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Three-Level Converters based Generalized
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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 iis 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 major issue for utilitieslt 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 al voltage related
problems such as voltage sag/swell, voltage harmonics etc.
Many researchers have shown that UPQC as a versdtile device
to improve the power quality in distribution systems [2]-[4]. A
flexible alternative current transmission system (FACTS)
controller called as a generalized unified power controller
(GUPFC) consisting of three or more VSCs, 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 VSCs 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 essential to establish the validity of its
compensation performance in distribution or industrial
networks. A new controller strategy based on synchronous
reference frame for series compensators is also 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 VSCs and regulates
the voltage of dc link capacitor.

b) 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).

The paper is organized as follows. The proposed model of
GUPQC and its controller circuits are described in Section Il
and 11, respectively. Simulation results based on case studies
are presented in Section V. Section V presents conclusions.

I.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 harsndo [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, twiffedent

support the real power required by the two seriesontrol strategies are used for shunt and seriegpensators.

compensators, VSC2 and VSC3. The two series cosapens The sensed three-phase shunt compensator outpehtupf

are used as controlled voltage sources to protecsensitive feederl are compared with the reference currengeterate

loads (load2 and load3) of feeder2 and feederagaoltage the gating signals for IGBTs of VSC1. The estimatiof

imperfections. reference signals is based on instantaneous reaptwer
theory or p-q theory introduced by Akagi, Kanazawa and

} v B el Gupqc e B8 Nabae in 2007 [12]. In the case of series compensanew

1 control method is proposed based on synchronoesersfe

Vsc‘é}'“ frame voltage transformation to estimate the refeee

V2 N = b voltages.
1 Feeder2 -Load2 || . . .
FQresuer2 | I I [towe H Fig. 4 shows the reference current signal generakip
Ves v vis using p-q theory for shunt compensator. The feederl

Iss vsc3 . .
IHOO recsers = ————()—— T coras Hr instantaneous three-phase load currentsand the common

N3 coupling voltages pec: are transformed froma, b, ¢

Fig. 1 Distribution system with the proposed GUPQC coordinates toa, 5, 0  coordinates by using Clark
transformation as in (1) and (2), respectively, using the
In Fig. 1, \& Vepg VL, Viny @re supply, point of common transformation matrix (3).

iLl
—>

coupling, load, and compensation voltages, resgsygti and ki
is, i, ic are supply, load and compensation currents, sl L
respectively. The three VSCs of GUPQC are connelnietk- ta_| e | ; T
) . . = DR P 14 18!
to-back on the dc side through a common dc linkacipr ] 9, il
. . . iLe, iy power . N Iysteresis
(Cqo) as shown in Fig. 2 and the impedances of feeders ~ " ot |1 et iy | b |
denoted by Band LS e Ve atton ation R
woeh— o 2 > i
wpece —y| PO |° N
1]
Fig. 4 Shunt compensator control
. - ocﬁO 1
g0 = C abe' L1_abe @
v _=c0, 2
Fig. 2 Shunt and series compensators of GUPQC ap0  ~abc PCC1_ab
Each thre_ze-level VSC in Fig. 2 consists of thremaglsi— %E %E %@ 1
phase H-bridge converters supported by a commonlimC cO_ [2] 4 1/ y cabc _ ~ap0 (3)
bus voltage as in Figs. 3 (a) and 3 (b), respdygtivdhe AC  “abc V3 2 2 1" Tgp0 ~ “abc
side of each VSC is connected to the distributigatesn 0 ﬁé \@A
through a commutation reactorc land by a single phase
transformer. The three instantaneous powers, real powelimaginary
ower,q and zero sequence powey, are defined from the
% S v S bl b bl e e

instantaneous three-phase load currents and cormmgiing
voltages based an g, 0 coordinates as in (4).

sk
NI R s
J JK 4 JK & J J JAL JX &[] J
SRARSRFRLTTE iy o o]
p |[=]0 v Vg i
@ (b) a

Fig. 3 Structure of a VSC: (a) shunt (b) series

0 vy v, i/g
The instantaneous powers include both average or dc

ll. CONTROLCIRCUITS OFPROPOSEDGUPQC i(:no(rr;g)onent and oscillating component which are esga@ as

As the controllers of GUPQC detect voltage and emirr
imperfections and then generate corresponding @aignals p-p+p, q=g+
to IGBTs, the control strategies of shunt and serie
compensators are important. In the published rekeas in

4, Py =Py *hp 6]
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The shunt compensator is to supply instantaneous IV. RATING OF PROPOSEDGUPQC

powersf, g andp, to the load while the load receives oply The VSCs of GUPQC are to be designed to provideepow
A high pass filter (HPF) is used to extraftfrom the total required by the loads during voltage and curresiudbances,
instantaneous powerp. In addition it also compensates thelnject current to suppress load current harmonius iaject
voltage to compensate voltage deficiency of soudcaovel
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 fhst
scheme, the injected voltage by VSC is in quadeaiith the
source current (UPQC-Q). In the second schemeinibeted
voltage is in phase with source current and vol(@feQC-P).
However in the third scheme, the injected voltageai a
certain angle with respect to the source currerP@Q-
minimum). The loading of series and shunt compemsabf
the proposed GUPQC are based on the analysis ofCJRQ
and UPQC-P, respectively, and the correspondingsgrha
diagrams are as in Figs. 6 and 7.

switching power losseqess Of compensators and provides
active power required to maintain the dc link cajpac/oltage
at consistent level as in (6).

Fa}_ 1 { -vﬂ}{mpowloss} )
doly2 ey 2| v
ifg| Ve +Vﬁ g Va q

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

- refc _ abci * (7)
abc a0 fap0

To generate gating signals for IGBTs of steorhpensator
the reference currents as in (7) are compared séthsed F S
three-phase shunt compensator output currents. érher o, V=V =V = Ve =T,
signals are then processed by the hysteresis ban P !
controller before sending the signals to the gateshunt o
compensator switches. Lon¥or ALy

The series compensators reference voltage sign@ls a Fig. 6 Phasor representation of shunt compensaagiirig
evaluated by using the proposed method based ahymous
reference frame as shown in Fig. 5.

To ensure that the load2 or load3 receive pureseidal
voltage with constant amplitude even if the sourcktage of o
feeder2 and feeder3 are distorted, the maximum \aétdge
of feeder2 and feeder3 are transformed fahny, Oto a, b, c
by using inverse Park transformation as in (8) Wigenerates
three-phase balanced sinusoidal voltages.

1

1 I,

Pl

A &

3 VmiVB:VLB:Vn
| <

Vs 7

83 i3

Iy, I,
St

B

Vy iVLz =Vm=V, Iss

Vo 7,
§2 2 14

L= 1™y Iy=15=1,
Fig. 7 Phasor representation of series compendatmig

Yotra” mase Y

The currents, voltages, voltage drops and powetoffscof

I ) iy feeders 1, 2, 3 as illustrated in Figs. 6 and 7aar®llows:
. — da _a ‘_mja Drproved [
g B e I e IR Sl Isy s ls3 normal source currents
. < Lo comtrol )
lsiy lsog ls3 source currents in case of voltage
. Tt sac
poC PIL [—, YLa¥Ib YLe N
I, 1o s normal load currants
Fig. 5 Series compensator control I, 1oz, |33 load currants in case of voltage sag
Viefa ) sin(at ) . cos(t )o V| max P normal compensation current
="l g - - 8 . .
Viefb sin(at 1200) cost 129 ) 0 (8) lew compensation current in case of
Viefc sin(at +120 ) cos¢t + 120 ) 0 voltage sac
low, Loz Loz nominal load currents
The reference voltages are generated by compahag t  Vsi Vs2,Vs3 normal source voltages
sinusoidal three-phase voltages which are calallajeusing Vi, V2 Vs normal load voltages

(8) and the sensed load voltages, w 3. Then the reference
voltages are processed by using improved sinusgidée

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

VSlJ: VSZZ 7VS33

Vi1, Voo, Vios
Vingz Vings

Zshuy

source voltages in case of voltage
sag

load voltages in case of voltage sag
injected voltages in feedeer2 and
feeder3, respectively

shunt inductance impedance
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X1, X2 voltage drops in pu
01, 02, 93 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 &igsd 7,

9)
(10)
(11)

Vsils17V 11 L§o% -
Vsal 527V 13 L5o%
Vs3ls3™V 13 L§0% ¢

In normal operation and in case feeder2 and feedes3
subjected to voltage sag, the shunt compensato€1MVS to

support the real power needed by the VSC2 and VBE3
compensation of the voltage imperfections. Thenddet

V.SIMULATION STUDIES

The performance of the simulation model of GUPQQGin
three-feeder distribution system as in Fig. 2 islyred by
using PSCAD/EMTDC. The supply voltages of the three
feeders are set to 380 V, 50 Hz. The feederl |l i
combination of a three-phase R-L loadqR7 Ohms, |= 116
mH) and a three-phase diode bridge rectifier foldvby R-L
load on dc side (R = 52 Ohms, L = 21 mH) which draw
harmonic current. Similarly to introduce distortiom supply
voltages of feeder2 and feederd! @d 7" harmonic voltage
sources, which are 11.5 % of fundamental input kupp
voltages are connected in series with the suppliages
and 3 respectively. The sensitive loads (load2 and 3pach
feeder2 and feeder3 are 3-phase R-L loads (R =h2Bsp
L = 100 mH). In order to demonstrate the perforneaatthe
proposed model of GUPQC three simulation case esudie

active power demand becomes as in (12) and (1®@rried out.

respectively.
Voil s1V Lah LEP% 1V 14 159% W b3 o9y (12)
Vols11=V d ofos X ¥ b % 3x ¥ b ggv  (13)

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

lg11= 1 0§0S¢ 17X J oS00 X & £ (14)

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 thresephaad,
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@p).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 soei
currents is identical before compensation and sepked to be
17.27 %. After compensation at 0.1 s the sourceentiTHD

From Fig. 6 the injected current by shunt compensatis gpserved to be 0.51 %.

VSC1 can be calculated as in (15).

lc11= \/' 51 &2 41 <350 (15)

Thus the rating of shunt VSC1 of feederl is ad 8) (

2 2 2
S\/SC1:3VO(\/IC11+(I 08 % 3 1 BB B) (44
2
*1c14 sHU

The rating of the two series VSCs of feeder2 amdlde3 can

be expressed as in (17) and (18), respectively.
Sysc2 =32l 0¥ ¢ 17

Ssc3=3*3l 0¥ ¢ (18)

Thus the total power rating of GUPQC is derived as,

SeurPQc = SvscitSvsca S vsca
=3V (\/I2 +(x oS )2+(x o] 2
=3V (ylcpa* (X ol ggosy 5 4 080 3

2
*Xolgo+X gl 03 * 1 14 sHU

(19)

C
Fig. 8 Feederl currents: (a() load (b) compensdtipeource
The compensation performance on voltage harmomics i
feeder2 and feeder3 by GUPQC is illustrated asga.P(a) to
9(c) and Figs. 10(a) to 10(c), respectively. Theiese
compensator, VSC2 injects compensation voltagezas @s in
Fig. 9(b) and subsequently the load voltage is meskto be
sinusoidal as in Fig. 9(c). Similarly the seriesnpensator,
VSC3 in feeder3 injects compensation voltage at0& in
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Fig. 10 (b) minimizing the voltage distortion andproves the 0.3 s to 0.35 s and a 20 % voltage sag from 0.#00s45 s.
load voltage to nearly sinusoidal as in Fig. 10(c). Fig. 12(b) shows the simulation results of corresjbog

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

V82

VCIahey)

o250 o.=00 o=50 o.a0o0

Fig. 9 Feeder2 voltages: (a) supply (b) compensdtipload

L2 (V)

- rocder O source volkase
soo =
oo

[ER=tT) o=s0

YB3 ()

v.3abef)

WClabev

o.=00 o.=50
timecs)

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

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

iL3degy)

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

B. Compensation of voltage harmonics, voltagesseeil

In this case study, the supply voltage of feeder@istorted C. Compensation of high voltage harmonics and gelta
by introducing a % harmonic voltage, a 20 % voltage sag fronsag
0.25s10 0.3 s and a 20 % voltage swell ron5®30 0.4 s | this case study highly distorted harmonic vaitagurces
as in Fig. 11(a). In order to compensate sourcdagel (gh_gs5 op ¥ - 110, 11 - 9.2%, 15 - 7.1%, 14 - 8.4%)
harmonics, voltage sag/swell of feeder2, the serigge connected in series with the supply voltagesfifeeder2.
compensator injects corresponding volta.ggs in feds iIn  The simulation results for three-phase supply, camsption
Fig. ll(p). Itis to.be noted thgt py these injdoteltages, the 5nd |0ad voltages of feeder2 are shown in Figsa)1&( (c),
voltage imperfections are minimized and the loatlage of respectively. It is to be noted that by injectingmpensation
feeder2 is malntalned fre_e from harmonics and atdéswe_d voltage by VSC2, the load voltage is effectivelyabtished as
level as in Fig. 11(c). Similarly the supply voleagf feeder3 is  sinysoidal after 0.2 s. Similarly the supply vottaof feeder3
also subjected to voltage distortions as in Fig(aldy s also distorted by introducing &' harmonic voltage and
introducing a ¥ harmonic voltage, a 20 % voltage swell fromgg o4 voltage sag from 0.25 s to 0.3 s. Figs. l4gajc)
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illustrate simulation results of the supply voltagejected
voltage by VSC3 and resultant load voltage of fegakiring
the interval 0.25 s to 0.35 s.

o=s0

1Y
( Q
S S E—

o250

o_zo0 o.zs50

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

= Feeders source voltsoss

= Joo
= o
Z o0
2 zoo
“Soa
oo
oo
o =50 =60
timersy
con = Fescers compenssnon vorame
Fo0
3o
— Zou
= 8o
= %5
2 100
= 255
0o
258
232
C=50 e
timacsy
s00
200
300
= =00
= Too
= o
= o0
= _zoo
Soo
“Hoo
“Soo
=50 ERET
timersy

Fig. 14 Feeder3 voltages: (a) supply (b) compenisdti) load

It is evident from the simulation case study restiiat the
proposed GUPQC successfully compensated curretageol
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

VI. CONCLUSIONS

established by the simulation results on a thredde multi-
bus distribution system. The proposed GUPQC can
accomplish various compensation functions by irgrepthe
number of VSCs. The GUPQC is expected to be aacdtte
custom power device for power quality improvemeinailti-
bus/multi-feeder distribution systems in near fatur
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