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CHAPTER

Interaction of Harmonics with Capacitors

pqulnn are extensively used in power systems for
m[[d}__g control, power-factor correction, filtering,
and reactive poOWer compensation. With the prolif-
nonlinear loads and the propagation of

eration of
the possibility of parallel/series reso-

hdrmonm
s between system and capacitors at harmonic

has become a concern for many power

nance
frequencies

system engineers.

Since the 1990s. there has been an increase of
qonlinear loads. devices, and control equipment in
clectric power systems, including electronic loads fed
by residential and commercial feeders, adjustable-
speed drives and arc furnaces in industrial networks,

as y
tion (DG) sources in transmission and distribution
systems. This has led to a growing presence of har-
“onic disturbances and has deteriorated the quality
of electric power. Moreover, some nonlinear loads

vell as the newly developing distributed genera-

and power electronic control equipment tend (o
operate at relatively low power factors, causing poor
voltage regulation, increasing line losses, and forcing
power plants to supply more apparent pOWer. The
conventional and practical procedure for overcom-
ing these problems, as well as compensating reactive

power, are to install (fixed and/or switching) shunt
capacitor banks on either the customer Or the utility
Capacitor banks are also

side of a power system,

used in power systems as reactive power compensa:
tors and tuned filters. Recent applications are powel
system stabilizers (PSS). flexible AC transmission
systems (FACTS), and custom power devices, as

well as high-voltage DC (HVDC) systems.

Misapplications of power capacitors in today’s
modern and complicated industrial distribution
systems could have negative impacts on both the
customers (sensitive linear and nonlinear loads) and

the utility (equipment), including these:

* amplification and propagation of harmonics muli'

Ing in equipment overheating, as well as faih
tapacitor banks themselves, L8 e
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nbalanced system conditions which may cause

maloperation of (ground) relays, and

* additional power quality problems such as capaci-

torin-rush currents and transient overvoltages due
(o capacitor-switching actions,

Capacitor or frequency scanning is usually the first
step in harmonic analysis for studying the {mpact of
capacitors on system response at fundamental and
harmonic frequencies. Problems with harmonics
often show up at capacitor banks first, resulting in
fuse blowing and/or capacitor failure. The main
reason is that capacitors form either series or parallel
resonant circuits, which magnify and distort their
currents and voltages. There are a number of solu-
tions to capacitor related problems:

o altering the system frequency response by chang-
ing capacitor sizes and/or locations,

« altering source characteristics, and

« designing harmonig filters.

The last technique is probably the most effecuve
one. because properly tuned filters can maintain
the primary abjective of capacitor application (e.8.
power-factor corréction, voltage control, and reac-
live power compensation) at the fundamental fre-

quency, as well as low impedance paths at dominant

harmonics. _.
This chapter starts with the main applications of

CApACILOTS IN POWET SySLEms and continues by intro-

ducing some power guality issues associated with

capacitors. A section is pmvuied for eapamm mﬁ
frequency SCanming techmqu& Feasible o
regions for safe operation of capagitors in m
ence of voltage and cu.ﬂ'eﬂl m senie

The last section ﬂfthk .1“_“'-]; -
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distribution SysLeTs,

» poor vollage regulation, and

s increased system losses.

panies reward customers W ho

factor (PF) and penalize those
‘bed PF requirements.
factor

Many utility com
imprm'c their power
who do not meet the prescr
There are a number of approaches for power

improvement.

overexcited syn-

o Synchronous condensers (€.£.
r factor) are

“hronous machines with leading powe
ission systems O provide stepless
ive power compensation for
performance under

gsed in transm
(continuous) TeEacl
oplimum transmission  ling
changing load conditions. This technique is mostly
ecommended when a large load (e.g., a drive) 1S
added to the system:

» Shunt-connected capacitor banks are used for
stepwise (discrete) full or partial compensation of
system inductive power demands [1-2}; and

s Static VAr compensators and power converler-
hased reactive power compensation systems are
employed for active power-factor correction
(PFC). These configurations use power electronic
sw_i‘whing devices to implement vanable capacitive
or IBﬂUFﬁYﬂ impedances for optimal power-factor
mrreclmn, Many PFC configurations have been
W‘i[}ﬂ fﬂf__r%idcmial and commercial

s -rmdudu}z.:mve. single-stage, and double-
stage topologies for low (below 300 W), medium
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5.1.1 Definition of Displacement

Power Factor

Displacement power factor (DPF) is the ¢ '
L d 'Il.'lt][

or real fundamental power Uy

active | P ln‘luagmm
W or kW) 10 the fundamental apparent i
acnred in VA or kVA). The S POwer §
(measurce : A). The reaclye po
S R N W
(measured in VAT or kKVAr) supplied ta ipg T
EgR ¢ Uty
devices is the vector difference between the l“'h
apparent pOWers. I'he DPF 1s the cosine of th :
5P C dnpk
hetween these two quantities. It reflects hoy
ciently a facility uses electricity by comparing
: B U

amount of useful work that 1s extracted from

electrical apparent power supplied. Of course. the
are many other measures of energy t!ﬂ'li.‘ittﬂf\'_'['tll;
relationship between 3. P. and Q is defined h\ 11;.:.
power triangle ol Fig. 5.1. '

§* = /"T T {:..) . (3.1}

N

The displacement power factor, determined from
@=tan" (Q/P), measures the displacement angk
hetween the fundamental components of the phis
voltage and phase current.

displacement power factor = DPF = cos ¢=F0
(3]

The DPF varies between zero and one. A vilie®

zero means that all power 1S ﬁll}}]lliﬂ'd A4S Teacly
power and no useful work 18 ::_u:cnmplishq:d. Unilfy
DPF means that all of the power consumed by 3
facility goes to produce useful work, such @s resistive
heating and incandescent lighting:

Electric power systems usually €
displacement power factors — hased on the consumet
notation of current — because 4 significant part &
sists of reactive devices that employ €0l and fﬂ_ﬂ”‘fﬁ
Je their magnetic

xperience L

reactive power (o energl
Generally, motors that are O
nameplate ratings will have hi
0.95) whereas the same motor un
light load conditions may exhibil 4

.
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of Harmonies with Capacitors

5.2 Current paths demonstrating the essential

| PUWL‘I’-IIICIUT correction.

y loaded conditions, contributing

cate under lightl
factor of about 0.60).

an overall power
power absorbed by electrical equip-

The reactive
-ansformers, electric motors, welding

1
units, and static converters increases the currents of
transmiss
and cables. Electric utility companies

v the entire apparent power demand.

seneralors, ion lines, utility transtormers,

switchgear,

musl SUPPI
Because 4 customer only extracts useful work from

the real poWer component, a high displacement
actor is important. Therefore, in most power
o (underexcited) DPFs (larger than
and leading (overexcited) power

pm\'-;ll' {
systems laggin
i_l-,S-] are acceptable,
factors should be avoided because they may cause
conditions within the power system.

resonance
loads with low DPFs require the gen-

[nductive
erators and tra
supply reactive current W
losses and increased voltage
tor bank 1s con
reactive current component l
(inductive) react
bank is sufficiently larg
all reactive power,
current flow entering the power system
cated in Fig. 5.2,

The DPF can be measured either
reading cos¢ nreter indics
or by a recording VAr meter,
of current, voltage, and power
Readings taken over
(¢.g., seconds, minute
estlimating an average v
mstallation.

5.1.2 Total Power Factor in the Presence
of Harmonics '

expressed in
components:

asmission or distribution systems 10
ith the associaled power
drops. If a shunt capaci-
nected across the load, its (capacitive)
can cancel the load
ive current component . [t the
e (8.8 fe=1) 1t will supply
and there will be no reactive
as 1s indi-

by a direct-
(ing an instantaneous value
which allows recording
factor Over tme.
an extended period of (me
§) provide a useful means of
alue of power factor for an
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thelr rms harmonic

W)=V, + ;ﬁvh sinthwt+00),  (5-3a)
1=l
ir)= l'”+2‘\-"?.1';_5".“{)‘1{1]‘[*1-3}1}4 (5-3b)

fi=l

The active (rez
ne active (real, average) and reactive power are
given by

P =V.I + hi V.1, cos(8,-8,), (3-4a)
0= Evhxh sin(6; - ). (5-4b)
and the apparent (voltampere) power is
e J(if, ) }Z! Vi) (5-4c)

Therefore. for nonsinusoidal cases, Eq. 5-1 does not
hold and must be replaced by

D = JS::J'..LI i Hl.:ﬂnl = Q‘liﬂul * (,5'5)

where D is called the distortion power.
According to Eg. 3-5, the total power factor is

lower than the DPF (Eq. 5-2) in the presence of
on of nonlinear devices such as

solid-state or switched power supplies. vartable-
speed AC dnives, and DC drives. Harmonic distortion
erts @ portion of the useful energy
longer useful

heat. In this

harmonic distorty

essentially conv
into high-frequency €NErEy that 18 no
to most devices and is ultimately lost as

way, harmonic
factor. In the prese
factor is defined as -

total power factor = TPF =cos8=

Equations 5-1 and 5-2 assume that system loads have  CHPASEAE 0.

linear voltage—current characteristies and he

-
) g

distortion further reduces the power
nce of harmonics, the total power
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~ in parts b and c. =
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) y a Fourier analysis.
LT _..E‘%ﬂ_,_subj_ect the phase current ;.
- analysis. L
- 60° 70° and 80 ‘
@) Cﬂlﬂlﬂa‘e the diSPl«'ﬂCEI'IIEHt pPower famm.
- and the total power factor (TPF) by
_ﬁﬁﬁm shifts of the fundamental and hg
~ between vio(r) and i,(1) for all firing ap
- gles
 very small system im plot the DPF and TPF as a function of o ing
10, and Xeu=00055) ) Determine the capacitance (per phase)
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- that the displacement power factor as seen by
ed w | ”".f,éwgr system 1s for a=60° about €qual 1:
tion i e DPF=0.90 lagging. |
| ) Explain why the total power factor cannot b e
, ificantly increased by the capacitor bank. Woyy

~ the power-factor correction capacitor bay . 4 :
|

ﬁ'ﬁf@ﬁxﬁgﬁl&@&ment of the capacitor bank by a thre.
__S:Bh‘ mﬂEd (beank! leanh and tha.nk) mtf:l' blB.!
solution to this problem?

{
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.3 Benefits of Power-Factor Correction
= 1_-14"' i =y

Improving a _fag;._]_]_l_ty‘s power factor (either DPF o
) mjﬂyraduces utility power factor surchargs

1

but it car all150prov1de lower power consumption &

[

: ' F] ’ = [ - TETs 3 }
s, increased load-carrying ca pabilities In exit
Z"-“-l’: nd circuits, improved voltage profiles, and

M o

...... - o

advantages such as reduced demand |

ced power system losses. The overall resullsat |

* costs to consumers and the utility &l &

.'-'-';_x‘ :—_. ;'.‘;'!':ﬂfﬂl-ﬂ:-;i = X Do
summa 9:%%{2:? Hbglgw

;-:;ﬁ'f'_!é:'ﬁ?'.i’:;?f&; Carrying Capabilities in Exist:

T

ing Circuits. Installing a capacitor ban
of a feeder (near inductive loads) imp
power factor and reduces the current ¢

k at the gnd
roves (¢

arried bY

nteraction of Harmonics with Capacitors

.',(]iﬁfé eder. This may allow the circuit to carry addi-
tibﬂﬁl' loads and save co'sts for upgrading the
nel work when extra capacity is required. In addi-
ubn."lthe Jower current flow reduces resistive losses
in the circuit:

. Impmwd Voltage Profile. A lower power factor
requires @ higher current flow for a given load. As
the line current increases, the voltage drop in the
| wﬁdﬁﬁmramcrefa_ses, which may result in a lower
valtage at the load. With an improved power
f@ﬂtﬂrm the voltage drop in the conductor is
reduced.

+ Reduced Power-System Losses. In industrial dis-
I_tﬁﬁﬂﬁ;}n_;ystems, active losses vary from 2.5 to

7.5% of the total load measured in kWh, depend-

mggn hours of full-load and no-load plant opera-

tion, wire size, and length of the feeders. Although

{he financial return from conductor loss reduction

a-‘{ﬁj;@-fs seldom sufficient to justify the installation

of capacitors, it is an attractive additional benefit,

_I:&ﬁiau:?':iﬂ'ﬁldET plants with long feeders. Con-
ductor losses are proportional to the current
squared, whereas the current is reduced in direct
pxgpﬂrtl@ﬂ to the power-factor improvement;
therefore, losses are inversely proportional to the
square of the power factor.

s Release of Power-System Capacity. When cap-

acitor banks are in operation, they furnish magn-

efizing current for electromagnetic devices (e.g.,

motors, transformers), thus reducing the current

demand from the power plant. Less current means
less apparent power, or less loading of transform-
wﬁmﬁﬂ'&‘g‘ims This means capacitors can be used
to reduce system overloading and permit addi-

-W@ﬂﬂm be added to existing facilities. Release

of system capacity by power-factor improvement

jally with capacitors has become an

E?J*Tﬁ?auﬂi for distribution engineers.

J ducing Electricity Bills. To encourage more

EL

e

T""":- s :- 'L.r _y
and especi

e

efficient use of electricity and to allow the utility
"*.1"3 the higher costs of providing service to
“ustomers with low power factor demanding

S

ﬂ-l':?-lf.@-”'*""--f"-‘;‘i-i‘f—' current, many utilities require thal
the '“‘L'WT' the power factors of thelr
'm tallations. This may be in the form of power-
”“'”-IE} ty (e.g., adjusted demand charges or an
‘”“‘Lﬁ ment to the bill) or a rate structure
€ , i ‘imi{i mﬁhﬁrges or pref rates are bﬂS’Bd
' “urrent or ap arent power). Power-factor pen-
;;'Et""."f ‘are usually lxﬁpﬂsed on larger commercial
_"j'““' industrial istomers when their power factors
b '-""i b low a certain value (e.g., 0.90 or 0.95). Cus-
Omers with current or apparent power-based

213

deman *
s ‘: :;ZZE?: :2 effect pay more ufrhenever their
- S than -about unity. More and
i S are introducing power-factor penal-
ey pparent power-based demand charges)
it \CIr Tate structures, in part to comply with
- ;Eusf n:: the ClEfiﬂ Air Act and deregulation,
okl EXtent In response 1o growing com-
E’mhﬂm :11: newly deregulated power market.
_ se surcharges there would be no moti-
vatl?n for consumers to install power-factor cor-
rection facilities. Against the financial advantages
of reduced billing, the consumer must balance the
cost of purchasing, installing, and maintaining the
power-factor-improvement capacitors, The overall
result of enforcing incentives is lower costs to con-
sumers and the utility companies. A high power
factor avoids penalties imposed by utilities and
makes better use of the available capacity of a
power system.

Therefore, power-factor correction capacitors are
usually installed in power systems to improve the
efficiency at which electrical energy is delivered and
to avoid penalties imposed by utilities, making better
use of the available capacity of a power system.

5.2 APPLICATION OF CAPACITORS TO
REACTIVE POWER COMPENSATION

Reactive power compensation plays an important
role in the planning and improvement of power
systems. Its aim IS predominantly to provide an
appropriate placement of the compensation devices,
which ensures a satisfactory voltage profile and a
reduction in power and energy losses within the
system. It also maximizes the real power transmis-
sion capability of transmission lines, while minimiz-
ing the cost of compensation.

The increase of real power transmission in a par-
ticular system s restricted by a certain critical yoltage
level. This critical voltage depends on the reactive
power support available in the system to meet the
additional load at a given operating condition. Use

and shunt compensation is one of the cor-
ed by various researchers.

This 18 performed by implementing POWET capaciftor
banks or FACTS devices. Shunt-connected capacitor
banks and shunt FACTS devices are implt":n-‘lttl"lted to
produce an acceptable voltage profile, minimize the
s of the investment, and enhance the pawre:r frans-
Series-connected capacitors and
are incorporated in fransmis-
losses and 1mMprove transient
bility of power systems.

of series
rective measures suggest

los
mission capability.
series FACTS devices
sion lines O reduce

behavior as well as the sta
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a puwerufactor correction (PFC) capacitor
the power quality (as recommended by IEEE
"|

rating and improve its performance. Cla
of passive and active filters g,

Chapter 9. p“’“dw ;

5.3.1 Application Example 5.2: pg,

Tuned Harmonic Filter Ign of 5

A harmonic filter (consisting of a capggjy
0]’ l'n [

with a tuning reactor) is to be designed ip i e |
f:!H».I

10} IMiprg

I-

8]) and to improve the displacement POW

at§_635 kV/phase, 618 kW/phase. DPF- {:liidn,

THD, = 30.47%, and fifth harmonic (25
] 0 H
I;=39.25 A. Z) Currey

5.4 POWER QUALITY PROBLEMS ASSOCIATY
WITH CAPACITORS

P—____-
Thare al:e resonance effects and harmonic gener |
-y

xxxxx

ing;_.- Sanes a_nd parallel resonance excitations lex
to increase of voltages and currents, effects whit |
can result in unacceptable stresses with respe |
to equipment installation or thermal degradin
Using joint capacitor banks for power- -factor coree |

tion and reactive power compensation is a very il

established approach. However, there are pm\ﬂ
guﬁhty problems associated with using capacitor |
sunh a purpose, especially in the presence o

Eaia"i E'T-'i‘ﬂ’ll!ients Associated with
maﬁltnr Switching

insients associated with capacitor swit
ﬂ]zly not a problem for utibty €

owever, they could cause a number of pro
ZGUBLOI ers, including

nmﬂrﬁases (overvoltages) Ly

i
IS1€ ‘B!ﬁﬂn be magnified in a customer o6
if ﬂiﬁ customer has low-voltaE® Pwu
recti 11 capat:ltors) resulting in &
:I'C‘.
V( lr—lrf _-t: "hlj.'
ui ar f (dUﬂ (o D{'
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e custome! e
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obtained from a harmonic analyzer at 39,
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FIGURE 5.3 Typical distribution capacitor closing tran-
sient vnl!age (a) and current (b) waveforms [6].

Because capacitor voltage cannot change instanta-
neously, energizing a capacitor bank results in an
immediate drop in system voltage toward zero,
followed by a fast voltage recovery (overshoot),
and finally an oscillating transient yoltage superim-
posed with the fundamental waveform (Fig.5.3). The
peak-voltage magnitude (up to 2 pu with transient
frequencies of 300-1000 Hz) depends on the instan-
taneous system voltage at the moment of capacitor
connection.

Vﬂltage inerease occurs when the transient oscil-
lation = caused by the energization of a capacitor
bank -~ excites a series resonance formed by the
lﬁm mductancas of a low- voltage system.
mﬁ*ﬁﬁﬂt is an overvoltage at the low-voltage bus.
| 1 Yﬂltage transients occur when the follow-

lons are met;

. m#ﬁﬁfﬁf the switched capacuor bank 18 su,mh
Hy 1 Eﬁl' (>10) than the low-voltage power-
u \C [w, 01 ﬂttan bﬂl’lk

e ‘3““ Land the puwer-faclor corr
; '.Hi Eht- ﬁ_ -;ml_ and

* There is relativel

Solutions

| 2L .
f!..lm source fl'ﬁquency is close to the S Series-
tesonant ﬁﬁ‘quency formed by the step-down
gction-
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T dy small damping provided by the
ad (e.g., for typical industrial plant

configuration or
efficiency), primarily motor load with high

to '
the voltage increase usually involve:

* Detu
ne the circuit by changing capacitor bank

‘HZE‘S

* Sy '
vitch large banks in more than one section of the

system;

* Us
; € an _ove‘wnltage control method. For example

se :?.wﬂchmg devices that do not prestrike or
res : :
: strike, meluy synchronous switching of capaci-
rors, and ms.tall high-energy metal-oxide surge
drref,tnrs to hmit overvoltage and protect critical
cquipment;

* Apply surge arresters at locations where overvol-
tages occur,

* Convert low-voltage power-factor correction
banks into harmonic filters (e.g., detune the
circuit):

o Use properly designed and tuned filters instead of
capacitors;

« Install isolation or dedicated transformers or series
reactors for areas of sensitive loads; and

« Rely on transient-voltage-surge SUppressors.

5.4.2 Harmonic Resonances

Improper placement and sizing of capacitors could
cause paralle]l and/or series resonances and tune the
system to a frequency that is excited by a harmonic
source [7]. In industrial power sysl€ms, capacitor

banks are normally specified for PFEC, filtering, or
reactive-power compensation without regard 1O res-
armonic concerns. High overvol-

ages could result if the system 1s tuned to one
is being supplied by a nonlinear
device such as a

d. fourth, and fifth har-
transformer inrush currents).

citive reactance 18 inversely pro-
therefore, harmonic currents
tors beyond their limits. Thus,
y be affected by reso-
y. This may even lead

onances and other h

l
harmonic only that
load or saturated electromagnetic

transformer (€.£., second, thir
monics result from
Moreover, the capa
portional Lo frequency;
may overload capaci
banks themselves ma

capaumr
ail prr.mdturel

nance, and may f
plant or feeder shutdowns.

10
a cond

Resonance IS

reactance of @ Sy

leaving the small resistive ejh‘:menls in
as the only means oOf hmting reson
Depending  On how the rteact
arranged throughout the syste

be of a series or 4 par

ition where the capacitive

stem offsets its inductive reactance,
the network

ant currents.
ive elements are
m. the resanance can
allel type. The frequency at
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PBWI.' System operation involye..
[ 4, ns that may inject Currents ‘-th.
ic resonance frequencies. Mitigatio, . o ¢
mm 1s vital. There i IS no safe n
i antcurrents._but TCSOnances - h

will probably not cause problems . EXCED! ins.
with telephone circuits. This Means b, _
m PUWH Qm Shﬂl.lld not exc Coed '""
m of the system short-circuit 5 apparen; . g,
at the pomt of connection unless o itro] - )
are mﬂ. to deal with Ithe current tq"‘“ __‘

SOme cases, converting the capacitor b Tha
nmcﬁlter might solve the entire proble ___'- .

. ,  the desired power-factor im;

_——
i)

5_4_3 Application Example 5.3: Harmenie
sonance in a3 Distorted Industriz) Pows:
1 with Nonlinear Loads

ﬁﬂl‘ﬂ E>3.1a shows a simplified indusirial .
system (R..=006Q. L_ =011 rnH; with +
factor correction capacitor (C.=1300 47 ___
trial loads may bave nonlinear v—i chara

m éi;l} be approx]malelv modele

to ﬁr: tn ﬂle nmghbonnﬂ Ic.ta"“ and = ¥
o. I l-— . i

approximately modeled as decoupled o
pirees (as shown in the equivalent ooz s

T e

ilyses of measured voltage 259°° =3

-

e utility system and &< =7
1 b ‘.-_:-rs 1o estimate the valo= =
. B "E ‘* . This 15 2 pr&fﬁi’] *":'-'""
| al loads consist 020

_-l'

e
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mains
impedance DUS
mains AA—rre |

_ VR |
mtr ——
capacitor T Cpr
_L"hd

(a2)

FIGURE £5.3.1 A simplified industnial power system with o=

Mmt ZiwithZ, =R <L __

i (1) =Y2(1.0)sin(@,1)+ V2(0 3)sin(50,1)
+~2(02)sin(To.0)[ AL
(E53-2h)

Compute frequencies of the series and parallel
;mﬂmﬁ and the harmonic currents injected nto

gitor, and plot its frequency response.

5.4.4 Application Example 5.4: Parallel
Resonance Caused by Capacitors

In the system of Fig. E5.4.1a, the source has the ratio
XIR= 10 Assume X/R =4000 (losses 025 WkVAr)
and X/R = 5000 (losses 0.2 W/kVAr) for low-voliage
and mdlm—?altﬂge high-efficiency capaators,

ctively. The harmonic current source s a six-
pﬂnmtm' mjecting harmonic currents of the
order 8]

h=nik+1). (ES.4-1)

where i 18 an integer (typically from 1 to4)and k is
lhﬁﬂ:&rof pulses (e.g., equal to 6 for a six-pulsz
rer). Find the resonance frequency of this
m Plot the frequency response and curren
zation at bus 1.

5&5,1 l?j]luﬂ on Example 5.5: Series
m Caused by Capacitors

a ' | € of a series resonance sysiem IS demon-
-L- E55.1a. The equivalent circuit (neglect-
)Eﬂown in Fig. E5.5.1b. Find the
freg ency of this circuit. Plot the fre-
SPC ' ﬂbus 1 equivalent impedance, and
amplification across the tuning reaclor.

pplicat !l Eulple 5.6: Protecting
s ual Harmonic Resistors

_' licatior Enmple 53 assuming a powetl
o include a virtual harmonic resis-
m with the capacitor.

2paciios and

:f:: m? to Resonance Problems. As
0 m the above examples. harmonic cur-
. and voltages that resonate with power svstem
impedance are usually ampiified and result in grave
power quality problems such as destroction of capac-
Hors, satoration of chTDmdmeﬂL devices, and h-lEh
losses and reduced lifetimes of appliances. It is diffi-
cult to come op with 2 = smgle remedy for all reso-
Dance problems. a5 they hishly depend on system
c:ahm.ms_,«r::t and load conditions. Some recommen-

ICHIs

and harmonic smulations

Dmmr banks. Optimal

x banks m the

presence of harmons = d.—.i‘d nonlinear loads

arc 1115’.:'13'*' [SOOmm 2
capacitor banks

Pfr‘: tect capacitors from harmonic destruction

| its (2.2, passive OF aclive resis-

ith the resopance arcunty; and

L-:c': a power coaverter to include a wvirtual bhar-

- resistor in series with the power capacitor

active resistor only operates at harmonic

ies to protect the capacitor. To mecrease

the harmonic real power absorp-

sistor can be stored on the DC

capacitor of the COTVETIET, converted into funda-

mental real power, and regencrated back to the

uj”iﬂ{i}iiiﬂl

5.5 FREQUENCY AND CAPACITANCE SCANNING
f

Resonances oocur w hen the magnitade of the system
Parallel resonande oCCHrs

e,
1 ‘P'ﬁ' 1_15‘_‘ ;:'_l \.m
o 15 are 1n shunt

“hen inductive and capacilive clemen
?Cd_i-nﬂ.- magnitude is 3 MAXMEN. For a

d the @
o 00 dition. m,;tm-uv.e and carm'ime

l—*mﬂa; arc
rrummam Therezorc the mh for a rmﬂam

mm.‘_ﬂ » hus amounts o searching Ior EXITEmes
cu M1 St =

LF4PE L R Y v,

il LA

{

=Y B




[nﬁ'ld“"" of Harmonics with Capacitors

45 indicated by IEEE [10], IEC, and European
11, 12] standards. These constraints are exam- [os= GiCY (Vi + 4V3 4 9y2 4 )
the following sections. R

ﬁﬁdi
| &8
Xe = ~1000k iﬂfrd mn

—

FIGURE E5.7.1 The three-bus examp]e “)':tu | fl;l' cgpa;ltol’s
'ﬂ rI .
. S Aseume harmonic voltages (Eq. 5-3a) across the ter-
-1mp§dﬂﬂce5 between the harmonic SOUrCes 41 | minals of a capacitor, where V., is the terminal Iin]‘-;mfc:(v;;,i{ fa 1)‘/’3\ g
nearby buses. “ Wiy | yoltage. In the following relations A is the harmonic S = ; } S
order of the voltage, current, and reactive power:

“ae 57 9% 11,13 15%,17, ... We hav I} .=l C*V? N |
h=3 s ave | rms .1+Z;‘[h —1)(Vh ] l (5-10d)

TS

Ohms lﬂﬂmlnli] S n_‘,; |
. " R, .
l by 5.6.1 Harmonic Voltage Constraint fron = O1C (Vi + 3V3 4 8VE 4 )

-
F

5.5.1 Application Example

5.?: F[e
Capacitance Scanning [9] uency g

|

Perform frequency and capaci 2N '

A i s x 1 k ap?ma,nce SCANS al by Vi = Vi +2Vhl* With I .=aw, - C - Vi n ODE can write
the three-bus system shown in Fig. ES 7.1 1y, . h=2 (0 =27f.) :

alent circuit of the external power system “Eq""

¢ pj.

-;_‘_je__’:ﬂle;d.ﬁs 9.99 h at‘ bus 1 (A is the order of hﬁrmnm.; ¥ i _ £y Vi - Vv,
The nominal design value of the shunt capsg, : l [ "V 1+ (- 1';{ - ;
L& s _rat ral s rat h=2 y
|
|

bus 3 15 0.001/@, farads and its reactance at by <150r18" o ] (5-10¢)
h is (~1000/h). it

¥ A F.E

.y _ |
5.6 HARMONIC CONSTRAINTS 1 5.6.3 Harmonic Reactive-Power Constraint

__]_-_TQBI-GA__EAGITORS Normalized 10 Vs for Capacitors

7

?Eonhn i car loads and Pawer ele?tmm&based swilch- | v | = In the presence of both voltage and current harmon-
L ng ﬁqulpmcnt._are being extensively used in modr | =, (V2 + D Vi) Vi o S1.1001 115% ics, the reactive power will also contain harmonics
hat cause minimui -3;-.._'1'_-_i!.f':-,jngt-,r_-:r;_;if?1 m  power systems. These have nonlinear input char | Vs rat A=t (Eg. 5-4b):

P L e, W

dance. istics and emit high harmonic currents, whichm (3-9¢)

result in waveform distortion, resonance problem | | Q=0,+0,+05+...
5.6.2 Harmonic Current Constraint =LV, + LV, +1Va+ ...

for Capacitors _ 0OV +20,CVE+ 30OV ..

oL L EGL

AT g e - g
i ‘n- -I.!'.'.'-]:I:

ystems, the wb ampli'ﬁcation of voltage and current harmons
apacitance (and/ "'ﬁgweftapacitors.Therefore,Iheinsta]laliﬂnﬂiaﬁ}
fﬂpﬁmr at the design and/or operating sii Assume harmonic currents (Eq. 5-3b) through the =@, C[(Vi,=V: - Vi-.. )+ 2Vs 435+,
slmld also include harmonic and power qui | terminals of a capacitor, where [ is the total - 0,C[V2, LVE 2V 4]
analyses. Some techniques have been proposed [ } current: - )
9@1?!113 harmonic problems of capacitors, M | =mlC[V'+ZUI—1H«,;\
approaches disconnect capacitor banks when (b | .
harmonics are high. Other techniques incli
onic filters, blocking devices, and active proi | For sinusoidal current components /y, [ by . - and with Q= O CV ims rat ONE obtains

tion circuits. These approaches use the total harmosk one obtains with @y =27,

distortion of capacitor voltage (T HD,) and curte® . } ﬁ 0 fi VA

(THD)) as a measure of distortion level and requr L= (@ CV1) + R0, CV5)* + BarCVa) - - - 0. fu V2
sl S ; . e i s = ] = rms..ral

harmonic voltage, current. and reactive power = (5-10b)

;;:||| CR ol s . j :
strate  straints fo: the safe operation of capacitor banks
_ jven by &

The reactive power of a capacitor I8 £ J
o capacitance C, the rms terminal vOIt2&¢ Vi““'_“nd-lh- .
'i, reactive powe Y —_
sperating conditions with 1 d (f (e “The triplen harmonics (which in most cases are ghjie = - tor voltages and the value of 145 far
: and rated line frequency f'.:!., o '-M"'WPB);:are neglected for three-phase capaci- e vilue of42 ﬂ;:;ept‘avblr: f the harmonic load IS

. =."f3."r':-'i;':i iff - pnd the line frequenc)r deviale ®= ui-rﬁ',!_. '}-:F i ;-J."_e ‘harmonics might not be zero but ar€ 24 h perio 4 at a maximum ambient
B oo =, I Rcte il v T

oltag "-i‘_*"'n"i"__'-"‘zf'::;‘é'ﬁfi,g (Vh and I r. 1 ! '@@rn,sﬁquance type. All even hannumc?

e | ¢ s orvosé | MRl emall in the- or single-phase pover EE

Q must P :

-

CEORCE &

S,

E.=L+G+L+... (5-10a)

S L
h— 1)k €135 or 1.45"
[14-,;( )1«'* l

(f1i-

(5-11b)

reactive power are

imited to 6 h during a

temperature of Tan=32:C [13].

bThe value 1.5 for harmonic curren | i
explicitly stated on the pameplate of the capacitor [13]:

ts is permissible if it 1s
), then appropriate cons

ﬂ1




I I .!. .r.:.“:,.-:rl- ot Rare Ty WY i
[ | .il |.':Ii.-":-r [ .:.I 1. Illlhr-. I.'-rllj*".:k'.:- |=: l F

lllllllllll

! ::. _':..-"L;'—' i r{'- r'.' T,
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CH"TH‘
gafe Operating Region for e
Reactive Power Capag,
f vtfm N $ -
Q. L. -0, |
O o Vel i Vo [T o |
“1-”.:: ~i
for f; = Je and Vi = Vs e Relying o the
limit in Eq. 5-14a (e.g., 1.35) one obtajns ¢ lowg
pae\ Virms (h-1) ['5-1115: ,

which is also a hyperbola,

If the above listed limits are exceeded for 4,
tor with the rated voltage V., . then ope h?:;.!
select a capacitor with a higher rated voltage 1--ﬂ' b |
and a higher rated reactive power SHlisﬂ-in;I:_
relation i

2

V
Q -5 rms_rat2
rat2 Qran[ V ] .

rms_ratl

(3-15)

Note all triplen and all even harmonics are s
in three-phase power systems. However, triplen hi
monics can be dominant in single-phase systems, |

Feasible Operating Region for the Capacitor Reacti
Power. Based on Egs. 5-12d. 5-13¢, and 5-14b, (ke |
safe operating region for capacitors in the prese ',
of voltage and current harmonics is shown in Fig

54.

5.6.5 Application Example 5.8: Harmonic
Limits for Capacitors when Used in a
Three-Phase System

The reactance of a capacitor decrease
quency, and therefore the capacito

Vh/vmn _raul B i

g with fre- |
r acts as asinklor §

20 W0
harmenie order h

wltage, current, and reactive power harmo
1T .-5-'n't"5',;-?‘ ,:;.';'—j!;;;‘; ﬂmy tlmﬂ)

. | J- k) .. } _ i f
IGURE 5.4 Feasible operating re& g (only % |

tion of Harmonics with Capacitors

mtll'l.‘
ts. The eff T

_ harmonic curren . The effect is 1o increase

:‘l‘;c :;aling and dielectric slrusz&cs_. ANSI!IEEE [10]. %%EMMUHS OF _c_ﬁ_PMEITORS

i (;_-aﬂd European le.g.. 11'-‘1;‘5] standards list limits di:-.@mdancc of a capacitor with mnducn:m and
fﬁr voltage. curl:cl'{ts‘ and reactive power of capacitor ,ﬂL Lttrmc lf}asus can be represented by the two equiy-
banks. These limits can be gsud to determine the ‘nf“f?”‘:““ﬁ of Fig. 5.5a (representing a parallel con-
maximum ﬂllﬂwahl‘:‘? harmonic levels. The result of FL-’CH:H ©f capacitance C and conductance G ) and
he. | nereased hc'ﬂtll_‘lg and voltage stress brought l__1g'|"‘m:’““Pfﬁﬂnﬂﬂgﬂﬁcrics connection of cpapaci-
about by harmonics 1S 4 shortened capacitor life due f:'“ﬂt C and_rcﬁiﬂlance R,). The phasor diagrams
(o premature aging. ap R"-l?t fldm“m“.“ Gy +joC and the impedance

o constraints must be satisfied: «—J/@C are depicted in Fig. 5.6ab.

The loss fac
o, 1€ loss factor tan & or the dissipation factor
= =tan 6 - which is frequency dependent - is
efined for the parallel connection

himax

2 2 2 -
Vm{vral:d: J(vl + nz:z VFI )/vlaicd < 1.10, (ESH-])

Jrrﬁu"llllid = (_ft!fmlcd )(vrmsivr.sltd) tand = — . (5-16)
Jimax Vv 2 ES.R- wC .
= 1+Z(h’—~1)[—v¢] <13, )
h=2 rms and for the series connection
Viens/ Voniea)
[Vineea tan 6= R,0C. (5-17)

Q/Qn_l:d =(fl/ffat¢d)(

s : (E5.8-3
16 3 (B 1)V Vi) £135, )
h=2

Most AC capacitors have two types of losses:

e conduction loss caused by the flow of the actual
charge through the dielectric, and

+ dielectric loss due to the movement or rotation of
the atoms or molecules of the dielectric in an alter-

where Vs rat 18 the rated terminal voltage, Vi, 1s the
applied effective (rms) terminal voltage, fi is the line
frequency, and V; 1s the fundamental (rms) voltage.

Plot for Vi=Vms= Vo o and fi = fro the loci for
ViV s, Where (Vo Vems.rat) = 110, (T Tems ) = 1.3,
andi_(Q{Qm)sl.iiS, as a function of the harmonic
order h for 5 £ h <49 (only one harmonic is present

at any time within a three-phase system).

nating electric field.

The two equivalent circuits can be combined and
expanded to the single equivalent circuit of Fig. 5.7,

where L.= ESL =equivalent series inductance,

(b)

FIGURE 6.5 Equivalent circuits of a capacitor with losses:
(4) parallel connection, (b) series connection.

FIGURE 5.7 Detailed equivalent circuit for a capacitor.

(b)
(j/lwC): (a) pﬂrallel

connection, (b) series

and impedance Rs -

w Y e I I
-i :']-.,E-,'n i e ' : - w -'{1?(.1
FiG IRE 6.8 Phasor diagrams for admittance Gyt

. W g f{’.ﬁ'l‘lj mi
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which it becomes an.
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o
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where @ ,.*:r';ﬁ'--;u-s_.';' -ana v, 1§ the rms vo -
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and

For 60'Hz applications Inexpe NSive A
can be used, whereas for POwer Bliot A _Caﬂq
tions and filters low-loss (€.0., ce famijc TOnjc
ene) eapacitors must be relieg o Or

5.7.1 Application Example 5.9

Losses of Capacitors : Ha""ﬂnlc

For a ecapacitor with =1 ma
R, =0.01 Q (where R, is the Series rels'
capacitor at fundamental (4 - 1)
Jr =60 Hz), compute the totg] harmop;,
the harmonic spectra of Table E5 :
including the 19th harmonic)
conditions:

a) Ry, 1s constant, that is, R, = R =001 ¢

b) R, is proportional to frequ.enc}, '[h
Ry = Ru(flfiu) = 0.01 h Q e

¢) Ry is proportional to the Square

of f |
Ry = Ra(fifa)” = 0.01 h* Q. Qg

5.8 SUMMARY

-}_--. yacitors are Important components i thin a poyg
system: they are indispensable for voltage conrl
power-factor correction, and the design of fjje,

Py for part a
(mW)

Py for part b
(mW) (mY)

Py for pane

3005
0.3
10.8
1.2
188
0.43
181
0.77
2.19
0.3
81.9

0433

114

3005
0.6
324
4.8
940
2.6
1267
6.16
19.71
3
900
52
1482
2,58
10.2
3.07
374

0.175

513

3005
12
472
192

4700
[3.6

8869
493
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I L | L

supply capacitor bank
for power-factor
correction

induction motor

L ¢ nk-

Their deployment may cause problems associated
with capacitor switching and series resonance.
Capacitor failures are induced by too large voltage,
current, and reactive power harmonics. In most cases
triplen (multiples of 3) and even harmonics do not
exist in a three-phase system. However, there are
conditions where triplen harmonics are not of the
zero-sequence type and they can occur within three-
phase systems. Triplen harmonics are mostly domi-
nantinsingle-phase systems, whereas even harmonics
are mostly negligibly small within single- and three-
phase systems. In this chapter the difference between
displacement power factor (DPF) — pertaining to
fundamental quantities only — and the concept of the
total power factor (TPF) — pertaining to fundamen-
tal and harmonic quantities ~ is explained. For the
special case when there are no harmonics present
these two factors will be identical; otherwise. the TPF
15 always smaller than the DPF. The TPF concept 1s
Iﬁlatﬂd-ltn the distortion power D and the DPF and
TPF must be in power systems of the lagging type if
consumer notation for the current is assumed.
Leading power factors tend to cause oscillations and
instabilities within power systems.

_Ihﬁ :'IGSSBLS of capacitors can be characterized by
the loss factor or dissipation factor (DF) tan &, which
-_is'ﬂ'mﬂﬂffﬁﬂﬁot the harmonic frequency. AC capacitor
losses are computed for possible single- and three-
-l!hﬂlll_e voltage spectra,

5.9 PROBLEMS

Prob em 5.1: Calculation of Displacement
E.m_mtpl’ﬁ (DPF) and Its Correction
SVEu=460V, £= 60 Hz, p = 6 pole, n, = 1180 rpm,
‘.i‘_.:ti _"_"'-'ﬂ'gui.ﬁel-cage induction motor has the
1?..]_.*%.;.;-?{'5_‘_';3.’._;:_ per phase referred to the

a) Calculate the full-load current I, and the displace-

men
tfpnwer factor cos ¢ of the motor (without
Capacitor bank).

b B :
) In Fig. P51 the feaclive current component of the

motor 1S corrected by a capacitor bank C,.... Find
Chant Such that the displacement power factor as
SCEN at the input of the capacitor is cos (=095

lagging based on the consumer notation of current
How.

Problem 5.2: Calculation of the Total Power
Factor (TPF) and the DPF Correction

The following problem studies the power-factor cor-
rection for a relatively weak power system where the
difference between the displacement power factor
(DPF) and the total power factor (TPF) is large due
to the relatively large amplitudes of voltage and
current harmonics.

a) Perform a PSpice analysis for the circuit of Fig.
P5.2, where a three-phase diode rectifier — fed by
a Y/Y transformer with turns ratio NJN,=1 - is
combined with a self-commutated switch (e.g.,
MOSFET or IGBT) and a filter (e.g., capacitor C;)
servingaload (Ry,,4). Youmay assume K, ., = 0.1 Q,
X,u=05Q, f=60Hz, v, (1)=v2-346Vcosar,
Van(£) = V2346 Veos(at — 120°), vy (£)=+2-346
V cos(wr —240°),1deal diodes D, to Dy, C,= 500 uF,
Ry..a= 10 €, and a switching frequency of the self-
commutated switch of f,, = 600 Hz at a duty cycle
of 6=50%. Plot one period of the voltage and
current after steady state has been reached as
requested in parts b and c.

b) Plot and subject the line-to-neutral voltage v,,(¢)
to a Fourier analysis. | :

¢) Plotand subject the phase currenti,(f) to a Fourier

analysis.

2.3 F. F

F J

£
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LEORCE
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I i - 1 0 2194 VO Aoy
m——— n of S}mﬂhfﬂﬁm d) chea[ parts a to ¢ for 8= 10%, 20%, 30%, 40%,

e harmonic generation Of S g =R, X | e .
/pe and can therefore exist 104 (hreef X =03 60%. 70%, 80%, and 90%.
| [T —— .

I
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I diode Nwl

| . . self-
. i L transformer bridge Commutareq Mer oy
. M . st rectifier gy iteh -

¢ Calculate the displacement power factor (DPF)
© e the toal power factor (TPF) based on the
phase shifts of the fundamental and harmonics

between v,u(7) and i,(¢) for all duty cycles and plot
the DPF and TPF as a function of 8.

) Determine the capacitance (per phase) Cuus, Of
that the displacement power factor as seen by the
power systems is for §=50% about equal to
DPF = 0.95 lagging.

Problem 5.3: Relation between Total and

Displacement Power Factors

For the circuit of Fig ES.11

e Nt ™
s r
Ve

SISt e g, lo-
and phase) of the phase voltage v.,(1) and the phase
current i,(1) up to the 10th harmonic. Compute and
plot the ratio TPF/DPF 4s a function of the firing
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=
g e
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, three-phase mforme: feeding a diode rectifier combined wi, self
| ' rs.
mmb. filter, load, and a bank of pawer-factor gorrection capacito

“Om f‘rl'Jf'_ i3

trial loads may have nonlinear v char
that can be approximately modeled 4 (i
decoupled harmonic current sources, The it r
ages in industrial distribution Systems gre.
distorted due to the neighboring |oads
approximately modeled as decouple
voltage sources:

a{:h-riﬂ-.

Oftey
and can p

hf:‘l'ml e

I'm(f-) = ﬁ-msin(m,r) ++/2. 25sin(S5wr)
 +2-15sin(To,1)
iy, (1) =~2-10sin(o,1) + V2 - 2sin(5w,1)
+/2-1sin(7m,1).

(P551)

Compute frequencies of the series and paralle] ress
nances and the harmonic currents injected into th
capacitor, and plot its frequency response.

Problem 5.6: Parallel Harmonic Resonance

In the system of Fig. E5.4.1a, the source has the rao
XIR =20. Assume X/R =2000 (losses 0.5 WkVAij

and X/R=10000 (losses 0.1 WkVAr) for lov |

voltage and medium-voltage high-efficiency cape
tors, respectively. The harmonic current source 12
ﬁx"m converter injecting harmonic currents 0%
the order

h=n(k+1), (P5.6:1)

where 7 is an integer (typically from 1 10 4) and k¥

 the number of pulses (e.g., equal to 6 for 3 ix P

converter). Find the resonance frequenc ol lr‘
Cireuit. Plot the frequency responsc 4
1) “ﬂ‘h‘“ﬁl‘

h v
g T

e ™ e
m 5.7; Series Harmonic Resonan®

I - . -

- e _,'. el : i.‘ dr_‘fﬂih

ample of a series resonance sysicm >

dinFig E5.5.1a, where § = 200 MVA: XIk=#

'uﬂ'rlﬁﬂ of Harmonics with Capacitors
|

Vigerm = 12 KV X.=14Q, Qe=%0kVAr
chH:?‘z kV, .‘.-:md IL::m = 1(X) A: The equivalent
. ;_-irﬂlit (negle{:lmg resistances) s shown in Fig_
£55.1b. Find the resonance frequency of this cireyj;
plot the frequency response of th.c bus 1 cquivalent
impedance, and the current amplification across the

ryning reactor.

problem 5.8: Protection of Capacitors by
Virtual Harmonic Resistors

,- Repeal Application Example 5.3 assuming a power
averter is used to include a virtual harmonic resis-

co a ;
= 1.0 in series with the capacitor.

tor R

problem 5.9: Harmonic Current, Voltage, ang
peactive Power Limits for Capacitors When
ysed in a Single-Phase System

The reactance of a capacitor decreases with fre-
quency and therefore the capacitor acts as a sink for
higher harmonic currents. The effect is to increase
the heating and dielectric stress. ANSI/IEEE [10].
|EC, and European [e.g.. 11, 12] standards provide
limits for voltage, currents, and reactive power of
capacitor banks. This can be used to determine the
maximum allowable harmonic levels. The result of
the mcreased heating and voltage stress brought
about by harmonics is a shortened capacitor life due
lo premature aging,

According to the nameplate of the capacitors the
following constraints must be satisfied;
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E‘im“ HHMt 15 the rated terminal voltage, V. 18
ki _mraﬂmm (rms) terminal voltage, f, is the
' €ncy, and V, is the fundamental (rms)
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Hrjwing

a) Ry is constant thatis, R, = R.. =0.005 ()

b) R, | :
)Ry s proportional 1o Irequency. that is

R,=R, FI_ jzﬂ.m:‘--hﬂ.

¢) Ry is proportional to the square of frequency
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d) Plot the calculated losses of parts a to ¢ as a func-

tion of the harmonic order A

TABLE P5.10 Possible Voltage Spectra with High Harmonic

Peneltration
| Y% ) v,

h | ¥ .'!5 (%) TT 1% (%)

I 1{X) 1040

2 23 0.5

3 3.71 {.0F

4 1.6 0.5

) 1.25 710
0 (.88 0.2

7 1.25 5.0
~ (L62 (0.2
g (.96 N3
10 (.66 0.1
11 (.30 25
12 0.18 (.1
13 (.57 2.0
14 .10 0.05
15 0.10 0.1
16 013 0.05
17 (.23 1.5
18 022 0.01
19 1.03 1.0

All higher harmonics < 0.2%

sUnder certain conditions (&.g., DC bias of transformers as dis-
‘lﬁ.ﬁc{[ in Chapter 2, and the harmonic generation of synchro-
L . ' y ¥ ) . .
ators as outlined in Chapter 4) triplen harmonics are

fous gencr \
: e type, and they can therelore exist in

not of the zero-sequenc
a three-phase system.
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