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Abstract— PI controller is very common in the control of D¥RHowever, one disadvantage of this
conventional controller is the fact that by usiigeél gains, the controller may not provide the resgli
control performance, when there are variationshimm $ystem parameters or operating conditions. To
overcome this problem, an adaptive Pl controllengiuzzy logic is proposed. The controller is

composed of fuzzy controller and PI controller.

Ating to the error and error rate of the control

system and fuzzy control rules, the fuzzy controian online adjust the two parameters of the PI
controller in order to be adapted to any variationshe operating conditions. The simulation reshiive
proved that the proposed control method greatlyrawgs the performance of the DVR compared to the

conventional Pl controller.

Keywords: PIl, Adaptive fuzzy PI, Fuzzy controller,

DVR, Vafie sags, Voltage swells.

1. INTRODUCTION

Due to the increased use of a large numbers ofistogated
electrical and electronic equipment, such as coerput
programmable logic controllers, variable speedeafrj\and so
forth, proliferation of highly sensitive end-useeuites is
starting to draw attention of both end customers suppliers
to the question of power quality (Lim and Dorr, DOFaults
at either the transmission or distribution levelymzause
voltage sag or swell in the entire system or adarart of it.
Also, under heavy load conditions, a significankage drop
may occur in the system. Voltage sags can occuangt
instant of time, with amplitudes ranging from 106% and a
duration lasting for half a cycle to one minute (EStd.

variations to production downtime and equipment agen
(Youssef, 2001).

There are many different methods to mitigate vataggs
and swells, but the use of a DVR is consideredetthe most
cost efficient method (Li et al., 2001). The mosihmnon
choice for the control of the DVR is the so call&éd
controller since it has a simple structure and ah offer
relatively a satisfactory performance over a widage of
operation. The main problem of this simple conéolk the
correct choice of the Pl gains and the fact thatiging fixed
gains, the controller may not provide the requicsshtrol
performance, when there are variations in the gyste
parameters and operating conditions. Thereforén@mlining
process must be performed to insure that the diertrcan

1159 — 1995) Further, they could be either balanced ogeal with all the variations in the system.

unbalanced, depending on the type of fault and ttayd
have unpredictable magnitudes, depending on fastak as
distance from the fault and the transformer conoesti
Voltage swell, on the other hand, is defined asuddsn

Artificial Intelligence (Al) techniques such as mal
networks, fuzzy logic (FL) and genetic algorithn@®A) are
gaining increased interest nowadays. A lot of témples have

increasing of supply voltage up 110% to 180% in RMbeen proposed to tune the gains of Pl controllsetan Al

voltage at the network fundamental frequency witination
from half a cycle to 1 minute (IEEE Std. 1159 — 3p9
Voltage swells are not as important as voltage s&gause
they are less common in distribution systems.

Voltage sag and swell can cause sensitive equip(eaoh as
found in semiconductor or chemical plants) to fedl;
shutdown, as well as create a large current unbaldimat
could blow fuses or trip breakers. These effects lma very
expensive for the customer, ranging from minor igyal
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techniques: Self tuning fuzzy logic technique i€ @i these
methods proposed for the online adaptive tuningPbf
controller. In such application, the controllerrmgaare online
tuned with the variation of system conditions. Huvantage
of these techniques is that they are model freategies
because they use the human experience for the ajemenf
the tuning law.

This paper introduces Dynamic Voltage Restorer (D¥Rd

its operating principle, also presents the propasadroller
which is a combination of fuzzy and Pl controllefhen,
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simulation results using MATLAB-SIMULINK, provide a transformer is not designed properly, the injecteitage
comparison between the proposed and the convehtRina may saturate the transformer and result in improperation

controllers in terms of performance in voltage sagl

of the DVR (Mahesh et al., 2008).

compensation when the power system impedance change

from very low (stiff power system) to relativelydh (weak
power system). At the end, discussions of the tesahd
conclusion are given.

2. DYNAMIC VOLTAGE RESTORER (DVR)

Dynamic Voltage Restorer is a series connectedcdetiiat
injects voltage into the system in order to reguldte load
side voltage. The DVR was first installed in 1924 ét al.,
2001). It is normally installed in a distributionyssem
between the supply and the critical load feeder.ptimary
function is to rapidly boost up the load-side vg#ain the
event of a disturbance in order to avoid any posigruption
to that load (Sng et al.,, 2004). There are variousuit
topologies and control schemes that can be usiedpiement

2.2 Output Filter

The main task of the output filter is to keep thentanic
voltage content generated by the voltage sourcertew to
the permissible level (i.e. eliminate high frequesvitching
harmonics).It has a small rating approximately 2%he load
VA (Kim et al., 2004).

2.3 Voltage Source Inverter

A VSI is a power electronic system consists of shiiig
devices (IGCTs, IGBTs, GTOs), which can generate a
sinusoidal voltage at any required frequency, nagdei and
phase angle. In the DVR application, the VSI isduse
temporarily replace the supply voltage or to geteethe part

a DVR [(Xu and Yueyue, 2008); (Nielsen and Blaatpjer of the supply voltage which is missing (Bollen, 290

2005)]. In addition to its main task which is vagjéasags and

swells compensation, DVR can also added other rfesitu 2.4 DC Energy Storage Device

such as: voltage harmonics compensation, voltagesignts’
reduction and fault current limitations (Cho and, 2004).
The general configuration of the DVR consists ofcdtage
injection transformer, an output filter, an energiprage
device, Voltage Source Inverter (VSI), and a Cdraystem
as shown in Figure 1.

Vi
2z m_1
N,
Vs — Vi
9 Supply A -
g
=
= Filter
D energy
Contral
System :‘ LIS S{Ior?"ge
EWICE

DVE
Fig. 1. DVR general configuration

2.1 Voltage Injection Transformer

The basic function of this transformer is to corirtte DVR
to the distribution network via the HV-windings aoduples
the injected compensating voltages generated byadhage
source converters to the incoming supply voltade @esign
of this transformer is very crucial because, iefasaturation,
overrating, overheating, cost and performance. infexted

voltage may consist of fundamental, desired haromni

The DC energy storage device provides the real powe
requirement of the DVR during compensation. Various
storage technologies have been proposed includymdhéel
energy storage (Wang and Venkataramanan, 2009gr-sup
conducting magnetic energy storage (SMES) (zZhamlet
2001) and Super capacitors [(Han et al., 2007); giLial.
2008)]. These have the advantage of fast respoAse.
alternative is the use of lead-acid battery [(Zbaal., 2003);
(Jayaprakash et al., 2008)]. Batteries were untiwn
considered of limited suitability for DVR applicatis since it
takes considerable time to remove energy from th{@&m
Zhan, M. Barnes, V.K. Ramachandarmurthy, N. Jerkins
2000). Finally, conventional capacitors also can used
[(Jimichi et al., 2008); (Ghosh et al., 2004)].

2.5 Control system

The aim of the control system is to maintain comstaltage
magnitude at the point where a sensitive load rneoted,
under system disturbances. The control system ofi¢heral
configuration typically consists of a voltage catien

method which determines the reference voltage shauld

be injected by DVR and the VSI control which ighs work

consists of PWM with Pl controller. The controli@put is

an error signal obtained from the reference voltagd the
value of the injected voltage (Fig. 2). Such eisoprocessed
by a PI controller then the output is provided he PWM

signal generator that controls the DVR invertergemerate
the required injected voltage.

+
Vref —m{ }——m| PI

:

Winy

¥

PWL = VST

switching harmonics and dc voltage components. hé t Fig. 2. Classical PI controller
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Constant

3. OPERATING PRINCIPLE OF DVR

V_abe

The basic function of the DVR is to inject a dynaatly [oosorenl>—p e ol R i ™ Vref _ase
controlled voltage Vinj into the bus voltage by meaf a e e | 4
voltage injection transformer. The momentary arplits of el ’i;’;’;ﬁfﬂﬂ ) Pmm -
the three injected phase voltages are controlleth |5 to sin_tos , Transfomnation
eliminate any detrimental effects of a bus faultthe load HCEl

voltage V. This means that any differential voltages caused  =seete
by disturbances in the ac feeder will be compexshte an
equivalent voltage. The DVR works independently tioé Fig. 3. SIMULINK model of SRF method for voltage
type of fault or any event that happens in the eystFor |eference calculation
most practical cases, a more economical design bmn
achieved by only compensating the positive and e®a The MATLAB/Simulink environment is a useful tool to
sequence components of the voltage disturbance atetre implement this method (SRF) because it has mariybmes
input of the DVR (because the zero sequence para Ofyhat can be used easily. The SRF method can be tosed
disturbance will not pass through the step downsf@mer compensate all type of voltage disturbances, veltag
which has infinite impedance for this component). sag/swell, voltage unbalance and harmonic voltége, in

. ) this work we have studied only voltage sag/swelheT
The DVR has two modes of operation which are: digind gifference between the reference voltage and tiected
mode and boost mode. In standby mode (Vinj=0), thgytage is applied to the VSI to produce the loated

voltage injection transformer’s low voltage windinig voltage, with the help of pulse width modulationW(®1)
shorted through the converter. No switching  ofyrough the PI controller.

semiconductors occurs in this mode of operationabse the
individual inverter legs are triggered such as s$talelish a 5. CONVENTIONAL PI CONTROLLER
short-circuit path for the transformer connectidie DVR

will be most of the time in this mode. In boost r@0d rpe reas0n behind the extensive use of proportimedral
(Vinj>0), the DVR is injecting a compensation V@& (p) controller is its effectiveness in the contafl steady-
through the voltage injection transformer due tdegection ¢iote error of a control system and also its easy

of a supply voltage disturbance. implementation. However, one disadvantage of this
4. VOLTAGE REFERENCE CALCULATION METHOD conV(_antionaI compensator is its inability to impeqwhe
transient response of the system. The conventidhal
_ controller (Fig.4) has the form of Eq. (1), whereidJthe
There are lots of methods for DVR voltage corrattiocontrol output which is fed to the PWM signal geater. Kp
generating reference voItagg t.hat DVR must injeatto the  andK, are the proportional and integral gains respelgtive
bus voltage (Y. Chang, L. Jinjun, W. Xiaoyu,W. ZBapG. these gains depend on the system parametéssthe error

Weiwei, 2008, Singh B, Jayaprakash P, Kothari D Ryjgnal which is the difference of the injectedtage to the
Chandra A, K. Al-Haddad, 2008). Figure 3 shows tsic  yeference voltage.

control scheme and parameters that are measurexfitrol
purposes. When the supply voltage is at its noimadl the BT Cogtroll
DVR is controlled to reduce the losses in the D\Rat R [

minimum. When voltage sags/swells are detected DR ; K,
Vref—pOLi—[

should react as fast as possible and inject aroliage into
the grid. It can be implemented using the synchusno
reference frame (SRF) technique based on the iastaous

Ki/sp={——=pwWM = VSI
.I.

values of the supply voltage. The control algorithraduces t e B |
a three phase reference voltage to the PWM invérdrtries N
to maintain the load voltage at its reference vallibe iy

voltage sag/swell is detected by measuring ther drebnveen
the d-voltage of the supply and the d-referenceeal he d-

controller
U(t) = Kpe() +K, [e(t)d(t) (1)
T

Equation (1) shows that the PI controller introdieepole in
the entire feedback system, consequently, makicttpage in
its original root locus. Analytically the pole iottuces a
change in the control system’s response. The teffethe
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reduction of steady-state error. On the other haihe,

constantsKp and K, determine the stability and transient

response of the system, in which, these constahton their
universe of discourses:

Kp U [Kpmin, Kemax] and K, [ [K;min, K;max].

Where
proportional and integral constants (gains) arectprally
evaluated through experimentation and using sosrative
techniques. This makes the design of the convesitiéh
controller dependent on the knowledge of the expitien
the compensator constants exceed the allowableesjathe
control system may come into an unstable stateerAtfte
determination of the domain of the proportional amggral
constants, the tuning of the instantaneous valudeshe
constants takes place. Depending on the value eofethor

signal, ¢, the values of the constants adjusts formulating a

adaptive control system. The constaksand K, changes to
ensure that the steady-state error of the systewdisced to
minimum if not zero.

6. ADAPTIVE FUZZY Pl CONTROLLER

The disadvantage of Pl controller is its inability react to
abrupt changes in the error signal, because it is only
capable of determining the instantaneous valueheferror
signal without considering the change of the risd fall of
the error, which in mathematical terms is the dsiire of the
error signal, denoted age. To solve this problem, an
adaptive fuzzy PI control as it is shown in Figs5proposed.
The determination of the output control signal, @ in an
inference engine with a rule base having if-themsuh the
form of

IF ¢ AND Ag, THEN Kp AND K|

With the rule base, the values of the const&ptandK, are
changed according to the value of the error signand the

FLC Knowledge
Bage
. v Ky
&:E Iang?ggce Defuzzific ation

the values of the minimum and maximum

Fig. 6. Schematic of FLC

The MATLAB/SIMULINK implementation of the adaptive
fuzzy PI controller for one phase is shown in fegyir

iret Sealing

I_FIS
Factor -

0

F_FIS

B

Rtz

il

Derivative

Integrater

Fig. 7. SIMULINK model of the proposed controller

All the variables’ fuzzy subsets for the inputsand Ac are
defined as (NB, NM, NS, Z, PS, PM, PB). Taking into
account of the coverage, sensitivity, robustnesani¥erse,
the fuzzy subsets of the membership functions uge “
shaped membership function in the left, triangular
membership function in the middle, and “S"-shaped
membership function curve in the right (Gao and BR0)8).
The membership functions and initial universeshef inputs
are illustrated in Figure 8. For the output varep andKi,

the fuzzy subsets of the membership functions have
triangular shape only as it is illustrated in Figg@. The fuzzy
control rule is the modelling of the experience p&mtors’
(experts) long-term practical accumulation, but his twork
the establishment of the rules has been set relying
repetitive simulation using conventional Pl corlznl Tables

rate-of-error,As. The structure and determination of the ruld and 2 illustrate the fuzzy control rules for tbetput

base is done using trial-and-error methods andsis dbne
through experimentation.

Adaptive Fuzzy PI Controller

W
KEN

Ving
Fig. 5. PI gains online tuning by fuzzy logic caiker

The basic representation of the fuzzy logic cotdrolFLC)
is given by figure 6.
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B WM WS Z TS M TE DVR is connected to the system through a seriesfoamer
1 with a capability to insert a maximum voltage oD of the
08 phase to ground system voltage. In the followimguations,
' the main characteristics of the DVR are set asagel source
0.6 full-bridge IGBT based inverter controlled with PWaignal
generator with commutation frequency of 12kHz, cépa
04 energy storage bank 8.8 mF, coupling transformio fal,
02 nominal dc link voltage 850V, LC output filter vals G=220

UF in series with a damping resistancg R0.5 Q, L;
=0.6mH, source voltage 220Vrms and source frequeh&g
T Hz. The load is a non linear load composed of adeli
rectifier feeding an RL load where L=60mH and R3LQ/

. . . . connected to the DVR through a very small induatahng =
Fig.9. Membership function curves of the outputady Ki 0.1mH. The power system (supply) is simulated asdesl

Table 1. Fuzzy control rules fé, voltagr? spurcg in sen;ashwnh |m|pe_dance %s shdovvﬁgnre
e NB NM NS 2 PS _PM_PB 1% The |mpelz_ ance o t_e supply |sI considere tha Ipare
NE P PE PV PV PS  PS  Z inductance Ls since in practical situation the $wupp

resistance is very low compared to the inductafoe. the
first case where the power system is considereff sti
Lc=19.2610 H and for the second case where power system

NM PB PB PM PM PS 4 NS
NS PM PM PM PS z NS NM

z PM PS PS Z NS NM NM is considered weak Lc=16.51(H. this values of Lc are not
PS PS PS Z NS NS NM NM given randomly but we have taken into consideratioa
PM PS Z NS NM NM NM NB IEEE 519-1992 standard which divide power systerfivia
PBE Z NS NS NM NM NB NB groups. Our considered stiff power system is latatethe

first group and the weak power system in the fougrbup.
The tuning of the Pl is made such to have high sient

Table 2. Fuzzy control rules fé speed and to have very low tracking error for thedamental

— A e (50 Hz), withK, = 250 andK; = 135.

NB NB NB NB NM NM NS Z

NM NB NB NM NM NS Z PS THJ{{@L %mu—\nﬂ
NS NM NM NS NS Z PS PS Vh‘Hmm WHBiX ‘ i
z NM NS NS Z PS PS PM ok e T

PS NS NS Z PS PS PM PM e VLR . J [ 4

LOAD

PM NS Z PS PM PM PB PB
IHJECTION

PB z NS PS NM PB PB PB TRANSFORMER. |2

e I ¢|
7. SIMULATION |2 £ £ ]
1
Line voltage notch (Notching) is a dip in the syppbltage werenwe | £E 2
appears in the line voltage waveform during noroparation

of power electronic devices when the current conamest

from one phase to another. During this notchingagertthere Fig. 10. SIMULINK Model of the simulated system

exists a momentary short - circuit between the two

commutating phases, reducing the line voltage;vieage Three-phase 50% voltage sag/swell is simulated famd
reduction is limited only by the supply impedanteHE Sdt simplification the results of only one phase arevan
519-1992). In this scope, we have made the conpaig Voltage sag/swell is initiated at 100 ms and iképt until

the performance of the DVR when it uses the coneeat PI 160 ms, with total voltage sag/swell duration ofr0 For
controller then when it uses the adaptive fuzzy®itroller the first case (stiff power system) the results sitewn in

in two cases; the first case where the power system Figures 11 and 12 and as we can see notching doies n
supposed to be stiff which means a very low supplgppear in supply voltage (Vs). In this case, bathventional
impedance, in this case notching does not appearThe Pl and adaptive fuzzy PI (AF PI) controller perfermell but
second case where the power system is supposexii@dk the proposed controller presents slight performance
which means relatively high supply impedance, iis tase improvement with respect to PI controller (THD 4 @or AF
notching does appear. To illustrate the Performan¢® and THD= 0.7 for Pl). The gains,kand K for AF PI
Improvement of DVR in voltage sag/swell mitigatiasing controller are not constant,,Karies between 200 and 350
the proposed controller, a simple distribution r@tvis and K varies between -500 and 500.

simulated using MATLAB/SIMULINK software (fig.10).
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Fig. 11. Comparison of the performance of DVR ugtgnd Fig. 12. Comparison of the performance of DVR udt@nd

adaptive fuzzy PI controllers under the compensatio adaptive fuzzy PI controllers under the compengsatio
a 50 % sag in stiff power system. a) Pl. b) Adaptiv a 50 % swell in stiff power system. a) Pl. b) Adegt
fuzzy PI. fuzzy PI.
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Fig. 13. Comparison of the performance of DVR ugtignd Fig. 14. Comparison of the performance of DVR ustignd

adaptive fuzzy Pl controllers under the compensatib adaptive fuzzy PI controllers under the compensaio
a 50 % sag in weak power system. a) PI. b) Adaptive @ 50 % swell in weak power system. a) PI. b) Adepti
fuzzy PI. fuzzy PI.
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For the second case (weak power system) the reatdts
shown in Figures 13 and 14 and notching appeassifiply
voltage (Vs). In this case, the conventional Pl ot

Controls of a Transformerless Self- Charging Dyrami
Voltage Restorer,” |IEEE Transactions on Power
Delivery, vol. 19, pp. 1511-1518, July 2004.

compensate notching and voltage notch appears ad IoW. J. Xu, A. S. Yueyue, ‘A Survey on Control Stigits of

voltage (VL) (Fig. 13 (a) and 14(a)). The THD ogttload
voltage reaches 2.8 but it still satisfies the déad IEEE

519-1992 (THD < 3). We can get rid of notching by
increasing the value of;l with a decrease in the voltage

across the load which could not be accepted.

The proposed adaptive fuzzy Pl controller perforoeais
shown in Figures 13(b) and 14(b). As we can se=Fih Pl
controller compensates notching and the load vel(sty) is
almost free from voltage notch with THD much bettiean
that obtained using PI controller. The gainsafd K for AF
Pl controller also in this case are not constant,viries
between 340 and 375 with picks that can reach FaDka
varies between -60 and 130 with picks that canhre&g00.
As a result, it is evident that the proposed adepfuzzy Pl
controller has improved the performance of DVRtie two
studied cases in addition to its ability to com@gasotching
in the case of a weak power system. In generalptbposed
controller also solves the problem of traditionhtuhing.

8. CONCLUSION

DVRs are effective custom power devices for voltzggs
and swells mitigation; they inject the appropriateitage
component to correct rapidly any anomaly in the pdup
voltage to keep the load voltage balanced and anhst the
nominal value. In the present paper a better ctatrdor

dynamic voltage restorers was proposed. The praopose

controller combines fuzzy logic to classical Pl tolter to
adjust online the Pl gains. According to the ol#din
simulation results of voltage sag and swell comp8os in a
stiff and weak power system. The main advantagedaptive
fuzzy PI controller over the classical one (Pl)}tssability to
compensate notching when the DVR is connectedweak
power system. In addition, adaptive fuzzy Pl cdigro
improves performance of the DVR and solves the lpralof
Pl tuning.
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