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Three-Level Converters based Generalized
Unified Power Quality Conditioner

Bahr Eldin S. M, K. S. Rama Rao, and N. Perumal

Abstract—A generalized unified power quality conditioner
(GUPQC) by using three single-phase three-level voltage source
converters (VSCs) connected back-to-back through a common dc
link is proposed in this paper as a new custom power device for a
three-feeder distribution system. One of the converters is connected
in shunt with one feeder for mitigation of current harmonics and
reactive power compensation, while the other two VSCs are
connected in series with the other two feeders to maintain the load
voltage sinusoidal and at constant level. A new control scheme based
on synchronous reference frame is proposed for series converters.
The simulation analysis on compensation performance of GUPQC
based on PSCAD/EMTDC is reported.

Keywords—Custom power device, generalized unified power
quality conditioner, PSCAD/ETMDC, voltage source converter

|. INTRODUCTION

ITH the development in the process control and digital

electronics communications, a number of sensitive
critical loads which require sinusoidal supply voltage for their
proper operation are extensively used. At the same time
increased use of nonlinear loads by both electric utilities and
end users has been affecting the quality of electric power, by
causing major power quality disturbances in the distribution
system such as voltage and current harmonics, imbalances,
voltage flicker, voltage sag/swell and voltage interruptions etc.
As such improvement of power quality in distribution systems
is a mgjor issue for utilities.It is well established by the
application of custom power controllers in distribution sector
that power quality can be significantly improved. A unified
power quality conditioner (UPQC) [1] which integrates a
series and a shunt active power filters is used to mitigate
voltage and current imperfections in a distribution feeder. The
shunt compensator of UPQC compensate for load current
related problems such as current harmonic unbalance, power
factor correction and reactive power required by the load while
the series compensator can compensate for all voltage related
problems such as voltage sag/swell, voltage harmonics etc.
Many researchers have shown that UPQC as a versatile device
to improve the power quality in distribution systems [2]-[4]. A
flexible alternative current transmission system (FACTYS)
controller called as a generalized unified power controller
(GUPFC) consisting of three or more V SCs, one connected in
shunt and the other two or more V SCs connected in series with
transmission lines capable of simultaneous control of the bus
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voltage of one line and independent active and reactive power
flows of other transmission lines is employed as published in
the last decade [5]-[6]. Based on the application in
transmission system the concept of GUPFC can be extended to
distribution systems. At recent times most of research work on
distribution FACTS controllers has been centered on utilizing
of two back-to-back VSCs. An interline unified power quality
conditioner (IUPQC) consisting of two VSCs, one in shunt to
regulate the bus voltage of one feeder and the other in seriesto
regulate the voltage across a sensitive load of the other feeder
is proposed in [7]. A multi-converter unified power quality
conditioner (MC-UPQC) having three VSCs connected back-
to-back by a dc link is reported in [8] to compensate both
current and voltage imperfections in one feeder and voltage
imperfections in another feeder.This paper proposes a novel
power quality conditioner for three-feeder distribution
systems, called as GUPQC which is realized by three single-
phase three-level V SCs connected back-to-back by a common
dc link capacitor. One VSC is connected in shunt to a feeder
through a coupling transformer and the other two VSCs, each
in series with a feeder, are connected to the other two feeders
through injection transformers. As there is no published work
on the GUPQC, it is essentia to establish the validity of its
compensation performance in distribution or industria
networks. A new controller strategy based on synchronous
reference frame for series compensators is aso proposed.
Essentially the proposed GUPQC accomplishes the following:
a) The shunt VSC compensates current harmonics and
reactive power required by one feeder. It also supports the
real power required by the other two V SCs and regulates
the voltage of dc link capacitor.

The two series VSCs mitigates voltage waveform
distortion, voltage sag/swell and interruptions (protect the
sensitive loads connected to the other two feeders against
voltage imperfections).

b)

The paper is organized as follows. The proposed model of
GUPQC and its controller circuits are described in Section Il
and 111, respectively. Simulation results based on case studies
are presented in Section V. Section V presents conclusions.

I1.SYSTEM CONFIGURATION

The GUPQC connected to a multi-bus/three-feeder
distribution system which supply a nonlinear load (loadl) by
feederl and two sensitive critical loads (load2 and load3) by
feeder2 and feeder3, is as shown in Fig. 1. The shunt
compensator, VSC1 which operates as a controlled current
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source is used to compensate feederl current hasndo [9]-[12] different control strategies are proposed UPQC
provide the reactive power required by the loadd am and shunt active power filter. In this paper, twifedent
support the real power required by the two seriesontrol strategies are used for shunt and seriggpensators.
compensators, VSC2 and VSC3. The two series cosapans The sensed three-phase shunt compensator outgentsuof
are used as controlled voltage sources to pratecsensitive feederl are compared with the reference currenteterate
loads (load2 and load3) of feeder2 and feederageaoltage the gating signals for IGBTs of VSC1. The estimatiof
imperfections. reference signals is based on instantaneous reaptwver
theory or p-q theory introduced by Akagi, Kanazawa and
Nabae in 2007 [12]. In the case of series compensahew
control method is proposed based on synchronogsersfe
frame voltage transformation to estimate the refese
voltages.

Fig. 4 shows the reference current signal generaktip
using p-g theory for shunt compensator. The feederl
instantaneous three-phase load currentsand the common
coupling voltages pec; are transformed froma, b, ¢

Fig. 1 Distribution system with the proposed GUPQC coordinates toa, g, 0 coordinates by using Clark
transformation as in (1) and (2), respectively, using the
In Fig. 1, \& Vepg Vi, Ving are supply, point of common transformation matrix (3).

coupling, load, and compensation voltages, resgaygti and
is, i, ic are supply, load and compensation currents, .
respectively. The three VSCs of GUPQC are connelotedt- wa Ly ae |, ) 5 % ‘‘‘‘‘ [
to-back on the dc side through a common dc linkacagpr s e PR P
H H . iLe, Iy | power . o fysteresis
(Cy9 as shown in Fig. 2 and the impedances of feede¥s ~ P caleu- |4 el o [y i Ly
denoted by Rand Ls. weea— o Pt ™ aion |5 e [y Py
wees,—¥ w0 |2 > p
.q_é oy vecce, —p| B0 |® N TT
Fig. 4 Shunt compensator control
P . - af0. 1
LSS, ) C abc' L1_abc @
S
\Y = Caﬁov (2
Fig. 2 Shunt and series compensators of GUPQC ap0 abc PCCL_ab
Each thrge-level VSC in Fig. 2 consists of threraaglsi— %/5 %/7 %/5 1
phase H-bridge converters supported by a commonlimC afO_ 2] 4 1/ y cabe _ a0 (3)
bus voltage as in Figs. 3 (a) and 3 (b), respdgtiv&he AC abc V3 2 2 " Tapo abc
side of each VSC is connected to the distributigatesn 0 \/54 \EA
through a commutation reactorc land by a single phase
transformer. The three instantaneous powers, real powelimaginary
, g power, g and zero sequence powep, are defined from the
el el bl

aazad baasa! e instantaneous three-phase load currents and cornmgaling
< ¢ é ’—L‘ é ‘ voltages based an g, 0 coordinates as in (4).

J (J J ‘ e ) J A 3
Ik JCR R KB ICR IR | JgjgjgnggJ Po| [Vo O 00 4)
(a) q

(b)

0 Vg v, ip
Fig. 3 Structure of a VSC: (a) shunt (b) series

The instantaneous powers include both average or dc
component and oscillating component which are esga@ as

lll.  CoNTROLCIRCUITS OFPROPOSEDGUPQC in (5)

As the controllers of GUPQC detect voltage and entrr
imperfections and then generate corresponding @aiignals p-p+p, gq=g+q, P = Po * Po (5)
to IGBTs, the control strategies of shunt and serie
compensators are important. In the published rekeas in
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The shunt compensator is to supply
powers, g andp, to the load while the load receives oply

A high pass filter (HPF) is used to extraptfrom the total

instantaneous

IV. RATING OF PROPOSEDGUPQC

The VSCs of GUPQC are to be designed to provideepow
required by the loads during voltage and currestudbances,

instantaneous powerp. In addition it also compensates theinject current to suppress load current harmonius iaject

switching power lossess Of compensators and provides
active power required to maintain the dc link cajoaivoltage
at consistent level as in (6).

I?(X - 1 Va -Vﬂ |:F~)+ pO + ploss:|
i?ﬁ v(f +vﬂ2 Vg Va q

The three-phase reference currents are obtainessibya,
B, 0to a, b, ctransformation as in (7).

(6)

abc. *

. refc _ i
of0 fap0

abc

()

voltage to compensate voltage deficiency of soufceovel
methodis proposed in this paper to estimate the volt-ampe
rating of GUPQC based on the power rating of UPQC
developed in [13], [14]. Three schemes are propasdd3]
for developing the volt-ampere rating of UPQC basadhe
angle of the injected voltage by series VSC. In fist
scheme, the injected voltage by VSC is in quadeatith the
source current (UPQC-Q). In the second schemeinibeted
voltage is in phase with source current and vol(&ieQC-P).
However in the third scheme, the injected voltageai a
certain angle with respect to the source currenP(@Q-
minimum). The loading of series and shunt compemsabf
the proposed GUPQC are based on the analysis ofCJdRQ
and UPQC-P, respectively, and the correspondingsqrha

diagrams are as in Figs. 6 and 7.

To generate gating signals for IGBTs of steorhpensator
the reference currents as in (7) are compared wéitsed
three-phase shunt compensator output currents. érhar
signals are then processed by the hysteresis bakt P
controller before sending the signals to the gateshunt
compensator switches.

The series compensators reference voltage signas a
evaluated by using the proposed method based @hymous
reference frame as shown in Fig. 5.

To ensure that the load2 or load3 receive puressidal

<P

I

(231

=Vin=Fa=7,

51 L1

V=P

P S

Fig. 6 Phasor representation of shunt compensaaaliig

Vs iVLZ =V=l

[SS [533

Vs, =V=s =7
B

'S
> >

voltage with constant amplitude even if the sowrckage of

feeder2 and feeder3 are distorted, the maximum \wétdge

of feeder2 and feeder3 are transformed fayng, Oto a, b, ¢

by using inverse Park transformation as in (8) Wigenerates
three-phase balanced sinusoidal voltages.

¥ INTa Y 0T YN

ILZ: 1122:102

7
Eszz

;’ 0, Vss 12

2 i3

qulmzlm

Fig. 7 Phasor representation of series compendatmting

The currents, voltages, voltage drops and powetofscof

N v ) i feeders 1, 2, 3 as illustrated in Figs. 6 and 7aarllows:
o T o [ g ol
oo T L LT e veese s Isy Isalss normal source currents
J— L | control .
FFF = ls1p ls2a Is3 source currents in case of voltage
Ypoo PLL et TLa¥Lb Vie Sag
) I, 1o 13 normal load currants
Fig. 5 Series compensator control lian, Loz liss load currants in case of voltage sag
Viefa sinat) i cost )o VI max lca normal compensation current
=_ i - - 8 . .
Viefb sin(at 1200) cos¢t 129 ) 0 (8) lews compensation current in case of
Vefc sin(at +120 ) cost + 120 ) 0 voltage sac
low, Loz Loz nominal load currents
The reference voltages are generated by compahag t Vs Vs2,Vs3 normal source voltages
sinusoidal three-phase voltages which are calallbteusing Vi Vie Vs normal load voltages

(8) and the sensed load voltages, W 5. Then the reference
voltages are processed by using improved sinusqidide

width modulation (SPWM) technique in order to gener
gating signals to the IGBTs of series compensators.

99

Vsi1y Vs22,Vsss

Vi1 VizaVies

source voltages in case of voltage
sag
load voltages in case of voltage sag

Vinaz: Vingz injected voltages in feedeer2 and
feeder3, respectively
Zshu shunt inductance impedance
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X1, X2 voltage drops in pu
01, 02, 3 load power factor angle
Vo load voltage nominal value

Assuming that the GUPQC has no losses, the activep
demand of the three feeders is same and from Eigsd 7,

Va1l s1=V 1] L§o% - ©)
Vool 5=V |3 | 50% (10)
Vo3l s3=V 14 80% (11)

In normal operation and in case feeder2 and feedes3
subjected to voltage sag, the shunt compensatog1MS to
support the real power needed by the VSC2 and V®BC3
compensation of the voltage imperfections. Thenddet

V.SIMULATION STUDIES

The performance of the simulation model of GUPQGin
three-feeder distribution system as in Fig. 2 ialyged by
using PSCAD/EMTDC. The supply voltages of the three
feeders are set to 380 V, 50 Hz. The feederl Isaa i
combination of a three-phase R-L load<R7 Ohms, |= 116
mH) and a three-phase diode bridge rectifier fodvby R-L
load on dc side (R = 52 Ohms, L = 21 mH) which draw
harmonic current. Similarly to introduce distortiam supply
voltages of feeder2 and feederd! d&nhd 7" harmonic voltage
sources, which are 11.5 % of fundamental input ksupp
voltages are connected in series with the suppliages ¢,
and \s3, respectively. The sensitive loads (load2 and 3panh
feeder2 and feeder3 are 3-phase R-L loads (R =h2Bspo
L = 100 mH). In order to demonstrate the perforneaotthe
proposed model of GUPQC three simulation case esudie

active power demand becomes as in (12) and (13garried out.

respectively.
Vorls1V Lah LfPw 1V 14 1599 W (b3 g (12)
Vols11=V d 050 1% ¥ b 0% 3x % h gg» (13)

From (12) the source current of feederl due toviiitage
sag in feeder2 and feeder3 can be calculated(d@4)n

l511= ! 0§0S¢ 1+ X J 80 FX § £y (14)

From Fig. 6 the injected current by shunt compemnsat
VSC1 can be calculated as in (15).

2.2
lc11= \/' ot ! 5112l {1 sqOs%

Thus the rating of shunt VSC1 of feederl is ad8).(

2 2 2
SUsc1= Vol earr( or 99 10 gegw ) g
2
*1c1 sHu

The rating of the two series VSCs of feeder2 amdiée3 can
be expressed as in (17) and (18), respectively.

Srsc2 =32l oY ¢ (17)

Ysca =3 3lo¥ (18)

Thus the total power rating of GUPQC is derived as,

SecupPqQc = SvscitSvsczt S vsca
=3V (\/I2 +(x ol oS )2+(x (o] 2
=3V ({Ic11* (X ol ggosv 5 3 08°% 3

2
*Xolga*x 3 g3+ 14 sHU

(19)
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A. Compensation of current and voltage harmonics

Simulation is carried out in this case study undistorted
conditions of current in feederl and supply voltagefeeder2
and feeder3. Figs. 8(a) to (c) represents threeephaad,
compensation and source currents of feederl befwdeafter
compensation. It is to be noted that the shunt emsgtor
injects compensation current at 0.1 s as in Fi@).8The
effectiveness of GUPQC is evident from Fig. 8(c) the
source current becomes sinusoidal and balanced @rdns.
The Total Harmonic Distortion (THD) of load and soe
currents is identical before compensation and seoked to be
17.27 %. After compensation at 0.1 s the sourceentiTHD
is observed to be 0.51 %.

Fesderl source currents

EELE] S0

(©)

Fig. 8 Feederl currents: (a) load (b) compensdtipaource
The compensation performance on voltage harmomics i
feeder2 and feeder3 by GUPQC is illustrated asge.R(a) to
9(c) and Figs. 10(a) to 10(c), respectively. Theiese
compensator, VSC2 injects compensation voltage2as @s in
Fig. 9(b) and subsequently the load voltage is fesketo be
sinusoidal as in Fig. 9(c). Similarly the seriesnp@nsator,
VSC3 in feeder3 injects compensation voltage at0&s in
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Fig. 10 (b) minimizing the voltage distortion andgroves the
load voltage to nearly sinusoidal as in Fig. 10(c).

i = Cmmclee T mcuaee wotane

NS

o =50

il3abel)

o000
tirmers)

©
Fig. 10 Feeder3 voltages: (a) supply (b) compeonisdt) load

o.=s0

The THD of load voltages of feeder2 and feeder3 a
reduced from 10.28 % to 0.86 % and 0.24 %, resgagtiby
the series compensators. Thus a significant impnewvi in the
frequency spectrum and THD after compensation ésrb}
demonstrated by GUPQC.

B. Compensation of voltage harmonics, voltagesseeil
In this case study, the supply voltage of feeder@istorted

0.3 sto 0.35 s and a 20 % voltage sag from 0.#400s45 s.
Fig. 12(b) shows the simulation results of corresjog

compensation injected voltages by VSC2 and theltegu
sinusoidal load voltage in feeder3 as in Fig. 12(c)

o.=zs0 0300

yL2ahe (v

Fig. 11 Feeder2 voltages: (a) supply (b) compensdt) load

= Foeder = source woltages

W3 3ahe V)

WC3hefy)

[=R=rar) [EE==ra)

sa0
So0
r 00
= oo
B
= Lion
23a
“Zon
Taon
Son

Fig. 12 Feeder3 voltages: (a) supply (b) compeosdt) load

C. Compensation of high voltage harmonics and gelta

by introducing a % harmonic voltage, a 20 % voltage sag fronsag

0.25st0 0.3 s and a 20 % voltage swell fron5&.30 0.4 s
as in Fig. 11(a). In order to compensate sourceagel

In this case study highly distorted harmonic vadtagurces
(5" -9.5 %, - 11%, 11" - 9.2%, 18 - 7.1%, 18 - 8.4%)

harmonics, voltage sag/swell of feeder2, the serig§e connected in series with the supply voltaggsfeeder2.

compensator injects corresponding voltages in i&eds in
Fig. 11(b). It is to be noted that by these injdoteltages, the
voltage imperfections are minimized and the loattage of
feeder2 is maintained free from harmonics and atdisired
level as in Fig. 11(c). Similarly the supply voléagf feeder3 is
also subjected to voltage distortions as in Fig(al2by

The simulation results for three-phase supply, camsption
and load voltages of feeder2 are shown in Figsa)1&( (c),
respectively. It is to be noted that by injectimgmpensation
voltage by VSC2, the load voltage is effectivelyabtished as
sinusoidal after 0.2 s. Similarly the supply votagf feeder3
is also distorted by introducing d" farmonic voltage and

introducing a ¥ harmonic voltage, a 20 % voltage swell fromgg oy voltage sag from 0.25 s to 0.3 s. Figs. 14dajc)
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illustrate simulation results of the supply voltagejected
voltage by VSC3 and resultant load voltage of fegdkiring
the interval 0.25 sto 0.35 s.

established by the simulation results on a threede multi-
bus distribution system. The proposed GUPQC can
accomplish various compensation functions by irgrepthe

number of VSCs. The GUPQC is expected to be aaciitte

- Fesderz source

o.zoo
timecs)

(@)

o.=s0

= Fecderz compensation

ICL)

(1

o.=s50

(2]

(3]

o zoo
tirmecsa

(©)
Fig. 13 Feeder2 voltages: (a) supply (b) compeonisdt) load

o.=s50

[4]

(5]

= Fesders source woltan

soo
400
00
=00
100

=}

i83aneY)

100
-zoo

(6]

o.=250 o.s00

timers

(71
(8]

(@)

= Fecders compensation woltoos

(9]

o.=o0

o.=50

tirmers)

(10]

[11]

L3t (V)
a

o.z50 o.=00

[12]

timers

©

Fig. 14 Feeder3 voltages: (a) supply (b) compeonisdt) load [13]

It is evident from the simulation case study restiiat the
proposed GUPQC successfully compensated curretagel
harmonics in three-feeder distribution system bjedting
corresponding current/voltage signals. Also voltagg/swell
mitigation in feeder2 and feeder3 is effectivelynaged by the
series compensators of GUPQC by injecting corredipgn
voltage and achieving nearly sinusoidal load vatag

[14]

VI.

A new custom power device named as GUPQC based on
three single-phase three-level VSCs is designeditmate
current and voltage harmonics, to compensate keaptwer
and to improve voltage regulation. The compensation
performance of shunt and a novel series compensatr

CONCLUSIONS
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custom power device for power quality improvememailti-
bus/multi-feeder distribution systems in near fatur
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