 /clehe source current THD is reduced form 27.88%0%o
incase of PI controller and 2.89% incase of fuzeptmller which is below IEEE standard with botle th
controllers.

VIII. CONCLUSION

A shunt active power filter has been investigated gower quality improvement. Various simulatione a
carried out to analyze the performance of the syst&oth PI controller based and fuzzy logic cornémobased
Shunt active power filter are implemented for hanincand reactive power compensation of the noraline
load.A model has been developed in MATLAB SIMULINId simulated to verify the results.The performance
of both the controllers has been studied and coadp@he fuzzy controller based shunt active powtarfhas a
comparable performance to the PI controller indbtestate except that settling time is very lessase of fuzzy
controller.The proposed controller based shunveagibwer filter performs perfectly for mitigate tharmonics
and FLC is better than other controllers.The THDtled source current is below 5%, the harmonicstlimi
imposed by IEEE standard.
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