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APPENDIX

Sampling Techniques

There are two sampling techniques:

. series (sequential) sampling with interpolation,
and | .

o parallel sampling with holding network (79,
Chapter 2].

series Sampling with Interpolation. The derating
measurements as described in Section 2.8 are based
on sequential sampling utilizing the soft- and hard-
ware spcciﬁn:d by the UCDAS-16G Manual of the
Keithley Corporation |80, Chapter 2|. The software
program 18 written in Quick BASIC language. Sam-
pling programs for two and five channels have been
used [81, Chapter 2]. Some of the frequently asked
questions concerning sequential sampling are

addressed as follows.

{.1 WHAT CRITERION IS USED TO SELECT THE
SAMPLING RATE (SEE LINE 500 OF TWO-
CHANNEL PROGRAM [81, CHAPTER 2])?

The A/D converter UCDAS-16G has a maximum
throughput (sampling) rate of 70 kHz in the direct

memory access (DMA) mode, where the gain 18
1.0,

In the Two-Channel Program [81, Chapter 2]

select D%(0) =4
D%(1)= 58

rom this follows the SAMPLE RATE
=10,000,000/[ D%(0) « D%(1)]
=10,000,000/(4 - 58] = 43.1 kHz = 43 kHz

In the Five-Channel Program [81, Chapter 2]

$elect D%(0) =5
D%(1) =37

from this follows the S&MH-E RAT ,l_. b
2 !O*W,Q{)O{lp%({}] D% :’!_‘ .
= 10000,000/[5 - 37] = 54 bz

R 4
1 I.. - |

= St

1.2 WHAT CRITERION IS USED TO SELECT THE
TOTAL NUMBER OF CONVERSIONS (LINE 850

OF THE TWO-CHANNEL PROGRAM (81,
CHAPTER 2])?

M

In the Two-Channel Program. One period T'=
16.66 ms of fundamental frequency (f= 60 Hz) signal
Is approximated by 360 equidistant intervals or
360+ 1=361 points as indicated in Fig. Al.l. For
two channels and sequential sampling 361 -2=722
sample points are required. Due to interpolation
procedure #1 at the end of the sampled period (dis-

cussed later), one chooses a somewhat larger number
722 +11 =733

In the Five-Channel Program. One period T'=
16.66 ms of fundamental frequency (f = 60 Hz) signal
is approximated by 180 equidistant intervals or
180 + 1 = 181 points as explained in Fig. A12. For
five channels and sequential samphng 181 -5 = 9605
sample points are required. Due to interpolation one
chooses a somewhat larger number 905 +9 =914.

1.3 WHY ARE THE TWO-CHANNEL PROGRAM
DIMENSION AND THE ARRAY FOR THE
CHANNEL NUMBER NOT USED FOR THE FIVE-
CHANNEL PROGRAM [81, CHAPTER 217

There are two ways to store the data:
" _a Il . "‘.I':‘-::Ei: 1:-;‘.li I
4 NN hats
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CHAPTER

Unified Power Quality Conditioner (UPQC)

One of the main responsibilities of a utility system
,; (o supply electric pnwf;r in the furm of sinusoidal
vollages and currents with appropriate mag,r?uudes
.nd frequency for the cuslcnm?rs al the points of
common coupling (PCC). Design and analysis of
“'.mm equipment and user apparatus are based
on sinusoidal current and voltage waveforms with
qominal Or rated magnitudes and frequency.

c.uile'aguus [5-7]. The most complete configuration of
hybrid filters is the unified power quality conﬂitioﬁer
(UPQC), which is also known as the universal active
ﬁlter [8-13]. UPQC is a multifunction power condi-
ugner that can be used to compensate various voltage
disturbances of the power supply, to correct voltage
fluctuation, and to prevent the harmonic load current
from entering the power system. It is a custom power
device designed to mitigate the disturbances that

|'
Although the generated voltages of synchronous |
J e : -
affect the performance of sensitive and/or critical |
I
L

machines 1n power plants are nearly sinusoidal, some

undesired and/or unpredictable conditions —such as  loads. UPQC has shunt and series compensation

lichtning and short-circuit faults — and nonlinear capabilities for (voltage and current) harmonics,

loads cause steady-state and/or transient voltageand  reactive power, voltage disturbances (including l-ll

current disturbances. For example, electric arc fur- sags, swells, flicker, etc.), and power-flow control. _
naces cause voltage fluctuations, power electronic Normally, a UPQC consists of two voltage-source '
converters generate current harmonies and distort converters with a common DC link designed in &

voltage waveforms, and short-circuit faults resultin  single-phase, three-phase three-wire, or three-phase
vol!a:ge sags and swells. On the other hand, most four-wire configurations. One converter is connected
customer loads such as computers, microcontrollers,  in series through a transformer beétween the source
programmable logic controllers (PLCs), and hospital  and the critical load at the PCC and operates as a
equipment are sensitive and unprotected to power  voltage-souree inyerier (VSI). The other converter
quality disturbances and their proper operation is connected in shunt at the PCC through a trans-

depends on the quality of the voltage that is deliv- former and operales as a currem-soum”mveﬂer
ered to them. (CSI). The active series converter compensates for

To optimize the performance and stability of  voltage supply distur!:{anm (e.g,-,_mcludhlgharmou_n
power systems and to overcome power quality prob- 16, imbalances, negative and zero-sequence Compo-

lems, many techniques and devices have been pro-  Denls, SAgs, swellx, and ﬂmke_r,s),; performsmi;ﬁ:
posed and implemented. Conventional devices used isolation, and damps harmonlr-' oﬂaﬁbﬂ& .!I,T'.i t
for voltage regulation, power factor correction, and active shunt fonvtf‘rtﬁl' Wmu:tf o)
power quality improvement include shunt or series waveform ﬂlStOmﬁns (E@rﬂl ".ﬂ]-'.'. j! W
power capacitors, phase shifters, and passive oOr lmwﬂﬂmaﬂdm’m’mﬁﬂm Rt
dctive filters (Chapter 9). Advanced technical solu-  and l3"m'f"":'r"“"“"ﬂm}m’:Iillk _ .
tions are flexible AC transmission system (FACTS) M”M Ryt o e
devices |1, 2] to improve voltage regulation, as well eﬁ!'lmdf a”hg pdht ' el
4 steady-state and instantaneous active and reac- mrtad =
live power control at fundamental frequency. Other followiiE
dpproaches are based on custom power devices _{3ﬁ, . ")
4] that offer a variety of options including series and
ﬁfhﬂnl active (P) and reactive (Q) power cOmpensa-
on 1o improve power quality, voltage regulation, a8
Well as steady-state and dynamic performances at
lundamenal and harmonic frequencies, 1L : =)
The concept of hybrid active filtering wath shuat -

-
1

"0 series branches was introduced by Akagi and

e =
e
- s ) .
* T | -
-
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e currents, ;1[11..1
-iL“LI'[]CI'I\,L t.l"ll,nl

ﬂiili‘.'ij o
q subtransnis-

. nculr;tl and nee
olation (€.8

istribution s) slem).

'  between

¢ harmonic 15
S1on and a d 1
ability of 1mproving

1 PQC has the cap . |
qllation of pOWEl

he point of st | |
ludes compensation of

Therefore.
power quality at the.
Fhis inc

rribution Sys{ems. e -
distribt es across the sensiive load

d disturbanc
harmonics, voltage
and cl_trrcnl-h:'m:d

- ae-hase
voltage : imbalances.

(such as voltage

\'illl-'tf,L‘ HiL‘LtT& S;'t;:i-. ..'il‘lu.l .\\‘n'c]]w'l

system (such as current harmon-

distortions Ol the o0
atral current). However,

tive pOWET. and ne

ics, reac | e
e of improving the powWer quality

UPQC 15 notl capabl
of the entire systeml.

This chapter starts with a section about compen-

introduces the LIOQPC

" -
cation devices. Section 11.2 | .,
on. Section 11.3

its structure and operall
svstem of the UPQC. The
following two sections provide detailed analyses
and discussions of [(wo maill approaches lor
implementing UPQC
Park (dg0) transformalion and the
ous real and reactive pOwer approach. Section 11.6
explores UPQC performance through six applica-

including
discusses the control

control systems including the
instantane-

tion examples.

11.1 COMPENSATION DEVICES AT

FUNDAMENTAL AND HARMONIC FREQUENCIES
M

Over the past several decades the transmission and
distribution of electric power has become extremely
complicated and subject to very tight operational
and power quality specifications: the loads are
increasing, power transfer grows, and the power sys-
tem becomes increasingly more difficult to operate
and less secure with respect to major disturbances
and outages. The full potential of transmission inter-
connections may not be utilized due to

* large power flow with inadequate control
pooling,

* excessive reactive power in various part of the
power system, and

* large dynamic power swings between different
parts of the system,

‘ The main problems with interconnected transmis-
sion lines are

. ?l no-load or light-load condition the voltage
mcn.?:fses at receiving ends resulting in reduced
stability,

! -
al loaidcd. cgndlllﬁns the voltage drop increases
resulting in the decrease of transmittable power,

o mhagg wﬂapse and voltage instability,

active power (P), the re

The conventional approaches for v

« power and power angle Vanation
turbances, and 8 lHF'“liﬂld-
: e 1%
e transient nstability d
: ue 1o S\
1dde
n

power variations or Oscillations 4 Wl
i S, . Eft

As the IL'H‘.*__‘.“"I ol a line

II-II‘:[ .i. ' M
¢come more pronounced. The ults Ffﬂhkm
, IMatle )
the instantaneous control of the ale gof,

RN i’lgu Al ==
ACTVE power () I,‘vl;"h;'
| ”!'L

total harmonic voltage distort:
=5 SLOThon (THD

)

i)

11.1.1 Conventional Compensatiop G

0lta

: 2€ reoyla
and power compensation at fundameng FeRulaje,

: | tal fre
are relatively simple and inu.xpcngi\,-t_. Th frtjﬁlhenc_,
- RAEY Inglg.

- ':~|‘il.lllll compensators (capacitors, reactos)
® SEries t_.‘{‘r-|l1l‘1|mn-uln;1ra (Series capacitors). fll;d
e phase shifters.
These devices are nwcl'tunically controlled g
T.pc L:L] and there are 1t"rt:LlI'-'dntJ-lt;‘ur problems sy
111_;__* In *__111';.11;.‘[' operating nmrgim and redundange
§ t’t‘h]]\'t’l‘llh-}i"ldi compensation deyices are emploved
the system is not fully controlled and uplimized[rmg:
a dynamic and steady-state point of view.
Conventional devices used for power qualy
improvement are passive and active power filters &
discussed in Chapter 9. Passive filters are simpleqa
inexpensive. However, they have fixed (tuned) i
quencies and will not perform properly undérchis
Ing system configurations and/or variable (nonlinea
load conditions. Active filters eliminate harmons
at the point of installation without considerig
power quality status of the entire system. [n additipa
they do not solve the stability problem, and are il
oenerally capable of optimizing the performans
(e.g., voltage regulation, reactive poWEr compsis

tion) of power systems.

11.1.2 Flexible AC Transmission
Systems (FACTS)

In order to meet strin

established contractual ob s
nologies Have been &
joms ¢

gent specifications and lb:
ligations et out insupe

agreements, various tech ' ,
Among the newly developed technical sulutlt “ !}
FACTS, which were introduced BISGHERES
They offer a variety of options including 5:1:[&.
shunt compensation of powel at funda 4
quency to achieve instantaneou

ACTS 8
o e S ¢ v, P, and Q FAYE
simultaneous control o rgl'iahlw and

are designed to 1mprove the
quality of power tra

3 . al '15‘i
consider the qualit

y of power

: 1. they
nsmission. However: = o
TS
M

Conditioner (UPQC)

A miers: [his section briefly introduces different
L‘"““Tl”l_ FACTS controllers (2].
(ypes ©

it FACTS Controllers. Three types of shung
rollers are employed to inject compen-
ation current 1nto the system. An injected current
5 adrature with the phase voltage results in

Sh
FACTS cont

i phase gt : |
J control; other phase relations provide simultane-

“'{}] ol P a nad [)

OUs ¢omn

, Variable impedance shunt FACTS controllers are
also called static VAr generators (SVGs) or static
VAr compensators (SVCs). They are thyristor-
controlled  reactors and/or thyristor-switched
capacitors and consist of the following types:

I"I1j.-'1'i5tnr-cm1tmllud reactors (TCRs) and thyris-

or-switched reactors (TSRs),

'I“h}'riﬁlur-m'ilcI'n:L‘l capacitor (TSC),

Fixed capacitor, thyristor-controlled reactor

(FC-TCR), and

Thyristor-switched  capacitor, thyristor-con-

trolled reactor (TSC-TCR).

« Switching converter SVG shunt FACTS control-
lers are switching converter based controllable

synchronous voltage sources and consist of the fol-

lowing type:

» Static synchronous compensator (STATCOM).

» Hybrid SVG and switching converter shunt

FACTS controllers are switching type SVGs with

fixed (or controllable) capacitors and/or reactors.

They include:

» STATCOM with fixed capacitors (STATCOM
& FC),

» STATCOM with fixed reactors (STATCOM &
FR), and

« STATCOM with TSC and TCR units
(STATCOM & TSC-TCR).

Series FACTS Controllers. There are two basic types
of series compensation:

* Variable impedance series FACTS controllers
use thyristor-switches to provide series variable
reactive impedances. They include:

* Gate turn-off (GTO) thyristor-controlled series
Capacitor (GCSC),

* Thyristor-switched series capacitor (TSSC),
and

* Thyristor-controlled series capacitor (TCSC).

" SWitching converter series FACTS conirollers
USE Swilching converters to provide yariable series
Voltage sources. They include |

L] ¥ " - z . : - :
Matic synchronous series compensator (885C).

e

=
1
n‘_

- 1 '.
o - y - -
w —

controllers
number of serjes,
S€ries FACTS de
shunt-series F A

b :
4y consist of a number of shunt, a

Or a combination of shunt and

vices. Three popular combined
CTS controllers are

o |ini
L_mﬁed pt:-'wer flow controller (UPFCY has one
CONVerter in series and the other in shunt with
the transmission line, .

. 1:’nu:rlmu:: power How controller (IPFC) has both
Onverters in series with ' e,
fod usually a different ling,

* Back-to-back STATCOM has both converters

In shunt, each connected to a different power
system.

FACTS Controllers with Storage. Any of the con-
verter-based FACTS devices can ger;etally aceom-
modate storage such as capacitors, batteries, and
superconducting coils. These controllers are more
effective for controlling system dynamics due to
therr ability to dynamically provide/extract real
power P to/from a system.

Development of FACTS Controllers. The first genera-
tion of FACTS (e.g., SVC, TSSC, TCSC, thyristor
controlled phase shifters, ete) use thyristor controlled
switches as control devices. The second generation
(e.g.. STATCOM, SS8SC, UPEC, IPFC, etc) are con-
verter-based devices and use switching static convert-
ers as fast controllable voltage and current sources.
The application of FACTS devices is increasing
as their advantages become more evident to power
system engineers and researchers. FACTS control-
lers are primarily designed to operate at fundamen-
tal power frequency under sinusoidal conditions and
do not necessarily improve the quality of electric
power. In fact, most FACTS controllers use switch-
ing devices that inject current and voltage harmonics
into power systems. Corrective approaches (e.2.,
cinusoidal PWM techniques) have been proposed to
minimize their limitations. |

11.1.3 Custom Power Devices

The introduction of power electronic loads hiastaisect
much concern about power quality probiems &
by harmonics, distortions, Iter O
ﬁ}'dm erte _~_.-' 21 HiCanly: bl

and current (mters, SEPSE ST

s ewstems Lhal Imase

SOOWETD 5
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ers and SV(Cs to
4l solution
Yet, the

Armionic filt
is can offer parti
aoc Auciuations.
s these devices limits

The application of h
radial cransmission systell
to high THD levels and m_l tage
lack of dynamic capabilities ol

them to bulk correction. In adn;tu_llrfnn tl Fmign O
pplic;nion but fail to correct other

ey might be

effective in one 4
ality 1SSUCS.

f custom power W
onto V., P,and () compensa-
at the expense of
k complexity. AS FACTS con-
and quality of power
v enhancing both

power qu

The concepl ©
Hingorani [3] asthe soluti
tiunhand power quality problems

high cos! and networ
he reliability

as introduced DY

trollers improve |
on — bY Stmullanemﬁl
1hilil\.' — custom puucr

and reliability ©f
With a custom

{ransmiss
power transier cap
devices enhance the quality

delivered 1O the customer. _
4 sensitive load) will

acity and st

puwi:‘i‘
power device, a cust

be able to receive a prespecifie _
specifications including

omer (€.£.,
d quality of electric
power with 2 combination of
but not limited 1o

e macritude and duration of over- and under-

voltages with specified [imiLts.,
» low harmonic distortion in the supply, load volt-
ages. and currents,
o small phase imbalance.
e low flicker in the supply yoltage,
« control of power interruptions. and
e control of supply voltage frequency within speci-

fied himits.

Custom power devices arc classified based on their

power electronic controllers, which can be either of

the network-reconfiguration type or of the compen-

sation type. The network-reconfiguration devices —
also called switchgear — include the solid-state and/or
static versions of current limiting, current breaking.
and current transferring components, The compen-
sation-type custom power devices either compensale
a load (e.g.. correct its power factor, imbalance) or
improve the quality of the supply voltage (€.g., elimi-
nate its harmonics). They are either connected in
shunt or in series or a combination of both. Custom

power devices are classified as follows [4]:

awmn custom power devices

@ Solid-state current limiter (SSCL),

s HPOwEE dﬂihﬂ!l es include

e _: . I - _ I -:‘. =
S i = .I:""_'..—‘.:..' '.,'-l-r.l!_-_._‘_“ b ]
i I 1t .: . o ‘4,. - 1N

o _-‘.-..! \ .
w1 d i -
= _"_;r,-_-!l-‘-
i

'- S5

Shg,
Ened tg

Ol insta)

: ’ Tl‘tﬁl v
ily designed to improve the poy Y ire
Ve

entire system.,

Custom power devices are de

PR : ey

the quality of power at their pnin:
yower distribution sys '

the power distribution Systems. hn“b{ |

“'Cllpp"ma'.

" Qualiy U

11.1.4 Active Power Line Co
Nditioney
(AP

pensatinn desi
ality of 1 i
ITective haﬂnun‘!

uses. Tt i o
necessary o use more than one APL('l - lJSUILH
Unit fg

iy

prove the power quality of the entire g
system. Therefore, APLC units can be Cnn”.‘;lbum_
SlUEred .

[\

['he APLC is a converter-based com
designed to improve the power qu
distribution system by injecting co
currents at selected (sensitive) b

a group of shunt active filters; their placement «
and compensation levels (e.g., Drdgrs‘ it ‘l‘i?i!:i
and phases of injected current harmonics]i“w'
mally designed to improve the power quaiii:ﬂ?pf_.
entire distribution system, The number of requ;+
APLC units depends on the severity of distﬁm;
the nature of the distribution system, and WP'“;I |
nunli!?uur loads, as well as the required E{U;ﬂ'ih'ir.i
electric power (e.g.. as specified by IEEE-SI?}' Al
present, the design of APLCs does not cnngide;-lrar.-
sient distortions and stability issues.

11.1.5 Remark Regarding
Compensation Devices

In the absence of saturation and nonlinearity, o
system voltage and current waveforms are sinusd
and FACTS controllers are employed 10 solve (i
associated steady-state, transient, and stabifitypre
lems. Custom power devices are designed (ompios
the steady-state and transient problems G[dism!
distribution systems at the point of installabos
Power filters and APLCs mitigate POWE quet
problems at a given location and tlm:mg_,llﬂ'ﬂl'_‘hr
power system, respectively. However, ! prese: |
none of them are designed 10 simul[anefll“f_lf"j‘" |
sider stability and power qud ’
related to the fact that in conyentions
power systems, POWer quality problﬁﬂﬁ_?ﬂ
to the low- and medium-vullag{: distrib
whereas stability 15SU€! '
voltage transmission systems:
of distributed generation
rate of renewable energy S r e S0
system, there will be an over ﬂ_P_ 1 e
and power quality 1SSU€s- More 8 t :
research is required 10 'a'nnl' .‘ ,r
issues in decentralized distorte® T
| Al |

L . ¢ B
Fa ™ S "'.:'L! o I ;: 2 |

Unlflld

(nonisinusoidal
utility veoltage

power quality conditioner (UPQC)

. Vg o

(non)sinusoidal

utility voitage

1 - : h
FIGURE 11,1 Ideal UPQC structure; (a) the right-shunt UPQC, (b) the left-shunt UPQC :4])

Vs || series |
nonsinusoidal | | |transformer . I C, L |
atility side | | E—T—’ | series |l shunt |
voltage | | | [, |converter||—==1 |converter |
| | l | C; l
i | "R '
v Yoc _# |
|| 2= 1L » =9 < [ -I

|| LE:T'Pass voltage [ | | current high-pass m:::

Wy iiter control| | , | [|control filter : Lk r
N 1&1 |
| : uPQC | i .

- S __ _4 | control system

FIGURE 11.2 Detailed configuration of the right-shunt UPQC.

11.2 UNIFIED POWER QUALITY
CONDITIONER (UPQC)

VUNDITIONER (UFeh) e
Unified power quality conditioners arc yiable com-
pensation devices that are used to ensure that deliv-
ered power meets all required standards and
specifications at the point of installation, The ideal
UPQC can be represented as the combination of &
voltage-source converter (injecting series voltage ¥.).
4 current-source converter (injecting shunt current
i), and a common DC link (connected to 4 DC
F“Dﬂf:i.lm}* There are two possible ways of connect-
ing the unit to the terminal voltage (v,) at PCG

* Right-shunt UPQC (Fig. 11.1a), where the shuat
Cﬂrflpe-nsamr (i,) is placed at the right side ﬂf’-‘.‘*“
seéries compensator (v,). |

* Leftshunt UPQC (Fig. 11.1b), where thedtﬂnl

hﬂrhese lwo structures have I.' :__h- reat

Jowever, the overall characteristies of M
hunt UPQC are sug s
B - : idin
o - - —I'_F 151

=ty -
wi

=
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L
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compensator (i.) is placed at the left side of Ve
J .. BN ‘:":5_

power injection/absorption mode, achieving unity
power factor at load termmal&, and full reactive power
compensation). In this chapter, a right-shunt t UPQC

configuration is assumed and alyzed. Reterences
(4] and [9] present detailed analysis of the left-shuat
structure. o o gt .

]
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= oy s WO cOnd Lr“-.
LPQC employ

on [)(1 lin

main componen 28
rs. DC capacitons,
and series and

L with an enersl storage capact-

ts of a TPQC are ceries and
low-pass and

s converte
unt power COTYETT" shunt

flters,

transformens.

voltage-source cond erter con-

h the AC hne and acts as a

ro mitigate voltage distortions. It

oe flickers oOr imbalance

nected 1 series Wil
voltage sOUTce
eliminates supply volta
he load terminal v _
to absorb current harmonics gener-
ated by the nonlinear load. Control of 1hc_ Series
- put voltage < usually performed
dth modulation (SPWM).

ted by the L‘t'lm]"':jirm_r-n

f [ oltace and forces the
rom £
shunt branch

converter oul
using sinusoidal pulse-wi
The'gate pulses are genera
of a fundamental voltage refere
high-frequency triangular waveform.

nce Sigﬂul with a

oltage-source converter con-

nected in shunt with the same AC line and acts as
el current distortions, to

q current sourcc 10 canc
and to

nsate reactive current of the load.

compe
factor. It also performs the

improve the power
DC-link voltage regulation, resulti
cant reduction of the DC capacitor rating. The
of the shunt converter 1s adjusted

ng in a signifi-

output current
(e.0.. using a dynamic hysteresis band) by control-

ling the status of <emiconductor switches such that
output current follows the reference signal and
remains in a predetermined hysteresis band.

» Midpoint-to-ground DC capacitor bank is divided

into two groups, which are connected in series. The
neutrals of the secondary transformers are directly
connected to the DC link midpoint. As the connec-
tion of both three-phase transformers is Y/Y,, the
zero-sequence voltage appears in the primary
winding of the series-connected transformer in
order to compensate for the zero-sequence voltage
of the supply system. No zero-sequence current
flows in the primary side of both transformers. It
ensures the system current to be balanced even
when the voltage disturbance occurs.

* Low-pass filter is used 1o attenuate high-
ﬁﬁquency components at the output of the series
sonverter that are generated by high-frequency

5 ~u s filter is installed at the output of shunt
e ant switching ripples.

series and/or shunt active ang r
: : ~ C
pensations at fundamental

cies. However, the UPQC i

for the purpose of Cl(.‘i.‘!["lti'ﬂ I8 |
dal 18¢ T
coOnveriers. I :

The UPQC 1s capable of Steady
Sl ady-st;

and hﬁrm{-"ﬂic

S only Coneery,

: R age and th
at the point of its installation and it d
w i 0

the power quality of the entire SVste
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L
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the quality of the load voli

11.2.2 Operation of the UPQC

The shunt converter forces the feeq

. er (sy

current to become a balanced (hﬂl'mr;mi h[-‘s)ﬁlﬁm]
[

soidal waveform, while the serjes convert €€ Sing.
X er ERsyr:
4

a balanced, sinusoidal, and regulated oad '1
€ Vollage

11.2.2.1 Operation of the UPQC with
Unbalanced and Distorted System Voltag
and Load Current ;

In most cases the three-phase system valtace
load currents are unbalznccd ;n;n{-:iﬂ:i?:i?]g;m
order frequency components (harmonics), a;ﬁ:ﬂ
UPQC unit is used to compensate for both typs
distortions. The UPQC takes the following twosey
to compensate for the imbalance and the distoris
of system voltage and line current {4},

Step 1: Obtaining Balanced Voltage at Lo
Terminals. The imbalance or distortion of i
phase system may consist of positive, negatye, i
zero-sequence fundamental and harmonic comp>
nents. The system (utility) voltage al point § (F2

[1.2) can be expressed as
V(1) = vg (1) +vs )+ 1-'_.;”(!)—{-21,'5}‘(!‘), (11
_and 0 refer to the pOSIIe:

nce fundamental COmp
V.. sin(ax+ ) il

where subscripts +,
negative-, and zero-seque
nents. respectively; vall) =
V. sin(wt + ¢.), and vigll) = Vo 810

- fundames=
tive-, negative-, and sero-sequence 0 g
' . em W
frequency components of the SySteD :
* resents the

V., sin(hot + d,) rep
oltage, h 18 harmonic

> V)=

ics in the v
and ¢, are the corresponding T i
Usually, the voltage at the load a'l V‘".

to be sinusoidal with a fixed amplllud"" b

e

Vi | !
Hence the series convenefmlii {;. _.
for the following .companﬁuﬁ'f : . I'l |

™ a

(ar + ) AP

order; 3“‘1'@"“
voltage phie S

(11-3)

svstem should automatically control the
o converter so that its generated voltage at its
Series . : 2 : |
cerminals is ve(1) (in Fig. 11.2) and matched

,‘ml]‘llll
: - 4
with Eq: 11=

step 2 obtaining Balanced System Current Through
the Feeder. The distorted nonlinear load current
(Fig. {1.2) can be expressed as

(1) =10+ i (O F i D+ X000, (11-4)
where () = Li: sin(ax + 0.), iy (£)=1,_ sin(ax+ 8.),
and igo(f) = Lo Sin(@X + &) are the fundamental
frequency positive-, negative- and Zzero-sequence
components of the load current and ZEM(1)=

;Mﬁin(;‘uufﬂ’i“] represents the harmonics of the

load current. d., 0, . and ¢, are the corresponding

current phase angles.

The shunt converter is supposed to provide com-
pensation of the load harmonic currents to reduce
yoltage distortion. It should act as a controlled
current source and its output current must consist of
harmonic, negative-, and zero-sequence currents 1o
cancel the load current distortions. It is usually
desired to have a certain phase angle (displacement
power factor angle). 6,, between the positive
sequences of voltage and current at the load

terminals:

0, = (6. — ¢.) = 0, = (¢ + 6L)- (11-3)

Substituting Eq. 11-5 into Eq. 11-4 and simplifying
yields

(=1, sin(wt+¢,)cosd, + |1, cos(@r+ @)

sinB, +1, U}+-*';,_.U)+zfu-[”]‘
(11-6)

It is clear that the output current of the shunt
converter should be controlled and must assume @
Wave shape as specified by the 2nd, 3rd, 4th, and 5th
terms of Eq. 11-6. That is,

(t)=1,. cos(ar + ,)sin 8, +iy (0) +igg(0)

* zfuﬁ(f)-

“_1}5 will ensure that the system (feede
ASinusoidal waveform: =

-

(117)

er) current HEs
I | .

m

li(!) = 'l(”

=idl) = (I, cos 8,) sinfex + ¢.).  (11-8)

Equations 11-3
-3 and 11-7 de inei
Mg monstrate the pringi-
Ey :aic:}? lldeal UPQC. If these equatinrlzs a?:
famenks Yy implemented by the UPQC mhtfﬂllcf
nal load voltage and system current will hﬂ;

SINUSO] additi
usoidal. In addition, system voltage and current

vill be j :
Will be in phase if 9, =0 (e.g,. unity power factor),

and neither positive | '
e geih nor negative reactive power wi
be supplied by the source. ik

;1.2.2.2 Operation of UPQC with Unbalanced
ystem Voltages and Load Currents

Assuming that the system voltages and load currents
are unbalanced but not distorted (harmunic;&eé)

one can generate UPQC equations as shown below‘.
The UPQC takes the following four steps to com-

gensate the imbalance of the system voltages and
line currents (4]

Step 1: Obtaining Balanced Voltages at Load
Terminals. From the structure of the ideal nght-
hand UPQC (Fig. 11.2) follows

ve() =vi(f) + v ll). (11-9)
To obtain balanced voltages at the load terminals,
v.(t) must cancel the imbalance of the system volt-
ages; therefore,

Vo=V V=¥ (11-10)
which implies that V, is of positive sequence. Note
that the positive-sequence magnitude of the load
voltage (V) should be set {0 the desired regulated
voltage, whereas its phase angle depends on the load
displacement power factor.

One defines an injected positive-SEqUENCE vollage
(|V,.]) such that the series compensator dnﬂnﬂt
require any positive-sequence (real) pOweT. Because:
i, flows through the series compensator, Ve must
have a phase difference of 90° with .. This implies

= N
JI"|= y i Ih_

Vy= Vi Vs labpls 1R

. : -.‘I“]dgl g |
where (a-+]8) i the U VEECE 0 L sl the

w ["l‘ P - .'.' - < __:.‘,..I.__,.I:-: L,
. il o ..I_. i n
- £ i
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V..l The minmum <olution should

solutions for |
be selected hecause

\ of the UPQC.

- A — & " '
it will result 1n less cost (€.8.,

smaller rating
rents Through

ideal right-

g Balanced System Cur

he structurc of the

Step 2! Obtainin
the Feeder. From !
hand UPQC (Fig. |

] 2) one gcis

g_{_;m;;'_{;*1+:{:} (11-13)

balanced system currents, the injected

o obtain |
o ;H'ILJ Oonec :-_‘Cl*l for the

i (1) must become 7ero

current _
nts of the load current

sequence compone

(11-14)

This will ensure a positive-sequence current (equal
to the positive-sequence load current) only passing

through the system.

Step 3: Ensuring Zero Real Power Injection/Absorp-

tion by the Compensators. Equations 11-9 to 11-14

suarantee that imbalances 1n both the system volt-
soes and the load curreénis arc cancelled by the

L/POC. Moreover.

« The series compensator (converter) will consume
zero average (real) power because its voltage and
current are in quadrature (€.g., V. is in quadrature
with 7,.).

« The shunt compensator (converter) will also inject
zero average (real) power since 1ts positive-
sequence injected current is zero (/.. =0) and the

load voltage is of positive sequence only.

Therefore. the UPOC does neither inject nor absorb
real power.

Step 4: Reactive Power Injection by the Com-
pensators. The UPQC can supply part of the load
reactive power through its shunt compensator (con-
verter). T'odo this Eq. 11-14 has to be modified while
keeping in mind that the zero and negative-sequence
components of the load current must also be can-
celed by the shunt converter. The new conditions for
the injected shunt currents are now

Imerli- )'”;EU, [(_=)'!-__. (I]'Ii)

We can divide the average component of the load
-teggive power between the shunt converter, the
Sﬁn&s converter, and the system. Due to the fact that
the average values of the active and the reactive

- Powers of the shunt converter depend only on the

EHlpnu "

lwnmll\'u.'—‘w"t.]llclh.‘t.‘ current and gt
> Igal

sumption (Or absorption) myst h
C7e

POwe
10, One : "R

SRl
[t I ,} |f I'L"u."\ HT‘. '.1 — f* = -tk‘]ilu

because (|V,.]#0 and |/ | # 0)

|} H!F‘\-Itl “::“[”; |
o gy
where @ 1s the angle between Vo
: I L+ dI
indicates how much reactive pPOwe oy Salyy §

I Must be g

. ]'l{;l
4‘ kL I}ﬁ lh‘: ;_li'.ucl_ ‘u!

by the shunt converter, and @)

'igc i

the lt".ili..l reaclive POWer,

‘01 ictive lo: :
For inductive loads (e.g., negative 0, o
VRS WL 1?“7

sator (converter) current /., must Jaq Vb
- ~ B -1 F
"‘!;”]‘Ht_\ 1'..] I I ]{‘Hil LH]LI one can w r”.f,‘ { '\ Af o
()
\V, | WL

The cancellation of the Hupph' and load CUrT
: ¢l

imbalances using an UPQC is addresseg i 4

* v SO 1 ” & ‘pn
R los _w-f‘w._“\| and the reactive POWEr CL1I11{)t:ngu!i_l}H“:h
a UPQC 1s discussed in |4, pp. 386-388]

11.3 THE UPQC CONTROL SYSTEM

_—__“
[t is possible to distinguish between disturbines

related to the quality of the system (supply) volta
and those related to the quality of the load cun,;;hﬂ
The UPQC corrects both problems at the pointl
installation (e.g., at the terminals of a Sensiive
critical load). It combines a shunt active file
together with a series active filter in a back-to-bact
configuration to simultaneously improve e pow
quality of the supply current through the povs
system and the load voltage at PCC. The main -
tions of the UPQC are summarized in Table 11}
'he main components of a UPQC e the sencs

- . JhIvie i }E,’I'I
and shunt converters representing active filters, bt

TABLE 11.1 Main Functions of UPOC Controlier

" (Y a“t‘{
Sernes converter ShLlI'Il conve

& . vioy.0f g
o Compensation ol ¢

» Compensation of voltage _
. : o ey
: i {lﬂl.-llffm ¢
harmonics (including harmon Vi
- ey ‘1.[ 4 :iﬁ
negative- and zero-sequence negalive s

i 1
sequence commpne

ey
Ilmdamcnlal frequem?
frequency) |

components at fundamental

* Mitigation of harmonic
currents through the powet
line (harmoni¢ isolation)

 Improving system stability
(damping)

« Controlling active and

reactive powers

i power Quality Conditioner (UPQC)
Uniti®

-pass passIve filters, DC capacitors, and
| shunt transfOrmers, as shown in Fig, 112,
 converter is a STATCOM that injects
corrective current to improve the

lﬂd lOW

li‘l'lii_i':ll

||n|‘|5““' _ load volt:
I[ltlhl" ]'L‘gllltlllf (3 Vi) l;lgu. Elnd L‘HI’III‘(]] 'lht

u‘“'*.r .
| ]“IW__.]- factor. It also compensales for the load

ye POWel demand, corrects supply current har-
and regulates the DC-link voltage. The

[oad
u-:h’“
||]Ul"li'~"‘~ :
i converter I.L.P.rtﬁcl‘l[% a dynamic voltage regu-
']M“r (DVR) that .mlranIucu«; corrective harmonic
yoltages (O ENSUre sinusoldal supply current and con-
(ant voltage conditions under steady-state and tran-
sient np::mling conditions (e.g., during voltage sags
and swells).

[he power electronic converters are frequentiy
Joltage-source inverters (VSIs) with semiconductor
w.u,_-iwa_ The output current of the shunt converter
s adjusted using an appropriate control scheme
(¢.g., dynamic hysteresis band). The states of semi-
conductor switches are controlled so that the output
current tracks the reference signal and remains in a
p;cdclcrminc:d hysteresis band. The installed passive
high-pass filter — at the output of shunt converter —
ah-mrha the current switching ripples.

Control of the Series converter outpul ‘.-’ﬂilﬂgt‘: 18
performed using PWM techniques. The gate pulses
are generated by the comparison of a fundamental-
voltage reference signal with a high-frequency trian-
gular waveform. The low-pass filter attenuates
high-frequency components at the output of the series
converter, generated by high-frequency switching.

For the compensation of the zero-sequence com-
ponents, the split-capacitor scheme is usually used
on the DC side of converters and the capacitor's
midpoint is connected to the neutral. In order to
inject the generated voltages and currents, and for
the purpose of electrical isolation of UPQC converl-
ers, series and shunt transformers may also be
included in the UPQC configuration.

11.3.1 Pattern of Reference Signals

Provided unbalanced and distorted source vollages
4nd nonlinear load currents exist, then — based on
Eqs, 11-1 10 11-17 - the output voltage of the series
onverter (v (1), Fig. 11.2) and the output current ol
shunt converter (i.(r). Fig. 11.2) must obey the fol-
lowing equations:

V1) = (V, - Vo )sin(wr+¢,)—v, ()= "'m(”

L Z Valr)

W0=1, cos(awr+8,)sin@, +i, (1)

0+ Y i), (11-18)

vnllagE d ,
PPeanng  across
- Y q_ 3

(Jeneralinn, trackin

reference signals are

control system, There ar

control: the first oneis b
tion [15],

g, and observation of (hese
performed by the UPQC
€ two main classes of UPQC
i ased on the Park transforma-
i i;:;d ‘Ih'e second one on the instantaneous
- \maginary power theory [9, 13, 14}, These
will be introduced in the following sections, There
are other control techniques for active and- Hybﬁd

(Lg UPQC) filters as discussed in Section 9.7 of
Chapter 9. '

11.4 UPQC CONTROL USING THE PARK
(DQO) TRANSFORMATION

It is clear that the UPQC should first separate the
fundamental positive-sequence component from
Glhﬂl’ components (e.g., derivation of reference signal
using either waveform compensation. instantaneous
power compensation, or impedance synthesis, as dis-
cussed in Sections 9.7.1 to 9.7.3, respectively), and
then control the outputs of series and shunt convert-
ers according to Eg. 11-18 (e.g., generation of com-
pensationsignal using reference-following techniques
as discussed in Section 9.7.5). The conventional
approach to perform the first task for the UPQC
relies on the synchronous dg0 reference frame.

11.4.1 General Theory of the Park
(dg0) Transformation

[n the study of power systems, mathematical trans-
formations are often used to decouple variables, to
facilitate the solution of time-varying equations, and
(o refer variables to a common reference frame. A
widely used transformation 1s the Park (dg0) trans-
formation [15]. It is can be applied to any arbitrary
(sinusoidal or distorted) three-phase, time-depen-

dent signals. iy
The Park (dg0) transformation 1s defined as

‘1 [cosd, cos(@,-2x/3) cos(8+28/3)

"1Clys s 12

h J’; _cinB, -sin(8,~2/3) —sin(8,+2x/3) |




452
er 9 (Section g 7). the main
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advantage of the dgl transtorm 1
; ] 2} compone
damental tpnsinrc-smucmtr compone i

| 5 111 Undadc

form will be [r"mxl't:rrcd to a constant DC ten _
{ o 18 a  harmonic

1) addition, a4 Ik
+ate conditions. 1p add

steady-state cond | - iy

i gency o will appear as < sinu
y = @y In the dgV

nt ol wave-

component with freq
soidal signal with frequency ol @

domain.

11.4.2 control of Series Converter Based on

the dg0 Transformation
The system (supply) yoltage may contain negative-
and zero-sequence cOmMponc

distortions that need to be aliminated by the series

ator. The control of the

nts as well as harmonic

series compensator

compens i -
hased on the ;'qu transformation Is shown 1n rig.
11.3. -
. The svstem voltages are firsl detected and then
:':' iransformed into the synchronous dgl) reference
3 - = 4 .
" frame. If the system voltages are unbalanced and
v contain harmonics, then the Park transformation
> (Eqg. 11-19) results in
-
C: il [ 9 3 A Y/3 |
vl V. —| cosl, cos(O,—:7 /3) cos(8,+ <m/5)
:}I v, =\f:- —sinf, _sin(B, —2x/3) —sin(6, + 27/3)
3 o ;o L —
9 ¥y l‘,"f v2 1/ V2 |/ v?2 )
h =3 U -
1II'-
& v
h
-3 L. |
8 - ”P"_,F -:UStTJI,ﬁ [ V. cos(2at +¢,)
w3 2 . . D
=J*;’ Vu,smqbﬁ +=V,, sin(2wi + @)
- AN P! 0 |
A - A :
+ 0
I-VSU COs (EM ¥ &1 )_,
Y V., cos[(h—1)(2at +¢,)]]
S +1 YV, sin[(h-1)2wt +¢,)]
- 0
- - - ‘-1 = - s
Vdﬂ 0 V-l'.”l
L + 0 [+ Y,
- 0 - E“l"- 5 U e
(11-20)
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FIGURE 11.3 Control block of the UPQC ser:
sator using Park (dq0) transformation Hﬁll-tﬂtgiump&a-

I'he load bus \,-.+ll;|;:_u should be lnﬂinlainedj
" . % | 5r|!l
soidal with constant illl'l[“l]l[lu]r.: even if the S0 L
a P g - \' un.!
voltage 18 distorted, Therefore. the expected Juad
: L

voltage in the dg0 domain will only consist of

value:
(v, L
vereaed _| v | (7,00, ]V = o i
| Vor L0
where

[V - cos| i)
yexpected = | Ve cos (@t +120)
V. cos(@l - 120) |

are sinusoids and the compensalion referetie

voltage 1s
]2

rrel FEX sected = } 4 (
I :fld'l = ‘ .-.‘:;l l sty

: )
where V.. is the distorted source yoltage l;[:m
frame (Eq. 11-20). Therefore, Vol Eq 11- .

and all other 1em'5'mml |

n voltage. P |
ltage of E4

be maintained at V,
eliminated by the compensatio

The compensation reference Yohe "
is then inversely (ransformed 1010 the.ﬁn .
frame. Comparing the compensailﬂumim__ |
voltage with a triangular wave, the l“‘:; _f_'l'i ml '
the series converter can be ODTAIEEEEE |

voltage control unit. |

llllll

11.4.3 Control of Shunt COMEEE
' lon ey

on the dq0 Transformat o
Similar transformation as ePRY e

l-

.Unl"ﬂ
o [cos8, cos(8,~2n/3) cos(8,+2n/3)’
; "J: _sin@, —sin(6,—2m/3) —sin(6,+2x/3)
i |= _
Iy i )
: 1
[
_Il.. - -
B "j”_-;;uﬂﬂr, | 1",”fu:i.‘.l“-;(2(’4[.?{-k-uf':’”)*1
:J_; 1,50, [+ ~I,, sin(2wt +6)
C 0 g .

4 power Quality Condlitioner (UPQC)

['Z-;”I cos[(h—1)(2awr +6,)] |

- Zlf,rxmllh ~1)(2an +8,) |}
()

(11-23)

Unlike the xnll.;_;_'-._' waveforms, which are main-
rained at their rated values, the load currents will
chanee with the load characteristics at the PCC and
il mli not be possible to have a fixed expected refer-
ence current value. To solve this problem, different
iechniques are proposed and implemented to extract
the fundamental positive-sequence component
(which becomes a DC term in the dg0 reference
irame) and the corresponding harmonic compo-
nents. as discussed in Sections Y.7.1 to 9.7.3.

[herefore, the expected current in the dqU refer-

ence frame has only one value

|_."'_rj,1{.‘HSH”_
i \i 6. (11-24)
)

Ihe compensation reference current 18

gef . sxpecled -
!!I-'.'J'.;”' —- L}'.:Jr - deq“"

(11-25)

'*_"'hi'l't’: Iy 18 the distorted load current in the dql
frame (Eq. 11-23).

The shunt converter operates as a controlled
current source and different techniques (€.8 hyster-
es1s, predictive, and suboscillation control) are
“mployed to ensure that its output current follows

Ih - : o 1 1
¢ corresponding reference signal ifiigp:

:1'4'4 Control of DC Link Voltage using
he dg0 Transformation

11.5 upqe CONTROL BASED oN

THE INSTANTANEQ
TANEOUS REAL AniRREY
POWER THEORY AND IMAGINARY

Ln. th:ls section, the UPQC contro) technique is based
N the off) transformation and the o

active and react; o _ .
14]. Ve power theory is introduced [9, 13,

11.5.1 Theory of Instantane
eous R
Imaginary Power iy

The afi0 transformation applied to abe three-phase
voltages in a four-wire system is |

v |= 1 12 -2 vl (11-26)
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The inverse aff0 transformation is
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Identical relations hold for the currents.
The instantancous three-phase active power is

given by [14]

Puiree-ghase(l) = Vela + Vol + Vide = palt) + ps(E) + Pa:.m'1
= Vedot Vgt Vol = pall) + pAD) + pokD)

= p(1) + pol ), - g
(11-28)
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where p(f) = palt) +pal) = Valo +Fuljscm=9PWl_l$ to
the instantaneous three-phase real power and

pu() = i the inSAIANEOUS ZETO-ACQUENCE PONET.
Note the separation of the zero-sequence compo-
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The inSt'anIal_lﬁ;ﬂﬂ_S |
defined as .

-~ 1
[+ B .
¥ “
L -'.";.-i--.‘.' L
o I.

1 I
L LD U |ty
- 1 Y
T T ] R
WV | |- o
" "

..-';-h"'l_ [
I = /
= gl
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active current,

1S 1NS us
' ‘A i the or-axis instantancous
- =—Vat] A 1S the

reactive current,
5, = vgp/A 15 the [Faxis instantaneous

active current, and
i, = Vpq/A 18 the f-axis instantancous
reactive current.

Now, the power components of the phases & and

can be separated as
Pa ! {l'gja_’__ [lfixla;}‘*-[l.‘ufcq 2 |:pur-|+
Ps| 1¥sia! |Velapl LVe'se! LPspl

where

ey — I«’ﬂ[—qi = Fi,p-(ﬁ..
Pep = Valay = Vvl A,
Prp = Vplio = VPIA,

Py = Vighag = VaVpq/ A,

mm Pay + Pgg = (), and thus Pitrec-phase = Pa T+ Pp T
Po=Pw* Py * Po-

All these instantaneous quantities are valid under

steady-state, transient, and nonsinusoidal conditions

14, Mﬁt gurrent waveforms. Furthermore,
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11.5.1.1 Application Example 11.1; The afo
Transformation for Three-Phase Sinuso/dsl
System Supplying a Linear Load

Assume sinusoidal system voltages and sinusoid!
load currents [14]:

(s = JEV\ glnﬂ‘)f
v, (1) = ~2V,sin(wr+120),
v(f) =2 Vsin(awr - 120)

(E1L1-la)

(i (1) =21, sin(wt-9)
Ji (1)=~2I, sin(et+120~9). (EIEED
i,(1)= \ff!,_sin(a)r— 120 -0)

Then

i =3I, sin (@t ~0)

iy = ﬁv_\. S1n Wl }
Vg = J3V.coswt and (4= J3I, cos (=0}
;0

v, =0 &

r
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Therefore, from Eq, 11-30

= Vgl + Vpip = 3Vil1, €O p= - (EI
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o= Vap— 'Vﬁiu = 3VJ{, sin l’* 3
e

(Euﬂ.l_

| l.lriU
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113 is equivalent 1o the traditional

d reactive power concept.
glive
2 Application Example 11.2: The of0
5.1, ymation for Three-Phase Sinusoidal

Tra':g:: supplying a Nonlinear Load
§ys

. “nu-,{‘!!dd] system voltages (Eq. EHJ-la)

1
4-'\#--\11" <oidal load currents [14]:

(”'“Z: J21,, sin(hot — @)
i ]
(1“2 J21,, sin[A(wt +120)=¢,]  (E11.2-1)
Ip-. h=1
r” z J21,, sin[h(wr—120)-¢,].
h=

Then

sin(hot — ¢,)|1 —cos(h120)]

Ughi 7/
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(E11.2-2)

Itis interesting to note that only the triplen harmon-

oo h=23k) are presentin i, The power compo-

in( 2oy
nents are

plt) = VI, + rﬁi“ =p+p

=3V, 1, cos ¢, — 3Vl cos(3wt —¢,) +
V.1, cos(Bwi+ ¢,) — 3Vl cos (6wt — )
+3V.1,, cos(bwt + ¢;)—+

Lqlt) =V, 15— V4l =q+q

=3V.I,, sing, — 3Vl sin (3@ —9.) +
3V, sin(3at + ¢,) — 3Vl sin (6wt — o)
+3V. I, sin(6ar + ¢;) —

l”l:! =) iPEH

(E11.2-3)

where the bar (-) and the tilde (-) correspond to the
average value and the alternating components,
respectively. In this example, the following relations
ships exist between the conventional and the instan-
laneous power theories:

* The average values of power (P = Piyerephas and

q= Queregnas) correspond to  the conventional 1

active and reactive poOwers, respactwely

* The alternating components of the real PO"&!‘ n

répresent the energy per seaand M S
transferred from source to loadﬂﬁ vice ,,J 1'-'«.'
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depend on the
although reactive
flow in the conducto

ghannnmcs can be expressed
as H=\P*+0, where P and Q are the root-

mean-square values of p and g q, respectively,

11.5.1.3 Application Example 11.3: The apo
Transformation for Unbalanced Three-Phase,
Four-Wire System Supplying a Linear Load

Unbalanced three-phase system voltages may be

expressed i terms of their symmetrical components
using [14|
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A o ' wl- E11.3-1
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where @ = ¢*** and subscripts +, — and 0 correspond
to the positive-, negative-, and zero-sequence com-

ponents, respectively. Applying these relations to
the unbalanced system voltages, we have

v = 2Vsusm(ax+%)+ﬁvs+mtﬂl w,)*

v, =2 Vmsmtnrﬂ,,}«t-ﬁ%..mw‘“w*#f} .
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. instantaneous average real power IS
- 0 e
ﬁ:?-L.J;,EUHG--ﬂ_]*Jl .JI" LU’_\{L_ L-] :
(E11.3-6a)

e instantaneous average imaginary power is

g=—3V.s0(0: ~ 5.)+3V.I, sin(¢-— 0-)
e instantaneous alternating real power 1s
p= _3V.1; cos(2ax + 0.+ 5)

— 3V Jcos(Zax + Q-+ 0.)
(E11.3-6¢)

e instantaneous alternating imaginary power 18

G=3V.1, sin(Zax + ¢, + 8.) — 3V I .cos(20X + ¢+ 0.)
(E11.3-6d)

» instantaneous average Zero-sequence POwer is

B =3Vl Locos( g — &)

A=
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¢ nstantaneous :1111:1‘11111111% 7o

70 = —3 l".uf[ (COS( :fl'.r + ﬁbh + d) |

11.5.2 UPQC Control System g,
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ry pﬂ'ﬂ'ﬂ“

(roIm current Ll-’dﬂ“l}' I‘!]'ﬂhltn]q of th 1
: . . : C ﬂu { :
<ame time, 1solates load from Voltape ddﬂi&”"

. : . 15 ¥ fi .Y - uﬂ. :
lems of the utility. The most lmp“ﬂaml hl',rp,

pensating currents of the shunt conyery s
e S 1 Cr €o ¢
i£= [id, 0%, 03 | Fig. 11.2) and the reference 8- Sipy
tion voltages ol the series converter ( i
. _ . ] T : €. .
use these references to generate g Oy
W ITes

-Fﬁ*nd‘;‘;
].“'E nE h

e | ] _ COUs o
and imaginary power will be relied op 0.8 '
Hemrﬂ-‘t

switching signals of the shunt and series ¢
- - 0
In this section, the concept of instantay
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POWETS are calculated (Eq. 11-30). The decomp
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into symmetrical components shows that (hedis
of real (p) and imaginary (q) powers conss
interacting components of voltage and e
that have the same frequency and Sequencs o
(Eq. E11.3-0). herefore. with the ealculation
stantaneous powers and the derivalion of
oscillation parts (e.g., p and g), the voltag =
t reference signals can be obtained and appss

currcin
Nyeft

PWM controls of power electronic ¢
(Fig. 11.2). Before analyzing the control systems
th:;:k. shunt and series CONVETIEIS, the circuits of &
phase-lock loop (PLL) and the posifiVe-seques:
voltage detector (PSVD) will be introduced

to the

11.5.2.1 Phase-Lock Loop (PLL) Circult ;
(PLL) circuit (Fig [14)8%
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{ the pnsilive-scqucm Vol

of the components O
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ip1

1
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ase-lock loop (PLL) [9)

ot guality Conditioner (UPQC)

un”"’d
 (Fig, 11.5). It detects the fundamental

'-""mm_rl-.cquum" () and generates synchronous
i,‘mv_ul.!.l -ll u.igﬂi'll.*" that correspond 10 positive-
vil'lllr-.nlLH lﬁﬂl"“r"’ currents under sinusoidal as well
“.‘IH-L‘HT; :ng.-.ltl”'ml and unbalanced system voltages,
- "“'1*}']‘113:1"'\ of the PLL are Vi =~Va=Vp and v =
The |
(V™ ‘t-}‘}'ﬂ,ﬂm of PLL is based on the instantaneous

.::::Jllh[-c.t:'PlH!HL‘ power theory (Prhvee-phase =P+
;:.: y I,I."I: V. . ):

s+ The PLL circuit can 1€

edback signals (o) = sin (awt) and

fhe current 1€ .
2 n/3) are generated by sine gen-

I._“,}”:gin(mt - . _ :
| ircuits through 1ntegration of w at the

[-controller. These currents are 120
and represent a feedback

gralorn C

rid 3
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degrees out ©

f phase
e-sequence component at angular
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frequency @ .
ach a stable point of opera-

if the input of the PI-controller has a zero

tion only | | oller
(p=0) with minimized low-

average value !
frequency oscillations (€.8. ‘:iTl'lElH- p) Because
() and 7.(@t) contain only positive-sequence
and have unity magnitudes, the com-

c{]{ﬂ[){]ﬂﬁll[ﬁ
Eqs. E11.3-62 and E11.3-6¢)

ponents of power (

simplify to

P=3V.(1) cos(9, - 8,)=0

}Vhet;‘ﬁ ¢. and &, are the initia) phase angles of the
E:r;m?fnfﬁrllal ?usuwc-sequcr}ce voliage and current
pectively. According to these equations
0.~ 8, = m2. This means that the auxiliary currents
i,(ox) =sin(@) and 1, ax) -—-'ﬂin(ox-.?.':d-?ﬁ) &cﬁme
orthogonal to the fundamental poaitivc-saquﬁnae
component of the measured voltages v, and v
respeclively. Therefore, i, (ax)=sin(ox— m2) is i:
phase with the fundamental positive-sequence com-
ponent of v,. Similar relations hold for currents iy,
and 1.,.

s Finally, signals i, iy, and i, are transformed to &
and # (with unity magnitudes) to the off) domain
by using an o) block and magnitude divider blocks
(which divide each signal by its magnitude).

11.5.2.2 Positive-Sequence Voltage
Detector (PSVD)

The positive-sequence voltage detector (PSVD)
circuit (Fig. 11.5) is one of the components of the
shunt converter controller (Fig. 11.6). It extracis the

- __i:g—'- p' if ¥V
PLL 2 ——al LPF "} | _ > Yo
(Fig. 1.4)| B 1  power fundamental
_ r' calculation voltage
- JE| g e | B
h 5 LPF -V
Ve o

FIGURE 11.5 Circuit of the positive
the afi0 reference Irame.

.sequence voltage detector (
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i l(Eq. 11-26) P
ki I power | q
calculation

v, | (Eq. 11-30)
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A\ :
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(v, and vi) of the fun-
a : :

{ § values _
and p ho

e-sequence | g
v, and v (FIg. 11.5).

nce voltage

instanlaﬂenus a

damental positiy

ace voltages Va,

three-phase g it
The operation of the positive-sey

detector is as follows:

components ol

P (PLL) circuit (F1g- 11.4) pro-

correspond

o A phaﬁac-luck loo o

. = sin(axi) and 5 = cos(ant) th
T (tive-sequence
Aljary positive-sequenc
(0 an ausidi)

Lransfnrmed into

fundamental .
the @B reterence
current
frame.
« Recause i,and j;conta
e average va

in only the positive-sequence
lues of real power and
snly the fundamental

ts of the voltages,

component, th |
‘maginary powers Comprise ¢
pos:’tiw-scquence componen

and Eq. El | 3-6 simplifies 1O

= _ 3v.I cos( @, — O.) ..
e ! (11-33)

g = 3.7 sin(@. — Q)

« The average values of instantancous powers p" and
g’ are extracted using low-pass filters ( [ PFs). Con-
sequently, the instantancous values of the posi-
tive-sequence voltage can be calculated as

i Iy [T
e
iy —i, LG ]

11.5.2.3 Control of Shunt Converter using
Instantaneous Power Theory

(11-36)

Inputs of the shunt converter control system (Fig.
11.6) are three-phase load voltages (v, v, v.) and the
currents (i, i, 1) and its outputs are the compensat-
ing reference currents i, i5. and i (e.g., signal 7 In
Fig. 11.2).

The shunt controller operates as follows:

* A positive-sequence voltage detector (PSVD, Fig.
11.5) is used to generate the instantaneous volt-
ages v, and v;. Primes indicate instantaneous volt-
ages in the o0 reference frame, which only
corresponds to the positive-sequence voltage in
the abe reference frame.

* Three-phase load currents are transformed to the
0 space.

o A»Pﬁ"!fﬂf caleulation block (Eq. 11-30) is relied on

| fﬁ!ﬂw generation of the instantaneous real and
WGMBHE to the presence of the PSVD,

Sk Y kel e owers (Eqs.
T AR 1 only the fundamental posi-

il .4;1‘-' t of the voltage (e.g..
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passive filter is used to eXlracy ﬁﬂfre.a 'E,h'%.
power (P‘: P +p). The uscillal'ing U Loy
power () consists of he PAH Of

oscillating instantaneous

sequence components of the load ¢ Mt
thermore, the UPQC myst Cu

. also ¢
losses pPiue that will neuty

t P
_ alize DC Yol
tions caused by the series convert
| er,

;:lr}’ NSt anlaHEl‘jus 4

compensation is p.=—p +p, el poy,

the amount of necess

e In addition, the shunt conver :
) crier wlll
m a

FCQuired f, e
L COnverter. “H-m.
ot et . 1Y 0Stantane s ;Q&E,
_mL -pmul IS q_t. - = + 4 =-(§+q‘)+§ Th
n?mgmur}* power g, 18 used for regulating lhlrg

nitude of the voltage (|v|), which is changedh%
compensation voltage v of the series s

sate some reacfive power @,)
b
voltage regulation of the series

fore the amount of necessary

As shown in Fig. 11.6, the rms voltage valye

(i
can be controlled to match g, with o

r P lhe dﬁirﬁi
value \/ vio+ vy through a PI controller

« A current reference calculation blogk is employed

to generate the reference compensation clmenis
the off0 reference frame:

I‘*; 5 | [l'” vﬂ:“:_ﬁ+ ﬁl{m] [H i1
¥ | = ] e 5
‘b | Va tVg LVp Vell T4y

» To compensate for zero-sequence power, ez
sequence current that is generated by {he i
converter must be equal to that of the lodd
negative. The sign 18 inverted by a gain bl
(G)).

e Finally, the 0 transformation block (hased
Eq. 11-27) is relied on to generale the refereot
compensation currents (i, ki,

space.

¢ Instan
11.5.2.4 Control of DC Voltage ysing Inst

taneous Power Theory

Figure 11.7 illustrates the block dhg;m'-_ ik
voltage control system. There aré l:w'_a. easor M "J
age v

variation of the DC capacitor averag &

L i‘,b.:
e The first reason is the real power 5T i

. i --I".:f'":l- -~
electronic converLers and Lhe por o a v )

" wihena ¥

the network by the series br oh
sag or voltage swell appam# -

C{}ﬂ\'ene;_ :

4 and i) inihed®

of el

power Quality Condltioner (UPQC)
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 upac injects a fundamental component
the o the network. The required (observed)

(o be injected is generated by the con-
he DC link, causing variation of the
ge voltage.

oltage In!
l'ﬂﬂl I_'iﬂ\'v’ti‘f
verter via |
[)(T-]i"k avera .
Another factor that causes a variation of the

average DC capacitor volta ges.is tk.lelzeru-sequenc-e
component of lhf:. current, which is injected by the
<hunt converter 1nto the system. These currents
| o effect on the DC-hnk voltage but make

have I L |
\pacitor voltages asymmetric.

th{: two Ce

The DC voltage controller performs the following

(wo functions (Fig. 11.7):

o Regulating the DC-link average voltage by adding
(WO Ccapacitor voltages, comparing the sum with
the reference DC voltage (Vier), and applying the
qverage voltage error to a PI controller. The
output of this controller (py.) 1s used by the shunt
converter control system to absorb this power
trom the network and regulate the DC-link voltage.
Note that the deviation of voltages is filtered by a
low-pass passive filter and the PI controller
matches the desired py. that neutralizes the DC
bus voltage variations. The low-pass filter makes
the voltage regulator insensitive to fundamental
frequency voltage variations, which appear when
the shunt active filter compensates the fundamen-
tal zero-sequence current of the load.

e The correction of the difference between two

capacitor average voltages is performed by caleu-
lating the difference voltage signal, passing it
through a low-pass filter, applying it to a limiter,
and adding it (e.g., signal € in Fig. 11.7) with the
upper and the lower hysteresis band limits. This
process absorbs a zero-sequence current by the
shunt converter and corrects the difference of the
capacitor average voltages. Similarly, another low-
pass filter is applied to filter the signal Ve — Ve
The filtered voltage difference produces & accord-
ng to the following limit function:

re
LU

E=-1 SAV<guy [y
We=-.--.ﬂ/__; Y .-.m'.r ' ' .
0.05v,, < 00V, <av<opsy, |
e=) = AV Z"_ﬁl}SVM | ﬂﬂi’;‘ﬁ
Whﬁ]‘ﬁl Vf:t I8 lhﬁ DC b‘u,s-r vglt?agg l'Gfﬁ[m . | i

* Signal £ and the refe

-" = ..I._. =
II IH II_AI .

'8nal £ and the reference compensation currents
Stz =[i% i%. it), Fig. 116) are employed to geer.

f:‘. gating signals for the shunt mnvenﬂswnchﬁs
(Fig. 11.2). For example, & can act as a dyna. mic
offset level Ao Rt

that is added to the hysteresis-bang
HSER ¢ hy s-band
imits in the PWM current control of Fig, 11.2:

upper hysteresis band limit = 2% + A(1 + €)
lower hysteresis band limit = ic —A(l - s)
(11-39)

'*.:': < o | - S U .
where if=[i%, i%. i%] are the mstantaneous current

references (computed by the shunt converter control
system) and A is a fixed semi-bandwidth of the hys-
teresis control. Therefore, signal ¢ shifts the hyster-
esis band to change the switching times of the shunt
converter such that

{e >0 increases V,, and decreases V,.,
£<0 increases V., and decreases V.,

11.5.2.5 Control of Series Converter using
Instantaneous Power Theory

Inputs of the series converter control system (Fig.

11.8) are the three-phase supply voltages (v, Vi, Vi) -
i.). Its outputs are themfammam jolt ' 2
ages v&, v, and v& (e.g, signal vE in Fig. 11.2). Th
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11.8) Jo B R
v, \ Ve = Vg +("”m_ "T,h)- “Hl_t
,."t" » PSVD. agff). and power calculation blocks are i Ve (V0 =V)
~ relied on to compute oscillating instantaneous
73 powers py and ;. This procedure is similar to the e The reference compensation voltages and & s
shunt converter control system. soidal PWM control approach are relied oa b
i » p,and g, are compared with their reference values produce the gating signals of the series confri
- (p.cand g,.,) to generate the desired compensation (Fig. 11.2).
owers. The reference active power (p,.) forces V. , . .
b , _ . . _ P. . _p[ - The UPQC series control system (Fig. 118)m
the converter to inject a fundamental voltage com- T R , refererice COMPHE
: = s be simplified by eliminating the releren
ponent orthogonal to the load voltage. This will ’ A \tage rexit
“ ‘ tion currents as shown in Fig. 11.9. Vollage i
cause change in the power angle é (phase angle = led by V... The converterls g
o . tion 1S controued DY V. ,
displacement between the voltages at both ends of beh lik o ¢ harmonic frequence
188] ' : 0 behave like a resisior d
transmission line) and mostly affects the active IERAVE ‘ : : itations, To W
' ; { harmonic oscillations
ower flow. Th f Xzl | perform damping ol ha
: powe V. € reference reactive power (¢..) : nts of the line curment £
2 Vg | ' : : - is. harmonic components .
.o will cause a compensation voltage in phase with s, i k< dampingtmfﬁutﬂ
A R thﬂ lﬂﬂd yﬂlt Th . : 1 dEIEClﬁ'd Elﬂd mUltlplled 1) d
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2): a three-phase

* d at Bus :
ar Loa 700 A of

tifier providing
¢ load produces har-

Load I (Nonline

1.'h\friﬁmr-cnnlnrll::d rec

DC current. This nonlinea

and Ccauses network voltage

monic currents

distortion,
Load2 (t-"ubafnnwd Load a |
ar load consis
This load draws unbalanced
voltage imbalance

¢ Bus 3): an unbalanced
h hase hine ts of three difterent
three-phase

linear impedances.
and causes @

currenis

condition. i g
Load 3 (Critical Load at Bus 3)° 4 three-phase

. - 2 = | - - k. g - 1-"]!

nonlinear load that 15 Ci]l'lb]dt‘l'td to be the crtic
o ) . L = ~ ‘l il
load to be protecied by the (JPQC. This load con

sists of three power €l

ectronic converters:

« A three-phasc 111}'rir:.mr-mntrullcd rcclil':ﬂ::r with
30° and a DC current ol 10 A.
ristor-controlled rectifiier
gle of 45° and

g firing angle ol
e A single-phase thy
placed in phase A, with a firlng an

; 4 DC current of 10 A. -
Z « A single-phase ancontrolled (diode) l_'d_tfllrli;;‘[
: placed in phase B. with a DC current of 5 A.
: )
3 Load 4 (Electric Arc Furnace Load at Bus 7): an
uJ electric arc furnace produces voltage fluctuation
(s (flicker). Due to 1ts nonlinear volt-ampere charac-
:.I teristic, this load acts like a time-varying nonlinear
o resistor. This nonlinearity 1S considered for the
Ei positive half-cycle as follows [16]:
r, |
:"é' Vin =V # Cl(ig + d), (11-42)
% where v, and i,.. are the voltage and current of the
| arc furnace. ¢ and d are constant coefficients, and v,
' ; is the threshold veltage:

V=V, +KkL. (11-43)

Here v, is the voltage drop across the furnace elec-
trodes and kL corresponds to the variable voltage
drop proportional to the arc lepgth (L). There are
different models for the arc length time variation
[13]. In Fig. 11.10, the sinusoidal time variation law

15 used and arc length is considered as a sinusoidal
funetion of ime with a fixed frequency:

l."_u ., L=L,+L;sin . (11-44)

g ,m hmnan €yes are most sensitive to flickers
~ watha frequency of about 8-10 Hz, the frequency is

imulation of the model distribution network and
 (withthe contolsysems o Figs. 116, 117,
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ined in the following six

11.6.1 Application Example 11

Behavior of UPQC for Current 04; Dmlﬂﬂc

e T o ompensayy
In Eh_h_f mmplfh. only the critical load at },

3) of Fig. LH.H‘: 1S activated. I order tq 53 oy
the dynamic behavior of the UPQC e Siln\rESIigM:
and the three-phase controlled rectifiers :il?hﬂk

ing continuously 1n the network w Pt

hile the o
S € Singls.
| 1S ((!nnm:ted and EJJ':
disconnected at r=0.06s and r=0 1253 they

= A I ; » FESpectyy
I'he gate pulses of the UPQC co IV,
5 - . nverter ATC A0ty
aCivagey
ITen)
tor voltages are shown in Fig E1141 A 'L‘Eipafg_
- . L [ Sﬁxp&:!hﬁ

| ed and (i
neutral current is reduced to zero, as soon as URge

phase diode rectifier

at 1=0.04s. The results including load 3
: Jd O
shunt converter current, line current and ['3(:u

sinusoidal balanced currents are achijey

1s activated. Current THD; of phase A i reduge
from 19.2 to 0.6%. This figure shows the fine d\’n;m;
performance of the UPQC for nonlinear and'unba],
anced load current variations. During the time yje
the single-phase diode rectifier is activated (r:g,rjg;
to 1=0.12 s), the UPQC distributes its load dema
between the three phases and, as a result, the s
currents increase. Compensation of the oseilla
parts of real power and the zero-sequence s:urm{t
has caused some variation of the DC capacitor
ages. as shown in Fig. Ell.4.1d.

11.6.2 Application Example 11.5: UPQC
Compensation of Voltage Harmonics

The nonlinear load at bus 2 (load 1) of Fig. 11108
connected to the network. Therefore, harmonke e
rents are injected and voltage distortion is genene
(Fig. E11.5.1). As expected, UPQC cum;llcnsﬁlt_ifﬂ
voltage harmonics and the load voltage ts.ﬁﬂnﬁw

to a sinusoidal waveform. Voltage THD, 5 1¢ |

from 9.1 to 0.1%.

a1 B
TABLE 11.3 Specifications of the UPQC Companee™

|
Fig. 11.10 __—_‘_/‘,T 1
Shunt transformer §=46 wé‘ V . |
lﬂﬂm |
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P L
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FIGURE E11.4.1 UPQC performance including compensation of reactive power, harmonic currents, and current imbal-
ance: (a) load current, (b) shunt converter current, (¢) line current, (d) DC capacitor voltages [13].
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11.6.3 Applic

Cnmpensatlun of Voltage !

~ flnad 2) of F18
b : hlih _"r i. ll }le - = s
'_-"1-‘lJ -l”. thIL. i'.["nl"i.tlltrik!\,

11.10 18 COn-

he linear | i
: > ne Wi vk and causes volt

nected 10 the ~f the UPQC and compen-

(F1g. E11.6.1) Opﬁmmnd ro-sequence currents

A - emativps  gRad ZELIOTOERT

oo of negalives f aein 3

salion Rl od voltage conditions at bus 4.
i { | i

results i e oltages

L s Y
| s necative- ant z‘m:n-—nquu]u
The ratios O negalive and

are reduced from 24

age
e

a-seguence voll

n Example 11.7: Dynamic

6.4 Applicatio
114 P ¢ for Sudden

performance of UPQ
Voitage Variation

With loads 2 and 3 connected (.8
distortion) 1n Fig. 1110,
sistance of 43
={).00 S Lind IS L'lL'.:jTl;."d al

imbalance and
a single-phase

harmonic =
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short-circuil with a faultre
ase B of bus & al |
(Fie. E11.7.1). Such an
.L_u sag in phase B and voltage

at ph
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r=0.125 _
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11.6.5 Application Example 11 g. D
Harmonic Oscillations Using UP'QC‘""N»“,

In this example, a 1 KVAr three oh
- “HUES
l.'-.uﬂk IS ”]"ﬁlql”(_‘d al hl_l‘i S l'lll Flg ll ]UE'IE
power compensation. Loads 1, 2 'Ind-% \ v
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T ey,
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anice are imposed on the network Skt BE Ity
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e

As a result, harmonic distortion

branches of the UPQC start to operate al

and 1= 0.08 s, respectively. Figure E11 81 1'1_2[“”‘
voltage of bus 5 and the current of Iin;;; ) E\;J“m:
the harmonic components of load 3 arg c::“m:{*:i{ﬁhd
hy the shunt converter, the line current mltiur-iftd
high-frequency component before the UPCralnur.j.
ceries branch occurs. This is s0 because of 3: ..ﬁ-
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2. This condition oceurs frequently in distrbus
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