Contep,

11.6.6 Application Example 11.9: Upgy e

11.5.2.1 Phase-Lock L(}UD (PLL) Compensation of Flicker .
Circuit 430 | o o 1
11.5.2.2 Positive-Sequence Voltage (1.7 SUMM

Detector (PSVD) 457 (1.8 REFERENCES 468 —
11.5.2.3 Control of Shunt Converler
using Instantaneous Power
Thcnr}* 45?
11.5.2.4 Control of DC Voltage
using Instantaneous Power
Theory 458
11.5.2.5 Control of Series Converler
using Instantaneous Power
Theory 459
11.6 PERFORMANCE OF THE UPQC 460
11.6.1 Application Example 11.4: Dynamic
Behavior of UPQC for Current
Compensation 462
11.6.2 Application Example 11.5:
L'PQC Compensation of Voltage
Harmonies 462
11.6.3  Application Example 11.6:
UPQC Compensation of Voltage
Imbalance 462

Introduction to Power Quality

APPENDIX I: SAMPLING
TECHNIQUES 469
APPENDIX 2: PROGRAM LIST FOR
FOURIER ANALYSIS 473
APPENDIX 3: PROGRAM LIST FOR
PROPAGATION OF A SURGE
THROUGH A DISTRIBUTION
FEEDER WITH AN INSULATOR
FLASHOVER 479
APPENDIX 4: PROGRAM LIST FOR
LIGHTNING ARRESTER * Electric utility managers and designers must build
OPERATION 481
APPENDIX 5: EQUIPMENT FOR
TESTS 483

APPENDIX 6: MEASUREMENT ERROR OF

I'he subject of power quality is very broad by nature. s presented addressing the most important [EEE [1)
Lt covers all aspects of power system engineering, and IEC [2] standards referring to power quality.
from transmission and distribution level analyses to The remainder of this chapter introduces issues th:;xl
end-user problems, Therefore, electric power quality will be covered in the following chapters, including
has become the concern of utilities, end users. archi- modehng and mitigation techniques for l‘lnu.'g:
tects, and civil engineers as well as manufacturers. quahty phenomena in electric machines and power
T'hese professionals must work together in develop- systems, This chapter contains nine application
ing solutions to power quality problems: examples and ends with a summarv.

1._1 DEFINITION OF POWER QUALITY

and operate systems that take into account the

interaction between customer facilities and power Electric power quality has become an important part

system. Electric utilities must understand the sen- of power systems and electric machines. The subject

sitivity of the end-use equipment to the quality of has attracted the attention of many universities and

11.64  Applicatic v : POWERS 485 V_““"g”' industries, and a number of books have been pub-
Ao 6 Pl; ication EJ}ample LL7: Dynamic APPENDIX 7: APPLICATION EXAMPLES e Customers must learn to respect the rights of their lished in this exciting and relatively new field
eriormance of UPQC for Sudden - - sighbors and control the quality of their nonli ; -
g DIV - . neighbors and control the quality of their nonlin- [3-12].
Voltage Variation 462 IDED BY CHAPTER 487

car loads. Studies show that the best and the Despite important papers, articles, and books pub-

1165 Application Example 11.8: Damping

| | most efficient solution to power quality problems
of Harmonic Oscillations Using a

tished in the area of electric power quality, its defini-

Power Quality in Power Systemy and Electrical Machines

ISBN 978-(-12-369536-9

UPOE 4 1S ll’.? cnnlm.l them at ill'n:ir source, Customers can tion has not been universally ;1:'.__‘.II'L'IL'LI upon. .Huu-n:u:r_
Index 631 perform this by careful selection and control of nearly everybody accepts that it 1s a very important
their nonlinear loads and by taking appropriate aspect of power systems and electric machinery with
actions to control and mitigate single-time distur- direct impacts on efficiency, security, and reliability.
bances and harmonics before connecting their Various sources use the term “power quality” with
loads to the power system. different meaning, It i1s used synonymously with
* Architects and civil engineers must design build- “supply rehabihity,” “service quality,” “voltage
Ings to minimize the susceptibility and vulnerabil- quality,” “current quality,” “quality of supply,” and
ity of electrical components to power quality “quality of consumption,”
problems. Judging by the different defimtions, power quality
¢ Manufacturers and equipment engineers must 18 generally meant to express the quahty of voltage
design devices that are compatible with the power and/or the quality of current and can be defined as:
system, This might mean a lower level of har- the measure, analysis, and improvement of the bus
monic generation or less sensitivity to voltage voltage to maintain a sinusoidal waveform at rated
distortions. voltage and frequency. This definition mcludes all
e Engineers must be able to devise ride-through momentary and steady-state phenomena.
capabilities of distributed generators (e.g., wind
and solar generating plants). 1.2 CAUSES OF DISTURBANCES IN
This chapter introduces the subject of electric EBH_V_ER SYSTEMS —
‘ ". ir power quality. After a brief definition of power Although a significant literature on nuwur quality 1s
il o quality and its causes, detailed classification of the now available, most engineers, facility AAgsl,
H Il = g subject 1s presented. The formulations and measures and consumers remain unclear as to what constitutes
N rliasith L et urfed for power qualllil_v are explained and the impacts a power qu;alii_}.* ]:]ITI:TII::: F;:::[I:.:-l,]-::‘:::ruf-utlitt-l:*‘;
= :.'_.- .-'-_ '.-.: | : ol R[)UT power qUuIlT}r On POwWeT éw% n nnq L1I.ld‘-l:lht ;'m'vjm h'}‘h“'l;ll IH‘“F ;I* ~I [h;‘ W;]L‘m!m” bl p:'upu;:;I-
I =, I'i, O] devices such as appliances are mentioned. A section harmonic will result i 8 ¢
) - -

@ Elsevier Ing.
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FIGURE 1.1 Propagation of harmonics (generated by a nonlinear load) in power systems.

tion of voltage (or current) harmonics and affects the
entire power system. Figure 1.1 illustrates the impact
of current harmonics generated by a nonlinear load
on a typical power system with linear loads.

What are the origins of the power quality problem?
Some references [9] divide the distortion sources
mnto three categories: small and predictable (e.g.,
residential consumers generating harmonics), large
and random (e.g. arc furnaces producing voltage
ﬂuc{uaﬁm and flicker), and large and predictable
(8. static converters of smelters and high-voltage
DC lmnsmnma causing characteristic and unchar-
actenistic harmanics as well as harmonic instability),
Hmifmf'_‘h* likely answers 1o the question are
Hiese: unpredictable events, the electric utility, the
customer, and the manufacturer, =~

are power quality problems originating af general-
ing plants which are mainly due to maintenance
activity, planning, capacity and expansion con.
straints, scheduling, events leading to foreed
outages, and load transferring from one substation
L0 another.

* The transmission system. Relatively few power
quality problems originate in the transmission
system. Typical power quality problems originat-
ing in the transmission system are galloping (under
h.igh-wind conditions resulting in supply interrup-
hions and/or random voltage variations), lightning
.Fmsulﬁng i a spike or transient overvoltage).
'}nsUlato_r flashover, voltage dips (due to faults),
{nierruptions (due to planned outages by utility).
transient overvoltages (generated by capacitol
#nd!or inductor switching, and lightning), trans-
ft:mef -ﬂ{lérg_izing (resulting in inrush currents
op:i::; ;lﬂ:f'llzrgf':rnjonic €omponents), imprope:
Gﬂn:lead % :ge-re.gulz:itlon de:.r:c:es (which
\‘Bltagvanau :fns. (;a_tm_q Voltage va rlattm;m): ﬁImt:
the Eiﬁad--cauﬁed \UUE 10 a long-term variation ol

' flexible AC transmission
; : "ﬂ /DC E\'im*[”] and high-voltage
_.;. .- - fl_}!_itﬁ_mg [15], corona [16], power linc
e m [17]1- bm&dband power line (BPL)
Sommunications (18], ang efectromagnetic ficld:

: power quality
voltage dine ﬁ e distribution system arc
- EIRES, and interruptio ansien!
;) nterruptions, transic

S -
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overvoltages, transformer energizing, improper
operation of voltage repgulation devices, slow
voltage variations, power line carrier signals, BPL.
and EMFs %

The Customer. Customer loads generate a consider-

able portion of power quality problems in today’s

power systems, Some end-user related problems are

harmonics (generated by nonlinear loads such as
power electronic devices and equipment, renewable
energy sources, FACITS devices, adjustable-speed
drives, uninterruptible power supplies (UPS), fax
machines, laser printers, computers, and fluorescent
lights), poor power factor (due to highly inductive
loads such as induction motors and air-conditioning
units), flicker (generated by arc furnaces [20]), tran-
sients (mostly generated inside a facility due to
device switching, electrostatic discharge, and arcing).
improper grounding (causing most reported cus-
tomer problems), frequency variations (when sec-
ondary and backup power sources, such as diesel
engine and turbine generators, are used), misappli-

cation of technology, wiring regulations, and other

relevant standards.

Manufacturing Regulations. There are two main
sources of poor power quality related to manufactur-

Ing regulations:

* Standards. The lack of standards for testing, certi-
fication, sale, purchase, installation, and use of
electronic equipment and appliances is a major

cause of power quality problems.

Equipment sensitivity. The proliferation of “sensi-
tive” electronic equipment and appliances is one
of the main reasons for the increase of power

1.3 CLASSIFICATION OF POWER
QUALITY ISSUES

quality problems. The design characteristics of
these devices, including computer-based equip-
ment, have mcreased the incompatibility of a wide
variety of these devices with the electrical environ-

ment [21].

Power quality therefore must necessarily be tackled
from three fronts, namely:

o The utility must design, maintain, and operate the
power system while minimizing power quality
problems;

The end user must employ proper wiring, system
grounding practices, and state-of-the-art electronic
devices: and

The manufacturer must design electronic devices
that keep electrical environmental disturbances to
a minimum and that are immune to anomalies of

the power supply line.

[0 solve power quality problems it is necessary 1o
umlprxlnml and classify this relatively complicated
subject, This section is based on the power quality
classification and information trom references hm[
and |9].

Phere are different classifications for power quality
ISsues, each using a Specific property 1o categorize
the problem. Some of them classify the events as
“steady-state™ and “non-steady-state” phenomena.
In some regulations (e.p.. ANSI C84.1 [22]) the most
important factor is the duration of the event. Other
guidelines (e.g., IEEE-519) use the wave shape
(duration and magnitude) of each event 1o classify
power quality problems. Other standards (... 1EC ‘.]
use the frequency range of the event for the
classification.

For example, 1EC 61000-2-5 uses the frequency
range and divides the problems into three main cat
egories: low frequency (<9 kHz), high [requency
(»9 KHz), and electrostatic discharge phenomena., In
addition, each frequency range is divided into “radi-

ated™” and “conducted” disturbances. Table 1.1 shows

TABLE 1.1 Mam Phenomena Causing l'll.'l.'|lllll'l1l|l|“u“t and
Power Quality Dusturbances (6, 9]

Conducted low-frequency phenomeni

Hurmonics, interharmonics
slgnaling vollage

Voltage Huctuations

Voltage dips

Voltage imbalance

Power frequency variations
Induced ]U\'L-'-|IIL‘L[LIL‘I’IL'# \u|l‘.l_h.‘.'-"'*

DC components in AC networks

Radiated low-lrequency phenomena

Muagnetic fields

Electric fields

Conducted high-frequency phenomena

Induced continuous wave (CW) voltages or currents
Unidirectional transients

Oscillatory transients

Radiated high-frequency phenomons

Muagnetic helds
Electric flields
Electromagnetic field
Steady-state wives

Transients

Flectrostatic discharge phenomena (ESL)

Nuclear electromagnetic pulse (NENI)
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i ‘E TABLE 1.2 Categories and Characteristics of Electromagnetic Phenomena in Power Systems as Defined by IEEE-1159 {6, 9]
_ [ Categories Typical spectral content  Typical duration  Typical voltage magnitude
10%. l T L T i _ 1. Transient 1.1, Impulsive
N Al &n ' * nanosecond 5 ns rise <50 ns
ORI 1 " o * microsecand | us rise SO ns—1 ms
- * millisecond 0.1 ms rise >1 ms
. ial!l?'ﬂ“ﬂ 1.2. Oscillatory
undervoltage s low frequency <5 kHz 0.3-50 ms 04 pu
| e medium frequency  5-500 kHz 20 s (-8 pu
* high frequency 0.5-5 MHz Sus 04 pu
- 2. Short-duration 2.1. Instantaneous
hou variation * interruption 0.5-30 cycles <0.1 pu
NET * sag 0.5-30 cycles 0.1-0.9 pu
' | » swell 0.5-30 cyeles 1.1-1.8 pu
2.2. Momentary
* interruption 0.5 cycle-3 s <0.1 pu
. n * sag 30 cycles-3 s 0.1-0.9 pu
TR o swell 30 cycles-3 s 1.1-1.4 pu
NCe. iﬂﬂumﬂcﬁ and Capamtance) at (he 2.3. Temporary
'%EMEB” 1s often considered Synony. s interruption 3s-1 min <0.1 pu
| * sag 3s-1 min 0.1-0.9 pu
can be ﬁﬂ&&lﬁﬁi with their many chgr. : 7 ; 5‘:"-’:“ - - i ::—ntir;in :}{1;—;“2 pu
DO AN N . Long-duration .1. Sustained interrupti .
F'E.-.Ib'j'l'tillumﬁ s such as amplitude, dlll'&l{mn : ::-iagtiun 3.2. Undervoltage i >1 min 0.8-0.9 pu
me, .m- i"" ncy of rmgmg polarity, enery, 37 Ovetvoltage inte 1.1-12 pu
apabi I};'# @myﬂtﬂde Spectral density, ap 4. Voltage imbalance steady state 0.52%
1enc; '”-i"%-' ';*_*;.' e 2. Transients are usually clas 5. Waveform distortion  5.1. DC offset steady state 0-0.1%
B TmPulswe and OSClllat{)n 5.2. Harmonics 0-100th steady state 0-20%
£ 5.3. Interharmonics (-6 kHz steady state 0-2%
“” !Tw ;-_u ' "_ 5.4. Notching steady state
Ilu T]I nh S i'? ” %teisﬁ:n;lidden ?eqUﬂHﬂ' 5.5. Noise Broadband éteady -SIHIE 0-1%
: 4_,]'; i ition of voltage 6. Voltage fluctuation <25 Hz mtermittent 0.1-7%
or -{._'J:J_EIHII r.h\ﬁf ul ﬁchﬂnal mn polarity (FIE 7. Power frequency <l0s

) : .I .l'f- I'I_' 0S| E‘*raf impulsive transienis
. current : Impnlswe transients can

MM

OISO 1” lF ) J’,.;EI’J ,-_'.'.';.-- }P a sudden fr.equenc-‘r

mn nur;

_.!'T gru mndltlon of voltage,
_ at 'i'r’i ﬁ“ru E‘? both positive and nega- i
| lues. ( n ui{“"r ) ﬁ transmnts oceur for
€Nl reas .';;; fﬁ-"'i""wr_.f:;‘”i lff ﬁ- ~ EUC].'I as appllancf 10
AP * lhm D ralt,; Jﬁng (Flg 14) fast-

I.T e a
DOV EaTsits
CIrcurr

| €ntprote mu.'J‘l’* evices, and ferroreson- 8

vl
I'l b “;,-11_ r-..-l.l

encompasses. the am;: category of 4
1 u L It 4“5 ,Jﬁ ns_” According
) classif .; T' ere are three dif 2
Meduration 2vents (Table 1.2)
and temporary. Each : " W
ption, sag, and swell . 3 Ty
ﬁﬁu; e . time (us) | ® s :
d ern 1.1 rgization, and FIGURE 1.3 Impulsive transient current caused by lightning strike, result of PSpice simulation.
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Ma[hema]jca Eilnulaliﬂn, at no load, result 1)

Interruption, Interruption oceurs when the supply

voltage (or load current) decreases to less than 0.1 pu

* A momentary Interruption is between 30 cycles
and 2 seconds:

*A temp?rary Interruption is between 2 seconds
and 2 minutes; and

. . : . _
A' sustained interruption s longer than ?
minutes,

5353 (Q'F')' Sags dre short-duration reductions in
" TMS voltage between ()1 and 0.9 pu, as shown by

ﬂ;gml - .The"_re 1810 clear definition for the duration
min f’.’ %‘t LIS usually between (.5 cycles and |
ninute. Voltage SAES are usually caused by

® Cneroizat:

. ‘:rﬁﬁ:&tlﬂn of hEa'.ry loads (ﬁ-g., arc furnace),
- 'I*IEIE - Qf'];a_ﬁge-"'mwﬂtion motors,
Gadlsun. m 'jt'."’“-gfﬁ“ﬂd- faults, and

from ope power source [0

1 =
N =
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FIGURE 1.8 Instantaneous voltage swell caused by a single line-to-ground fault.

Each of these cases may cause a sag with a spe-
cial (magnitude and duration) characteristic. For
example, if a device is sensitive to voltage sag of
25%, it will be affected by induction motor starting
[11]. Sags are main reasons for malfunctions of elec-
trical low-voltage devices. Uninterruptible power
supply (UPS) or power conditioners are mostly used
o prevent voltage sags.

Swells. The increase of voltage magnitude between
I.1 and 1.8 pu is called swell, as shown by Fig. 1.8.
The most accepted duration of a swell is from 0.5
cycles to 1 minute [7]. Swells are not as common as
sags and their main causes are

* switching off of a large load,

* energizing a capacitor bank, or

* voltage increase of the unfaulted phases during a
single line-to-ground fault [10].

In some textbooks the term “momentary overvolt-
age' Is used as a synonym for the term swell. As in
the case of sags, UPS or power conditioners are
typical solutions to limit the effect of swell [10].

1.3.3 Long-Duration Voltage Variations

According to standards (e.g., IEEE-1159, ANSI-
(C84.1), the deviation of the rms value of voltage
from the nominal value for longer than 1 minute 1s




e 47
called long-duration yoltage variation. T]:e :.'ln;;d
causes of long-duration valta.ge vangtu?nss sy
variations and system SWil'C-hI.ng operation t 7
1159 divides these events into three calcg

(Table 1.2): sustained interruption. undervoltage.

and overvoltage.

Sustained Interruption. Sustained (or long) inter-
ruption is the mOSL SEVEIe and the oldest power
. ltage drop$ to zero and

ity eve hich vo
quality event at which: ops
does not return automatically. According (0 th? IEFT
interruption Is

definition, the duration of sustained 1 0|
more than 3 minutes; but based on the IEEE defini-
tion the duration is more than | minute. The n.umber
and duration of long interruptions are very impor-
tant characteristics in measuring the ability of a
power system (o deliver service (0 cuslomers, :I'h'e
most important causes of sustained interruptions

arc

« fault occurrence in a part of power systems with
no redundancy or with the redundant part out of
operation,

* an incorrect intervention of a protective relay
leading to a component outage, or

* scheduled (or planned) interruption in a low-
voltage network with no redundancy.

Undervoltage. The undervoltage condition occurs
when the rms voltage decreases to 0,809 pu for
‘more than 1 minute,

Mmlhy Overvoltage is defined as an increase in
the rms voltage to 1.1-1.2 pu for more than 1 minute,
There are three types of overvaltages; .

. _o.mollagas_ generated by an insulation fault, fer-
roresonance, faults mth the alternator regulator,

Ilp hanger lml!fotmgr, Or overcompensation;

CHAPTEHI

« compute the ratio of the negative- (o

- oy LI,
sequence component (o the pOsitive-seq |

component [7].
uses of voltage imbalance ip Doy
tk[

I'“:Ht.'-

The main ca

gystems arc

« unbalanced single-phase loading in a lhrc“‘l’ihn.
systen, ' h

« overhead transmission lines that 4 i
transposed, |

« hlown fuses in one phase of a three-phase capag.
tor bank, and

« severe voltage imbalance (e.g., >5%), which o
result from single phasing conditions.

1.3.5 Waveform Distortion

A steady-state deviation from a sine wave of POWer
frequency is called waveform distortion [7). The;,
are five primary types of waveform distortions:
offset. harmonics, interharmonics, notching, ang
electric noise. A Fourier series is usually used i,
analyze the nonsinusoidal waveform.

DC Offset. The presence of a DC current and/o
voltag¢ component in an AC system is called D¢
offset [7]. Main causes of DC offset in power systen
are

* employment of rectifiers and other electronic
switching devices, and
* geomagnetic disturbances [6, 7, 13] causing GICs

The main detrimental effects of DC offset in alter-
naung networks are

* half-cycle saturation of transformer core [26-28],

* generation of even harmonics [26] in addition (0
odd harmonics [29, 30,

. addiﬁana] heating in appliances leading to a de-
mﬂsﬂ Of_ the lifetime of transformers [31-36/, rotat
ing machines, and electromagnetic devices, and

. ﬁlmi'hﬂ erosion of grounding electrodes and
other connectors,

Flgm'e llfg‘a_',.sh‘?ws strong half-cycle saturation in @
m‘;ﬁﬂlﬂ 'dw t‘? DC magnetization and the influ;
S th‘etank’aﬂd Fig, 1.9b exhibits less half-cycle
mﬁ Dclmaﬁgﬂﬁﬁzatiun and the absence
ety O hat o suppros D <1
Clrrents. l" Iﬂmﬁersand geomagnetically induced
| + three-limb transformers with a relativel)

E@%W‘WWH core and tank should be uscd
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FIGURE 1.9 Measured voltages and currents at balanced DC bias current I =-2 A fora 23 kVA three-limb {ranﬁfurmr:_r
(a) at full load with tank (note the strong half-cycle saturation) and (b) at full load without tank (note thn; reduced half-
cycle saturation) [27]. Dividing the ordinate values by 2.36 and 203 the voltages in volts and the curren(s in amperes are

obtained, respectively.

of the hth harmonic is (hf). Periodic nonsinusoidal
waveforms can be subjected to Fourier series and
can be decomposed into the sum of fundamental
component and harmonics. Main sources of harmon-

ICS in power systems are

« industrial nonlinear loads (Fig. 1.10) such as power
electronic equipment, for example, drives (Fig.

1.10a), rectifiers (Fig. 1.10b.c). inverters, or loads
generating electric arcs, for example, arc furnaces,
welding machines, and lighting, and

s residential loads with switch-mode power supplies
such as television sets, computers (Fig. 1.11), and
fluorescent and energy-saving lamps.

Some detrimental effects of harmonics are
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2kV

1kV

- 1kV

- 2kV

34ms 38ms 42ms 46ms 50ms
(c)

FIGURE 1.10 (continued) (c) Voltage notching caused by a three-phase rectilier with interphase reactor for a inng angle
of a= (P, result of PSpice simulation. Waveshapes with notches: line-to-line voltages of recufier, V, and V. being [;{,_, iiﬁ#-
to-line voltages of the two voltage systems: sinasoidal waveshape: line-to-ling voltage of infinite bus. :

— T DRSS U

e TP

| B, e

FIGURE 1.11 Measured current wave shape of state-of-the-art personal computer (PC) (many periods) [43]

commutating phases, reducing the line voltage; the

S Sysicm

Interharmonics. Interharmonics are discussed In
voltage reduction is limited only by the

Section 1.4.1. Their frequencies are not integer mul-

tiples of the fundamental frequency. impedance.

Notching is repetitive and can be charactenzed by
its frequency spectrum (Figs. 1. 10b.¢). The frequency

Notching. A periodic voltage disturbance caused of this spectrum is quite high. Usually it is not possi-
ble to measure it with equipment normally used for

by line-commutated thyristor circuits is called notch-
harmonic analysis. Notches can 1mpase exird stress

ing. The notching appears in the line voltage wave- ‘
form during normal operation of power electronic  on the insulation of transiOrMETS, generators, and

devices when the current commutates from one sensitive measuring equipment. |
phase to another. During this notching period, there Notching can be characterized by the following

exists a momentary short-circuil between the two properties:




voltage (pu)
=

\

A - ! V / g V Vo time (ms)
: 15_; :;o 150 200

FIGURE 1.12 Voltage flicker ca

depth of the line voltage

« Notch depth: average
form at the funda-

notch from the sinusoidal wave

mental frequency: .
o Notch width: the duration of the commutation

Process: |
« Notch area: the product of notch depth and width;

and
« Notch position: where the notch occurs on the
sinusoidal waveform.

Some standards (e.g.. TEEE-519) set limits for notch
depth and duration (with respect to the system
impedance and load current) in terms of the notch
depth, the total harmonic distortion THD, of supply
voltage, and the notch area for different supply
systems.

Electric Noise. Electric noise is defined as unwanted
electrical signals with broadband spectral content
lower than 200 kHz [37] supmmposed on the power
system voltage or current in phase conductors, or
[ou‘md on neutral conductors or signal lines. Ela;uic
noise may result from faulty connections in transmls-
sian. or distribution systems, arc furnaces, electrical
furnaces. power electronic devices, control circuits.
welding equipment, loads with solid-state rectifiere
improper grounding, turning olid-state rectifiers,

used by arc furnace operation.

ANSI (84.1-1982) [38]. Voltage fluctuations are
divided into two categories:

e step-voltage changes, regular or irregular in tip,
and

« cyclic or random voltage changes produced
variations in the load impedances. |

Voltage fluctuations degrade the performanc
of the equipment and cause instability of the ip.
ternal voltages and currents of electronic equip-
ment. However, voltage fluctuations less thap
10% do not affect electronic equipment. The main
causes of voltage fluctuation are pulsed-power
output, resistance welders, start-up of drives, arc fur
naces, drives with rapidly changing loads, and rolling

Flicker. Flicker (Fig. 1.12) has been described as
“continuous and rapid variations in the load current
magnitude which causes voltage variations.” The
term flicker is derived from the impact of the voltage
ﬁ_flf:_luation on lamps such that they are perceived 10
flicker by the human eye. This may be caused by an
arc furnace, one of the most common causes of the
voltage fluctuations in utility transmission and distri-
bution systems.

1.3.7 Power-Frequency Variations

_:E:fé?‘mn' of the !?_O‘Wel' system fundamental fre-
: mH:)}' : ::1&1:5. specified nominal value (e.g., 50 0f
If Ihé' b alam:dbas Pﬂ?ier frequency variation 39}
(load) is mm Bl.wE:e__n géneration and demand
wm Wllldd ﬂlﬂtalned_ Ihﬁ.'frequency of the power

SebGiii ﬂ\’lﬂte hacause of '.changﬁs in the rota:

tional speed. af oloae. _
Speed of ﬂmameﬁhamml generators. The

iy By I - Y1 rand N voltage o -., ” = Lo a—mm ﬂf‘l: eviatic _— ,
AN ofwih dogs g 1855 e Guency depeng o 1 5 duration of the 1
i 1] i_:.I.' *.- j :__::_ foan < I'-._J'._} -{ .--,.;.__.;__'..'r ' : L - T I L:..LF - wepeld on the ]ﬂad characteristics an d

-
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tion of control devices, telephone interferences
additional line losses (at fundamental and harmnnif;
frequencies), and decreased lifetime and increased
losses in utility equipment (e.g., transformers, rotat-
ing machines, and capacitor banks) and customer
devices.

The periodic nonsinusoidal waveforms can be for-
mulated in terms of Fourier series. Each term in the
Fourier series 1s called the harmonic component of
the distorted waveform. The frequency of harmonics
are integer multiples of the fundamental frequency.
Therefore, nonsinusoidal voltage and current wave-
forms can be defined as

also cause frequency variations outside of the
accepted range for normal steady-state operation of
the power system.

1.4 FORMULATIONS AND MEASURES
USED FOR POWER QUALITY

This section briefly introduces some of the most
commonly used formulations and measures of elec-
tric power quality as used in this book and as de-
fined in standard documents. Main sources for power
quality terminologies are IEEE Std 100 [40], TEC
Std 61000-1-1, and CENELEC Std EN 50160 [41].
Appendix C of reference [11] presents a fine survey
of power quality definitions.

FiTLS

v(t)=Vpe+ 2 Vit cos(hw,t +a,)
K=1

1.4.1 Harmonics : ,
=V, + V(O + V) + v () + (1) + ...

Nonsinusoidal current and voltage waveforms (Figs.

1.13 to 1.20) occur in today’s power systems due to

equipment with nonlinear characteristics such as
transformers, rotating electric machines, FACTS
devices, power electronics components (€.g., rectifi-
ers, triacs, thyristors, and diodes with capacitor
smoothing, which are used extensively in PCs, audio,
and video equipment), switch-mode power supplies,
compact fluorescent lamps, induction furnaces,
adjustable AC and DC drives, arc furnaces, welding
tools. renewable energy sources, and HVDC net-
works. The main effects of harmonics are malopera-

(1-1a)

i}
i(f)=1Ipec+ 2 I cos(hw,t + B,)
h=1

= I oo+ i)+ i)+ i) + () + oo

(1-1b)

where , is the fundamental frequency, A is the har-
monic order. and V", I, @, and B, are the rms
amplitude values and phase shifts of voltage and
current for the hth harmonic.

A
r :d
input
current
output current
0+ ur—u—a—af—r————r— . . s o S e S e S

output
volitage

input voltage

—
360

i
90 180
angle (degrees)

i
270

e shapes of single-phase induction motor fed by thyristor/triac controller at rated operation

FIGURE 1.13 Measured wav
[42].




Introduction to Power Quality

15

50 t Al /|

Vbe

current (A)

v - 50 = \ #»

— ==y =2 o 14.33 16.33 18.33
180 time (ms)

90
angle (degrees)
of three-phase induction motor fed by thyristor/triac controller at rated Operatio

FIGURE 1.16 Calculated current of brushless DC motor in full-on mode at rated operation [29).

FIGURE 1.14 Measured wave shapes
[42].

Triplen Harmonics. Triplen harmonics (Fig. 1.21) tPWM t
motor curren

dre

the odd multiples of the third harmop
(h=3, 9, 15, 21,...). These harmonic orgr
become an important issue for grounded-wy
systems with current flowing in the neutral line of ,
wye configuration. Two typical problems are over
loading of the neutral conductor and telephon
interference.

For a system of perfectly balanced three-phas - 50 1
ﬁﬂﬂltl G l el BT e ﬂﬂﬂﬂﬂ}lSOIdal IQads, fqndamental current compe
Phnl:lrﬂmfmmufeadmgﬁm mlffga three-  nenis in the qautral arf; zero. T'he third harmoni

| Ml S neutral currents are three times the third-harmoni 1482 INAl

o _ . - time (ms
phase currents because they coincide in phase or . iy - -
time. FIGURE 1.17 Calculated current of brushless DC motor in PWM mode at rated operation [29].

current (A)

' Even and odd harmonics of . b |
{ | ﬂﬂﬂﬁmmm ﬁm{g_;f;:lﬁ& ;‘ﬁdﬁ::; - Tr:ans_former Wllldlﬂg connections have a signi
| {‘*3"3=5"-’3uimmmmheﬁtn!?ammm cant ‘mpacton the flow of triplen harmonic current

4 o - Hmﬂmdmﬂmimgmwhm - Ccaused by three-phase nonlinear loads. For !¢
e | s ney and the DC component of gmunded wye-delta transformer, the triplen har
AECUITENIS enter the wye side and since they ar
{0l phase, they add in the neutral. The delta windin:
3 pmv:des _amPBfﬁl-ﬁll‘n balance so that they can floy
Immdﬁlt&,bmthﬁy feﬂ'lain-trapped in the delta and
ill#:q:me;n the line currents of the delta side of the

the mn | 'f Thl#type ) iransformer connection FIGURE 1.19 Measured wave shapes of 13 kVA three-
f“twy employed in utility distribution phase transformer fed by PWM inverter [43].
Y. i “mh delta winding connected to i FIGURE 1.18 Measured wave shapes of 15 kVA three-
BEs i ) 11 m" Uﬂ:.ln_g grounded-wye winding phase transformer feeding resonant rectifier [43].
s ofthe transformer allows balanc
JACTE DArmonice teo @, 5
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Subharmonics. Subharmonics have frequencies
below the fundamental frequency. There are rarely
subharmonics in power systems. However, due to
the fast control of electronic power supplies of com-
puters, inter- and subharmonics are generated in the
input current (Fig. 1.11) [45]. Resonance between
the harmonic currents or voltages with the power
system (series) capacitance and inductance may
cause subharmonics, called subsynchronous reso-
nance [46]. They may be generated when a system is
highly inductive (such as an arc furnace during start-
up) or when the power system contains large capaci-
tor banks for power factor correction or filtering.

Interharmonics. The frequency of interharmonics
are not integer multiples of the fundamental
frequency. Interharmonics appear as discrete fre-
quencies or as a band spectrum. Main sources of
interharmonic waveforms are static frequency con-
verters, cycloconverters, induction motors, arcing
devices, and computers. Interharmonics cause flicker,
low-frequency torques [32]. additional temperature
rise in induction machines [33, 34], and malfunction-
ing of protective (under-frequency) relays [35].
Interharmonics have been included in a number of
guidelines such as the IEC 61000-4-7 [36] and the
[EEE-519. However, many important related i1ssues,
such as the range of frequencies, should be addressed
in revised guidelines.

Characteristic and Uncharacteristic Harmonics. The
harmonics of orders 12k + 1 (positive sequence) and
12k — 1 (negative sequence) are called characteristic
and uncharacteristic harmonics, respectively. The
amplitudes of these harmonics are inversely propor-
tional to the harmonic order. Filters are used to
reduce characteristic harmonics of large power con-
verters. When the AC system is weak [47]| and the
operation is not perfectly symmetrical, uncharacter-
istic harmonics appear. It 1s not economical to reduce
uncharacteristic harmonics with filters: therefore,
even a small injection of these harmonic currents
can, via parallel resonant conditions, produce very
large voltage distortion levels.

Positive-, Negative-, and Zero-Sequence Harmonics
[48]. Assuming a positive-phase (abc) sequence bal-
anced three-phase power system, the expressions for
the fundamental currents are

(1) =1\" cos(a,t)
i(1) =13 cos(w,t — 120°) (1-2)
i(t) = I cos(w,t — 240°).

17

The negative displacement angles indicate that the
fundamental phasors rotate clockwise in the space—
time plane.

For the third harmonic (zero-sequence) currents.

() =1 cos(3a,r)
i (1) =1} cos 3(w,t — 120°)

= I} cos(3w,t — 360°) = I cos(3a.1) (1-3)
() = I cos 3(@,t — 240°)

= I cos(3aw,t — 720°) = I cos(3c,1).

This equation shows that the third harmonic
phasors are in phase and have zero displacement
angles between them. The third harmonic currents
are known as zero-sequence harmonics.

The expressions for the fifth harmonic currents
are

iN0) =1 cos(Sw,t)

i£'(6) = Iy cos 5(w,t — 120°) = Y cos(Saw,i — 600°)
= I cos(3w,1 — 240°) = I} cos(Sm,i + 120°)

(1) = I cos 5(@,t — 240°) = I cos(5w,t — 1200°)
= I cos(Sw,t — 120°) = 'Y cos(Sw.s + 240°).

(1-4)

Note that displacement angles are positive; there-
fore, the phase sequence of this harmonic is counter-
clockwise and opposite to that of the fundamental.
The ffth harmonic currents are known as negative-
sequence harmonics.

Similar relationships exist for other harmonic
orders. Table 1.3 categonzes power system harmon-
ics in terms of their respective frequencies and
SOUTICeES.

Note that although the harmonic phase-shift angle
has the effect of altering the shape of the composite
waveform (e.g., adding a third harmonic component
with 0 degree phase shift to the fundamental results
in a composite waveform with maximum peak-to-
peak value whereas a 180 degree phase shift will
result in a composite waveform with minimum peak-
to-peak value), the phase-sequence order of the har-
monics is not affected. Not all voltage and current
systems can be decomposed into positive-, negative-,
and zero-sequence systems [49].

Time and Spatial (Space) Harmonics. Time harmon-
ics are the harmonics in the voltage and current
waveforms of electric machines and power systems
due to magnetic core saturation, presence of nonlin-
ear loads, ;md irregular system conditions (.8, faults
and imbalance). Spatial (space) harmonics are
referred to the harmonics in the flux linkage of rotat-
ing electromagnetic devices such as induction and
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1.4.3 The rms Value of 2
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1.4.4 Form Factor (FF)

The Torm factor (FF) s a measare of the shape

the wavetorm and s defined a8
Il

Since the average value of 4 sinusoid s
average over one halb-cycle s
eguation. As the harmonic eonten! of the w
increases, its FF will also increas

1.4.5 Ripple Factor (RF)

Hipple {actor (RF) s a measure of the ripple content

of the wavelorm and m defined as
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1.4.7 Lowest Order Harmonic (LOH)
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. 1.4.10 Total Subharmonic Distortiop (TSHp Introduction to Power Quality
Some disadvantages of THD are . is equivalent to the (e.g. ;
e disa . T S o S This factor 15 equwdlen ' ; : £ Currt.m; ””J TABLE 1.4 Tl phta ey 21
« Tt does not provide amplitude strm {5 lost. but defined for subharmonics [9]. — race (i) and C-Message (c,) Weighting Factors (5]
. The de_tmlcd information of | Spe X E - Harmonic order (h, f, =60 Hz) TIE weights ( Harmonic order — ==
! . % ey - & of the curre s ETS (wy) € weights (¢) h fi= 601
1.3 THD, is related lﬁl[ Te S Jz(]: ) : 0.5 0.0017 /ity TIF weights (w)) ¢ weights ()
| form as follows (6]: TSHD = =1 ; v 3 731 -
| waveform as m 3 10.0 0.0167 ) 0,841
q. — I o 4 30.0 0.0333 ;? 70 0.841
; - — : - 7820
_ Iy = 0 1+ THDE. (120 . 105 0.0875 _ 0,841
! % I,,.,-Jé(ﬂ =l i i where s is the total number of frequency bip. Dre 6 225 0.1500 ;‘i 8070 0.84]
= . - - ' -SEN| : | : 8330 .
fiud elow the fundamental frequency. - 400 0222 = 0.841
! O o o devices, The weighted dis- | - o8 . 8830 o
| stress on Vanous S)f-’ntﬂ[ﬂ d‘eﬂM- me*we'gh . 1‘4.11 Tot" Dama nd Dlstort'on (TDD) 0 ]12:} 0.396 36 9080 J’$4|
o tortion factor adapted to inductance is an approxi- , , 10 320 0.489 37 9330 i
| mate measure for the additional thermal stress of  Due to the mentioned disadvantages of TH[) R 11 1790 0.597 3 s 0.841
b - tuctances of coils and induction motors [9, Table  standards (e.g- IEEE-519) have defined (p, lml: < 3::1 0.685 19 i E.zl
 ; ) 24 demand distortion factor. This term is sy, , e ;wj E-;ﬁ? 40 (e ”-;4:
I? THD except that the distortion is expresse( ,. . 14 S “913 41 {0340 e
THD adapted to inductance = THD,, percentage of some rated or maximum valye (., - 4350 0,567 _jﬁ 10480 0.832
113 [5 (Vo load current magnitude), rather than as a pn—:rccm;i;_ :: 4690 0,977 X :L’:‘: (J 0.822
| Ji e of the fundamental current: i % 5100 1.000 - e * 0.804
= ' . -{1*21)‘ 5400 1.0( | :_MJ 0.776
i 1) 00 46 =
J i 0 i 5630 0.988 ; o 30
(h)\2 20 e : 4 10210 0.72
B where @=1...2. On the other hand, the weighted - \/ZU ) 21 s e 48 9960 S
| S .-' ot e : TDD: Nh=2 : y % 6050 0).960) 49 Saiay 692
. THD adapted to upndlon s an approximate | - (1-25 : 6230 nioed i gé;” 0.668
| measure for the additional thermal stress of capaci- - 6370 0.923 55 809() ::j;
.' tors directly connected to the LT, = 3 | 6650 0.924 SIret s
| e Srastiit ey ent = L TS 1.4.12 Telephone | 25 - - ol o 6460 0.359
- E inductance [9, Table 2.4} R = f p nfluence Factor (TIF) z 6680 0.891 65 4400 o
v :{he' telﬁphﬂnﬁ l_llﬂl.lﬁllce fﬂCtOf (TIF).. \r‘u'hi{:h Was 27 :;:3 0.871 70 3000 0.143
i ]0111!!)’ proposed by Bell Telephone Systems (BTS 28 2 :::ZU 75 1830 0.0812
and the Edison Electric Institute (EEI) and is wid| —E e St N A S I G )
md lﬂ the United States and Canada, determine
ﬂmmﬂ uﬂ" nce | > of power systems harmonics on tele
communication systems. It is a variation of THD &
which I t:he root of the sum of the squares 1s weighted ‘ji(”(.,): ‘/i({‘ [0y? / = ?
ﬂmng _mh B(Wﬂghts) that reflect the TESponse 0 C'=21i=) ' _ Yig ' (1-27) [-T = \Z;(H-‘J - (1-29)
,J__ L : _ ” ea[ [5]: n - ]nm ' -2 I=
b A s where the weights w, are listed in Table 1.4,
=}

TIF 4 where ¢, are the C-message weighting factors 1.4.15 Telephone Form Factor (TFF)
7§ R E ) G 126} : :
i i , (1-2 (Table 1.4) that are related to the TIF weights by T'wo weighting systems widely used by industry for

W, =5(f)(‘ﬁj)c,_ The C-message could also be applied interference on telecommunication system are [9]
to the bus voltage.

* the sophomoric weighting system proposed by the

~~ Miare the TIF weighting factors obtaincd ! 1.4.14 V - T and I - T Products MtEmaranali Consyltation Commissign. on Tele-
al and aud phone and Telegraph System (CCITT) used in

o @ndaudio tests, as listed in Tablc The THD index does not provide information about Europe, and

______

it ing ; m mﬂ wa)’ current iﬂ d rp““i.l the amplilude of ‘vollage (UI' CUTI'E[][); [hcrﬂfﬂfﬁ“, BTS e Lhe C-mcsgage “’Gigh“ﬂg system prgpgsgd join[hr

System. ol Otagein an adjacent communica!”’ or the EEl use /- T and V - T products. The /- T and by Bell Telephone S}'SIEI‘I‘IS-(BTS) sdihe Bdisn

A =y '1-' ' b V- T products are alternative indices to the THD Electric Institute (EEI), used in the United States
Raslaa. . T iIncorporating voltage or current amplitudes: and Canada.

i " =
=1

e o - | These concepts acknowledge that the harmonic

IJ‘L- I:".l.*'.-*”% k18 very similar 10 e AP 2 (w VD) (1-28) effect is not uniform over the audio-frequency range
NN st o L L = nf § ! . : - :

e ‘_*I_ ¢, are used in place o' i= and use measured weighting factors to account for




and current waveforms are Nons

It yoltage : Ny,
' account the 1ype o 1-1), the above equation doeg X
They take int0 a€€0% dal (Eq. =1} , r - 1Ot ko
| E this nan:m[:f::l'zpmm{ and the sensitivity I;; ::: hecause § coNtains Cross terms in the progy HII[;I:
| 1% of telephon ﬂdﬁ 4 reasonable indication Fourier series that correspond o voltages 4
( | hiuman egr-toh;rf; - ach harmonic reﬁts of different frequencies, whereas p *In:w
J |:. mtﬂrfell'ﬁﬂ'rﬁ; and EEI systems dest:lfibe the level of mmspond to voltages and currents of the g..;;,lmsl .
; The B orference in €rmS of the lelﬂphnn_e uency. It has been suggested 1o accoun for ¢ e
| t i el Eq. 1-26) or the C-messase (Eg. M rerms as follows [5, 50, 51]: s
1 1427), whereas . et ' i 5 5
form factor (TFF): g D (1
| 1 I p iy =30 where
L R TFF""FiTY Y Kb WV (1-30)  whe
: Vsl
y . Appal'enl POWGT =§= Vrru.i / rms
where K, = h/800 is a coupling factor and P 1 L 1 ol —
hamonic weight [ (Fig 2.5)] diided by 1000 By, 2 o
1.4.16 Distortion Index (DIN) (135
. The distortion index (DIN) is commonly used in ?

| standards and specifications outside North America. o real power = P= > V21 cog(s,)

It is also used in Canada and is defined as (5] H=0,1,23,..
| where 6,=a, - f,,
| TIHD ( 136!
DIN == _'- . =T—=r' (1-31) H
I'zﬂ;m)z- THD +1 Total reactive power = Q) = Z ALY, 8 sin(#,)
el h=0,1.223,..
| o ~ (1-37;
:_ For low levels of harmonics, a Taylor series expan-
] sion can be applied 1o show | ke oH |
| | PPl Distortion power = D = Z z [EFAh = (7))
. m=ln=m+l
:: ' ' (1-38)

1.4.17 Distortion Power (D) |

MRty el B 1 Also, the fundamental power factor (displacemen
fiﬁtﬁr) in.':-thﬁlcase of sinusoidal voltage and nonsinv
soidal currents is defined as [8]

0059] ==

P
JB)y+0)

ﬂﬂd"the harmonic displacement factor is defincd @

(8]

(1-39)

(1-40)
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source controlled rectifier filter load
FIGURE E1.1.1 Controlled three-phase, full-wave thyristor rectifier.
1.4.18 Application Example 1.1: Calculation " bt | i
R 10 S
of Input/Output Currents and Voltages of a (T Ecomtaeal W ot
Three-Phase Thyristor Rectifier | :Elec!mnic switch! :dmde: :
I
The circuit of Fig. EL.I.l represents a phase- .L;_C'&_ I DU S P
Athyristor | D ‘* S A ¥ trgristox

controlled, three-phase thyristor rectifier. The bal-
anced input line-to-line voltages are v, = V2 240
sin ax, vy, =2 240 sin(ax - 120°), and v, =\2 240
sin(ax — 240%), where = 2af and f= 60 Hz. Each of
the six thyristors can be modeled by a self-commu-
tated electronic switch and a diode in series, as 18
illustrated in Fig. E1.1.2. Use the following PSpice
models for the MOSFET and the diode:

e Model for self-commutated electronic switch

(MOSFET):
model SMM NMOS(Level=3 Gamma=0

Delta =0 Eta =0 Theta=0 Kappa =0 Vmax =0

| |
| — YGs |
| T+ |
| |

FIGURE E1.1.2 Model for thyristor consisting of self-
commuted switch and diode.

|
|
!
!
d

+ XJ=0TOX=100N UO=600 PHI=0.6 RS =
4269mKP=2087ul=2u

+ W=29 VTO=23.487 RD=0.19 CBD=200N
PB=08 MJ=05CGSO=35n

+ CGDO=100p RG=121S=10 F)
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""Mm sMNA Lf_, S(LEVEL 3 (-Lr\[v[Mﬂ.\t
TA =0 ETA =0 THETA =0 "
f / " -0 VMAX =0 XJ=0 TOX = 100\
”I"J ,H I.t;!"ﬂ =06 RS=4269M KP = 2“87[[
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The parameters ﬁﬂh& cireuit are as follows:
""'_‘ ) ‘I

e .L—--.- s ;L“'i‘.@e “and inductance L., =300
“WIM L“ rI Ii_
Uu '_F:ri- iﬂlf: "' m’:mg
: I;i Tl "5.‘_;;;:_n_1. B mﬂ, inductance C;= 500
3 ','-'-3 4 ,'._*':" 'j[; -' ..

HH =5 nH1

le \ 3 TS .rﬁ nenz;m because PSpice can
101 r hr "*m age sources connected within
-— n whe pﬁ’ng diode is required 1
+0n the self-commutated
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1
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Print the PSpice input program. Perform a PSpice
analysis plotting input line-to-line voltages v, Vi
Veas VA Vies Voa, INput currents iy, iy, i, and the recti-
fied output voltage vy,,q and output current iy, for a

duty ratio of 86=50% during the time interval
0 <1< 60 ms.

1.4.20 Application Example 1.3: Calculation
of Input Currents of a Brushless DC Motor in
Full-on Mode (Three-Phase Permanent-Magnet
Motor Fed by a Six-Step Inverter)

In the drive circuit of Fig. EL3.1 the DC input
voltage is Vo= 300 V. The inverter is a six-pulse
or six-step or full-on inverter consisting of six self-
commutated (e.g., MOSFET) switches. The electric
machine is a three-phase permanent-magnet motor
represented by induced voltages (e4, €z, ), resis-
tances, and leakage inductances (with respect (o
stator phase windings) for all three phases. The
induced voltage of the stator winding (phase A) of
the permanent-magnet motor is

¢4 = 160 sin(wt + 0) [V],
where w=2xf, and f; = 1500 Hz. Correspondingly,

ex = 160 sin(ax + 240° + 0) [V],

e = 160 sin(wt + 120° + ) [V].

The resistance R, and the leakage inductance L
of one of the phases are 059 and 50 uH,
respectively.

The magnitude of the gating voltages of the six
MOSFETS is V=15 V. The gating signals with
their phase sequence are shown in Fig. E1.3.2. Note
that the phase sequence of the induced voltages (¢,
en, €c) and that of the gating signals (see Fig. E1.3.2)
must be the same, If these phase sequences are not
the same, then no periodic solution for the machine
currents (g4, ism, iye) can be obtained.

The models of the enhancement metal-oxide semi-
conductor field-effect transistors and those of the
(external) freewheeling diodes are as follows:

* Model for self-commutated electronic switch
(MOSFET):
MODELSMMNMOS(LEVEL =3GAMMA =0
DELTA =0 ETA=0THETA =0
+ KAPPA =0 VMAX=0 XJ=0 TOX=100N
UO =600 PHI=0.6 RS =42.69 M KP =20.87 U
+L=2UW=29VTO=3487 RD=0.19 CBD =
200N PB=08MJ=05CGSO=35N
+ CGDO=100P RG=12IS=10F)

» Model for diode:
MODEL DI1N4001 D(IS = 10°")

a) Using PSpice, compute and plot the current of
MOSFET Q,, (e.g., ipav) and the motor
current of phase A (e.g., iya) for the phase
angles of the induced voltages 6= (0°, 6= +30",
0=+60" A=-30° and 6=-60° Note that the
gating signal frequency of the MOSFETS cor-
responds to the frequency f;, that is, full-on
mode operation exists. For switching sequence
see Fig, E1.3.2.

F lﬂl!ﬂi Hluisi Glxenit at hrulhless DC motor mnsmungn of DC source, inverter, and permanent-magnet machine.




: brushless DC motor in six-step (ii.R*PUISt‘-J operal 101,

FIGURE E1.3.2 Sequence of gating signals for

b) Repeat part & for #= +30° with reversed phase  performance:  Output power: /' = 1200 W

Output eurrent; /,,, =46 A°

' sequence.
| . DC voltage range: V... =22 (o 50 v
i Nm Mfmp Owraliﬂg lifﬂllmt 'IH.— = | 5(K) K
- . mmmmmwmmm Fuel: Composition: C = 99.99% dry gaseou
[ 1 B in the neighborhood of Ar=0.05 ps; and hydrogen
I * To eliminste computational transients due 1o Supply pressure: p = 10 to 250 PSIG
. inconsistent m m compute '1 m Consumption: V = 18,5 SL.PM
| m envitonment:  Ambient temperature: £, = 3 to Y/

an (mwamm@mmmm
] ManmmM

'. R LIS g
* ﬂmmmmm -
Membrane (PEM) Fuel Cel Used as Energy

Relative humidity: RH = 0 1o 957
Location: Indoors and outdoors®
Length x width « height: (56)(25)(37)
Mass: W= 13 kg

Ll(]llid water: H, 0 = 0.87 liters maximi
hour.

-~y mm w y "jﬂflﬂﬂ. SCa lcvel rated temperature range

Y Gl the pove M R ™ At i
- . | aP fue] provides the oxygen) destr
ﬁ;:‘ _, 51 e TE. G prten eachange membrane |

"“I ﬁﬁmM w"“’“ output, SLPM = standard liters p

must be protected from inclement weather

M‘” Aﬂqllmlon Example 1.5: Calculalltf
“m ﬁlmnb of @ Wind-Power Plant PWH
Mllu Power Into the Power Syl

dagram of PWM inverter fecding
Wn-»phase utility system 15 e
“Onsis g of DC source, inverter "

I The asgsociated control ¢

h: .' m]“-*' Mﬁmin Fig. E1.5.2.

o PISE program windpower.cir @
R o9 T -
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FIGURE E1.5.1 Current-controlled PWM inverter feeding into utility system.
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reference currents f=1/T=60Hz
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\ oscillator generating
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FIGURE E1.5.2 Block diagram of control circuil for current-controlled PWM mverier
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Ed models

«model Mogfet nmos (level=3 gamma=0
kappa=( Lox=100n EE=42.69m kp=20.87u
I=2u

t Ww=2.9 delta=0 eta=0 theta=0 wvmax=0
X1=0 wo=600 phi=0.8

t VvEO=3.487 rd=0.19 cbd=200n pb=0.8

mj=0.5 ecgso=3.5n cgdo=100p rg=1.2
18=10E)

Jmodel diode d(is=1p)

Feroptions

options abstol=0.01m chgtol= 0.01lm
reltol=50m vntel=1m LE15=0 it14=200
***analysis request

.Lran 5u 350m 16.67m 5u

tdtprepare for plotting
. probe

***final statement
.end

a) Use “reverse” engineering and identify the nodes
of Figs, E1.5.1 and E1.5.2, as used in the PSpice
program. It may be advisable that you draw your
own detailed circuit.

b) Study the PSpice program wr.cir. In particular it
18 important that you understand the poly state-
ments and the subcircuit for the comparator. You
may ignore the statements for the filter between
switch and inverter (sce Fig, E1.5.1) if the node
number exceeds the maximum number of 64
(note the student version of the PSpice program
i1s limited to a maximum of 64 nodes).

¢) Run this program with inverter inductance values
of L,=1mH for a DC voltage of V=450 V.
d) Plot the current supplied by the inverter to the

power system and the phase power system’s
voltage.

1.5 EFFECTS OF POOR POWER QUALITY
ON POWER SYSTEM DEVICES

Poor electric power quality has many harmful effects
on power system devices and end users, What makes
this phenomenon so insidious is that its effects are
often not known until failure occurs. Therefore,
insight into how disturbances are generated and
interact within a power system and how they affect
components is important for preventing failures.
Even if failures do not oceur, poor power quality and
harmonies increase losses and decrease the lifetime
ol power system components and end-use devices.
Some of the main detrimental effects of poor power
quality include the following:

Harmonics add 1o the ™ms and peak value of the

waveform. This means equipment could receive a

damagingly high peak voltage and may be suscep-

tible to failure, High voltage may also

System components to operate in

regions of their characteristics, p

tional harmonics and disturbances.

distortion and its effects are very dependent on the
harmonic-phase angles. The rms value can be the
same but depending on the harmonic-phase angles,
the peak value of a certain dependent quantity can

be large [52).

There are adverse effects from heating, noise, and

reduced life on capacitors, surge SUppressors,

rotating machines, cables and transformers, fuses,
and customers’ equipment (ranging from small
clocks to large industrial loads).

Utility companies are particularly concerned that

distribution transformers may need to be derated

o avoid premature failure due to overheating

(caused by harmonics).

Additional losses of transmission lines, cables,

generators, AC motors, and transformers may

occur due to harmonics (e.g., inter- and subhar-

monies) [53].

* Failure of power system components and customer
loads may occur due to unpredicted disturbances
such as voltage and/or current magnifications due
to parallel resonance and ferroresonance.

* Malfunction of controllers and protective devices
such as fuses and relays is possible [35].

* Interharmonics may occur which can perturb
ripple control signals and can cause flicker at sub-
harmonic levels,

* Harmonic instability [9] may be caused by large
and unpredicted harmonic sources such as arc
furnaces.

* Harmonic, subharmonic, and interharmonic

torques may arise [32].

foree power
the saturation
roducing addi-
The waveform

The effects of poor power quality on power
systems and their components as well on end-use
devices will be discussed in detail in subsequent
chapters.

1.6 STANDARDS AND GUIDELINES
REFERRING TO POWER QUALITY

Many documents for control of power quality .hav‘e_
been generated by different organizations and insti-
tutes, These documents come in three levels of appli-
cability and validity: guidelines, recommendations,
and standards [5]:
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TABLE 1.5 Some Guides, Recommendations, and Standards on Electric Power Quality
Source Coverage

IEEE and ANSI Documents

Standard technigues for high-voltage testing.

Standard dictionary of electrical and electronic terms.

Master test guide for electrical measurements in POWer circuits,

Recommended practice for electric power distribution for industrial plants.
disturbances on equipment within an industrial arca.

Recommended practice for grounding of industrial and commercial power systems

IEEE 4: 1995

IEEE 100: 1992

IEEE 120: 1989

IEEE 141: 1993

Effect of voltage

IEEE 142: 1993 (The Green
Book)

IEEE 213: 1993 Standard procedure for measuring conducted emissions i the range of 300 kHz to 25 MH>

from television and FM broadcast receivers 1o power lines.

IEEE 241: 1990 Recommended practice for electric power systems in commereial buildings.
(The Gray Book)
IEEE 281: 1994 Standard service conditions for power system communication equipment.
IEEE 299: 1991 Standard methods of measuring the effectiveness of electromagnetic shielding enclosures.
IEEE 367: 1996 Recommended practice for determining the electric power station ground potential rise and
induced voltage from a power fault.
IEEE 376: 1993 Standard for the measurement of impulse strength and impulse bandwidth.
IEEE 430: 1991 Standard procedures for the measurement of radio noise from overhead power lines and
substations.
IEEE 446: 1987 (The Orange  Recommended practice for emergency and standby systems for industrial and commercial
Book) applications (e.g., power acceptability curve |3, Fig. 2-26), CBEMA curve).
IEEE 449: 1990 Standard for ferroresonance voltage regulators.
IEEE 465 Test specifications for surge protective devices,
IEEE 472 Event recorders.
IEEE 473: 1991 Recommended practice for an electromagnetic site survey (10 kHz to 10 GHz).
IEEE 493: 1997 (The Gold Recommended practice for the design of reliable industrial and commercial power systems,
Book)
IEEE 519: 1993 Recommended practice for harmonic control and reactive compensation of static power
converters.
[EEE 539: 1990 Standard definitions of terms relating to corona and field effects of overhead power lines.
IEEE 859: 1987 Standard terms for reporting and analyzing outage occurrences and outage states of electnical
transmission facilities.
[EEE 944: 1986 Application and resting of uninterruptible power supplies for power generating stations.
IEEE 998: 1996 Guides for direct lightning strike shielding of substations.
IEEE 1048: 1990 Guides for protective grounding of power lines.
IEEE 1057: 1994 Standards for digitizing wayeform recorders.
IEEE P1100: 1992 (The Recommended practice for powering and grounding sensitive electronic equipment in
Emerald Book) commercial and industrial power systems.
IEEE 1159: 1995 Recommended practice on monitoring electric power quality. Categories of power system
electromagnetic phenomena,
IEEE 1250: 1995 Guides for service to equipment sensitive to momentary voltage disturbances.
IEEE 1346: 1998 Recommended practice for evaluating electric power system compatibility with electronics
process equipment,
IEEE P-1453 Flicker.
IEEE/ANSI 18: 1980 Standards for shunt power capacitors.
IEEE/ANSI C37 Guides for surge withstand capability (SWC) tests.
TIEEE/ANSI C50: 1982 Harmonics and noise from synchronous machines.

IEEE/ANSI C57.110: 1986 Recommended practice for establishing transformer capability when supplying nonsinusoidal

load currents.
IEEE/ANSI C57.117: 1986 Guides for reporting failure data for power transformers and shunt reactors on electne utility

power systems, - : o
IEEE/ANSI C62.45: 1992 Recommended practice on surge voltage in low-voltage AC power Circutis. including guides for
1EEE 5_87 lightning arresters applications. | y
]éﬂm.ﬁﬂ im A8: 1995 Guides on interactions between power system disturbances and surge protective dewm:u s
Aﬂ-ﬂ m“‘ 1939. American national standard for electric power systems and equipment voltage ratings ( .

T os =
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TABLE 1.6 Harmonic Limits Defined by the EN 61000 Standards for Difierent Classes of Equipment

Harmonic order (h) Class A (A) Class B (A)

Class C (% of fundamental)

108
230
0.43
1.44
030
0.77
0.23
: 0.40
10 0.18
11 033
12 0.15
13 0.21
1440 (even) 1.84/h
15-39 (odd) 225/h

162
345
0.65
2.16
045
1.12
035
0.60
028
050
0.23
032
2.76/h
3.338/h

Class D (% of fundamental)
p |
e 34

L 19

3

W“—_“'

A is the circuit power factor.

control in electric power systems. It is one of the
well-known documents for power quality limits.
IEEE-519 1s more comprehensive than [EC 61000-
3-2 [2]. but it is not a product standard. The first
official version of this document was published in
1981. Product testing standards for the United States
are now considered within TC77A/WG1 (TFSb) but
are also discussed in IEEE. The current direction of
the TC-77 working group 1s toward a global 1IEC
standard for both 50/60 Hz and 115/230 V.

IEEE-519 contains thirteen sections, each with
standards and technical reports [11]:

¢ Section 1 (Introduction and Scope). Includes
application of the standards.

» Section 2 (Definition and Letter Symbols).

e Section 3 (References). Includes standard
references.

« Section 4 (Converter Theory and Harmonic Gen-
eration). Includes documents for converters, arc
furnaces, static VAr compensators. inverters for
dispersed generation, electronic control, trans-
formers, and generators.

« Section 5 (System Response Characteristics).
Includes resonance conditions, effect of system
loading, and typical characteristics of industnal,
distribution, and transmission systems.

s Section 6 (Effect of Harmonics). Detrimental
effects of harmonics on motors, generators,
transformers, capacitors, electronic equipments,
meters, relaying, communication systems, and
converters.

* Section 7 (Reactive Power Compensation and
Harmonic Control). Discusses converter power
faﬂﬁl‘ mas:mre power compensation, and control

* Section 8 (Calculation Methods). Includes calcula-
tions of harmonic currents, telephone interfer-
ence, line notching, distortion factor. and power
factor.

Section 9 (Measurements). For line notching, har-
monic voltage and current, telephone interface,
flicker, power factor improvement, instrumenta-
tion, and statistical characteristics of harmonics.
Section 10 (Recommended Practices for Individ-
ual Consumers). Addresses standard impedance,
customer voltage distortion limits, customer apph-
cation of capacitors and filters, effect of muluple
sources at a single customer, and line notching
calculations.

Section 11 (Recommended Harmonic Limits on
the System). Recommends voltage distortion
limits on various voltage levels, TIF limits versus
voltage level, and IT products.

Section 12 (Recommended Methodology for Eval-
uation of New Harmonic Sources).

Section 13 (Bibliography). Includes books and
general discussions.

IEEE-519 sets limits on the voltage and current
harmonics distortion at the point of common ¢ou-
pling (PCC, usually the secondary of the supply
transformer). The total harmonic distortion at the
PCC is dependent on the percentage of harmonic
distortion from each nonlinear device with respect
to the total capacity of the transformer and the rela-
tive load of the system. There are two criteria that
are used in [EEE-519 to evaluate harmonics

distortion:

e limitation of the harmonic current that a user can
transmit/inject into utility system (THD),), and
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armonic Current Linits [1, 64] for
KV |

Maximum harmonic

 [EEE-S19H
TABLE 1.7 TEEES! .
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For POCs from 69 to 138 KV, the limits are 50% of the
and above.

TABLE 1.8 IEEE.519 Harmonic Voltage Limits [1, 64] for
Power Producers (Public Utilities or Cagenerators)
_ Harmonic voltage distortion (% at PCC)
231069kV 6910 138kV  >I3RKV
Maximum for 0 15 1.0
individual
Total harmanic 50 25
distortion
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FIGURE 1.23 Equivalent circuit of power system and non
linear load. Z is small (or /g is large) for Strong systen
and Zis large (or /s is small) for weak systems.

Table 1.8 lists the amount of voltage distortion ||
64] Specified by IEEE-519 that is acceptable for
USEr as provided by a utility. To meet the powe
Quality values of Tables 1.7 and 1.8, cooperaio
lﬂlﬂngaﬂ users and the utiJity 1S needed to ensure
that No one user deteriorates the power qualll
beyond these limits, The values in Table 1.8 are loy
€Nough to ensure that equipment will operit

m:rect]y
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nature ol many nonlinear loads (sources) and their
couplings with the harmonic power flow, sophisti-
cated modeling techniques are required for accurate
simulation. Three techniques are usually used for
harmonic analysis of power systems in the presence
ol nonlinear loads and/or components: time-domain
simulation, frequency (harmonic)-domain modeling,
anditerative procedures. The more recent a pproaches
may use time-domain, (requency-domain or some
combination of time- and frequency-domain tech-
niques to achieve a more accurate solution (e.g., the
main structure of many harmonic power flow algo-
rithms are based on a frequency-domain technique,
while nonlinear loads are modeled in a time-domain
simulation).

1.7.1 Time-Domain Simulation

Dynamic characteristics of power systems are
represented in terms of nonlinear sets of differential
equations that are normally solved by numerical
integration [5]. There are two commonly used time-
domain techniques:

* state-variable approach, which is extensively used
for the simulation of electronic circuits (SPICE
[55]), and

* nodal analysis, which is commonly used for elec-
y

tromagnetic transient simulation of power system
(EMTP [56]).

Two main limitations attached to the time-domain
methods for harmonic studies are

* They usually require considerable computing time
(even for small systems) for the calculation of har-
monic information. This involves solving for the
steady-state condition and then applying a fast
Fourier transform (FFT): and
There are some difficulties in time-domain model-
ing of power system components with distributed
or frequency-dependent parameters.

The Electromagnetic Transient Program (EMTP)
and PSpice are two of the well-known time-domain
programs that are widely used for transient and har-
monic analyses. Most examples of this book are
solved using the PSpice software package.

1.7.2 Harmonic-Domain Simulation

The most commonly used model in the frequency
domain assumes a balanced three-phase system (at
fundamental and harmonic frequencies) and uses
single-phase analysis, a single harmonic source, and
a direet solution [5]. The injected harmonic currents
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by nonlinear power Sources are mode
current sources to make a direct sol
the absence of

led as constant-
ution possible. In
any other nonlinear loads, the effect
of a given harmonic source is often assessed with the
help of equivalent harmonic impedances. The single-
SOUrce concept is still used for harmonic filter design.

Power systems are usually asymmetric. This justifies

the need for multiphase harmonic models and power

flow that considerably complicates the simulation
procedures.

For more realistic cases, if more than one har-
Monic source is present in the power system. the
single-source concept can still be used, provided that
the interaction between them can be ignored. In
these cases, the principle of superposition is relied
on o compute the total harmonic distortion through-
out the network, :

1.7.3 Iterative Simulation Techniques

[n many modern networks, due to the increased
power ratings of nonlinear elements (e.g., HVDC
systems, FACTS devices, renewable Energy sources,
and industrial and residential nonlinear loads) as
compared to the system short-circuit power, applica-
tion of superposition (as applied by harmonic-
domain techniques) is not justified and will provide
inaccurate results. In addition, due to the propaga-
tion of harmonic voltages and currents, the injected
harmonics of each nonlinear load is a function of
those of other sources. For such systems, accurate
results can be obtained by iteratively solving non-
linear equations describing system steady-state con-
ditions. At each iteration, the harmonic-domain
simulation techniques can be applied, with all non-
inear interactions included. Two important aspects
of the iterative harmonic-domain simulation tech-
niques are:

* Derivation of system nonlinear equations [5]. The
system 1s partitioned into linear regions and non-
linear devices (described by isolated equations).
T'he system solution then consists predominantly
of the solution for given boundary conditions as
applied to each nonlinear device. Many techniques
have been proposed for device modeling mcluding
time-domain simulation, steady-state analysis,
analytical time-domain expressions |references 11,
13 of 5]], waveform sampling and FFT [reference
|4 of [5]], and harmonic phasor analytical expres-
sions [reference 15 of [3]].

Solution of nonlinear equations [5]. Early methods
used the fixed point iteration procedure of Gauss-
Seidel that frequently diverges. Some techniques
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improvement technigues 10

o i ¢ iterative simulation tech-

Detailed analyses of iterative Simbl ech
niques for harmonic power (load) flow are presented
in Chapter 7. ;

1.7.4 Modeling Harmonic Sources

As mentioned above, an iterative harmonic
power flow algorithm is used for the simulation of
the power system with nonlinear elements. At each
iteration, harmonic sources need to be accurately
included and their model must be updated at the
next iteration.

For most harmonic power flow studies it is suitable
to treat harmonic sources as (variable) harmonic
currents. At each iteration of the power flow algo-
rithm, the magnitudes and phase angles of these har-
monic currents need to be updated. This is performed
based on the harmonic couplings of the nonlinear
compute and update the values of injected harmonic
curvents; incdidi
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» high power quality equipment design,

+ harmonic cancellation,

. dedir,ated line or t!’ﬂl’lﬁfﬂf‘f{’ler,

« optimal placement and sizing .of capacitor i

« derating of power system devices, and

« harmonic filters (passive, active, hybriq) -
custom power devices such as active powe, ™
conditioners (APLCs) and unified or UNivere
power quality conditioners (UPQCs). i

The practice is that if at PCC harmonic CUrrens
are not within the permissible limits, the CONSUme
with the nonlinear load must take some measyre o
comply with standards. However, if harmonic v,
ages are above recommended levels — and the p,
monic currents mjected comply with standards -
utility will have to take appropriate actions i,
improve the power quality.

Detailed analyses of improvement techniques fo,
power quality are presented in Chapters 8 to 10

1.8.1 High Power Quality Equipment Design

The use of nonlinear and electronic-based devices s
steadily increasing and it is estimated that they wij
constitute more than 70% of power system loading
by year 2010 [10]. Therefore, demand is incrcasiné_'
for the designers and product manufacturers (o
produce devices that generate lower current distor-
tion, and for end users to select and purchase high
power quahrydemes These actions have already
been $lﬂi‘tﬂd in inany countries, as reflected by
tmprovements in fluorescent lamp ballasts, inclusion
ﬂfﬁltﬁrﬂ?tﬂhenergy saving lamps, improved PWM
melﬂpﬂed drive controls, high power quality
b“nﬁl? chargers, switch-mode power supplies, and
uninterruptible power sources.
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« other phase-shifting techniques to cancel higher
harmonic orders, if required, and

» canceling effects due to diversity [57-59] have
been discovered.

1.8.3 Dedicated Line or Transformer

Dedicated (i1solated) lines or transformers are used
to attenuate both low- and high-frequency electrical
noise and transients as they attempt to pass from one
bus to another. Therefore, disturbances are pre-
vented from reaching sensitive loads and any load-
generated noise and transients are kept from reaching
the remainder of the power system. However, some
common-mode and differential noise can still reach
the load. Dedicated transformers with (single or
multiple) electrostatic shields are effective in elimi-
nating common-mode noise.

Interharmonics (e.g., caused by induction motor
drives) and voltage notching (e.g., due to power elec-
tronic switching) are two examples of problems that
can be reduced at the terminals of a sensitive load
by a dedicated transformer. They can also attenuate
capacitor switching and lightning transients coming
from the utility system and prevent nuisance tripping
of adjustable-speed drives and other equipment. Iso-
lated transformers do not totally eliminate voltage
sags or swells. However, due to the inherent large
impedance, their presence between PCC and the

dedicated
line or transformer
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source of disturbance (e.g., system fault) will lead to
relatively shallow sags,

An additional advantage of dedicated transform-
ers is that they allow the user to define a new ground

reference that will limit neutral-to-ground voltages
at sensitive equipment.

1.8.3.1 Application Example 1.6: Interhar-
monic Reduction by Dedicated Transformer

Figure E1.6.1 shows a typical distribution system

with linear and nonlinear loads. The nonlinear load

(labeled as “distorting nonlinear load”) consists of

two squirrel-cage induction motors used as prime

movers for chiller-compressors for a building’s air-

conditioning system. This load produces interhar-

monic currents that generate interharmonic voltage
drops across the system’s impedances resulting in
the interharmonic content of the line-to-line voltage
of the induction motors as given by Table E1.6.1.
Some of the loads are very sensitive to interharmon-
ics and these must be reduced at the terminals of
sensitive loads. These loads are labeled as “sensitive
loads.™

Three case studies are considered:

* Case #1: Distorting nonlinear load and sensitive
loads are fed from the same pole transformer (Fig.
E1.6.2).

115 kV

VAAAS Substation / distnbution
e — -
MM three-phase transformer

7.62 kV

7.62 kV
\.ul.u pole

= .
VAAAY transiormer

120 V

+

i

sensitive loads
(.., compuling equipments)

FIGURE E1.6.1 Overall (per phase) one-line diagram of the distributi

7.62 kV

wis pole
—-— - -1
A4 transformer

120 V

-

Vig=? %
: -

distorting
nonlinear load load

Las=1 A

et

linear

other
linear loads

on system used in Application Example 1.6.
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Case #2 115 kV
Substation / distribution Y VY
three-phase transformer A4
1.62 kV
A pole
\-k-fuu transformer
120 V
120 V
AL I :Lisolation
MMM transformer =3
| uzu_l A
120 V
.I..
—
VI 1A% ar
L | l__.. J
sensitive loads distorting

(€.2., computing equipments) nonlinear load

FIGURE E1.6.3 Case #2 of Application Example 1.6: use of an isolation transformer with a turns ratio 1 : 1 between dis-
torting (nonlinear) load and sensitive loads.

Case #3 1 15 kV
Substation / distribution LA
three-phase transformer R
7.62 kV
7.62 kV
A dedicated i1solation A pole

LA pole transformer LAY transformer

120 V 120 V

~ 1
Vitag™ "’ SZ

| J famm — i)
distorting
nonlinear load

128

sensitive loads
(e.g., computing equipments)
FIGURE E1.6.4 Cuse #3 of Application Example 1.6: use of a dedicated (isolation transformer with turns ratio 7620 : 120)
pole transformer between distorting nonlinear load and sensitive loads.

passive or active filters. For cases where the con-
struction of new capacitor bank locations is not
feasible, it is possible to perform the optimization
process without defining any new locations. There-
fore. reexamining capacitor bank sizes and locations

distorted distribution system show that proper
placement and sizing of capacitor banks can limil
voltage and current harmonics and decrease their
THDs to the recommended levels of IEEE-519,
without application of any dedicated high-order
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with a single dominating harmonic source. a sim-
plified equivalent model and hand caleulations are
adequate;

Place the hypothetical harmonic filter(s) in the
model and reexamine the system. Filter(s) should
be properly tuned to dominant harmonic frequen-
cies; and

If unacceptable results (e.g., parallel resonance
within system) are obtained, change filter

location(s) and modify parameter values until
results are satisfactory.

In addition to power quality improvement, har-
monic filters can be configured to provide power
factor correction. For such cases, the filter is designed
to carry resonance harmonic currents, as well as fun-
damental current.

Active filters rely on active power conditioning to
compensate for undesirable harmonic currents. They
actually replace the portion of the sine wave that is
missing 1n the nonlinear load current by detecting
the distorted current and using power electronic
switching devices to inject harmonic currents with
complimentary magnitudes, frequencies, and phase
shifts into the power system. Their main advantage
over passive filters is their fine response to changing
loads and harmonic variations. Active filters can be
used 1n very difficult circumstances where passive
filters cannot operate successfully because of parallel
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TABLE E1.7.1 Harmonic Current (/

Pulse and Twelve-Pulse Converters
and = 30°

x) Generated by Six-
[64] Based on X" =0.12 pu

Iy for 6-pulse
order (h) converter (pu)

Harmonic I, for 12-pulse

converter (pu)
1 1.000 1.000
2 0.192 0.0192

7 0.132 0.0132
1 0.073 0.073

13 0.057 0,057
17 0.035 0.0035
19 0.027 0.0027
23 0.020 0.020
25 0.016 0.016
29 0.014 0.0014
31 0.012 0.0012
35 0.011 0.011
37 0.010 0.010
41 0.009 0.0009
43 0.008 0.0008
47 0.008 0.008
49 0.007 0.007

mutating reactance X! =0.12 pu and the firing angle
o= 30" of six-pulse and twelve-pulse converters. In
an ideal twelve-pulse converter, the magnitude of
some current harmonics (bold in Table E1.7.1) is
zero. However, for actual twelve-pulse converters,

ter 2), including; L ir load parameters; resonance within the system. They can also take care ~ the magnitudes of ﬂ?esc harmonics are normally
- 1! m ables in m - “”“ is w nsating a limited number of harmonics: of.rfmre than one harmonfc at a time and impmtve or taken as 10% of the six-pulse values [64].
Lli”w 5 ”“ - ”ﬁ_ FHFWAi:T 1R g immﬂﬂg the power quality of the entir mitigate other power quality problems 5}1ch BS flicker. e S
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tively large. Active filters are relatively expensive
and not feasible for small facilities.

Power quality improvement using filters, optimal
placement and sizing of shunt capacitors, and unified
power quality conditioners (UPQCs) are discussed
in Chapters 9, 10, and 11, respectively.

1.8.6.1 Application Example 1.7: Hand
Calculation of Harmonics Produced by Twelve-
Pulse Converters

Figure E1.7.1 shows a large industrial plant such as
an oil refinery or chemical plant [64] being serviced
from a utility with transmission line-to-line voltage
of 115 kV. The demand on the utility system is 50
MVA and 50% of its load is a twelve-pulse static
power converter load.

Table E1.7.1 lists the harmonic currents (/;) given
in pu of the fundamental current based on the com-

L t'-‘j_-'._?___’ r:c.L.j ';#' g W'ﬁﬂﬂt ﬂIlDt necessarily coincide with an power system where the system impedance is rela- Filter design for Application Example 1.7 will be

performed to meet the IEEE-519 requirements. The
circuit of Fig. E1.7.1 is now augmented with a passive
filter, as shown by Fig. E1.8.1.

1.8.6.3 Application Example 1.9:
Several Users on a Single
Distribution Feeder

Figure E1.9.1 shows a utility distribution feeder that
has four users along a radial feeder [64]. Each user
sees a different value of short-circuit impedance or
system size. Note that

1OMVA

Sec=MVA-= Z  [puat 1I0OMVA base|

There is one type of transformer (A= Y)
therefore, only six-pulse static power cOnverters are

used.
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Problem 1.2: Veitage Phasor Diagrams Problem 1
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FIGURE P1.4 Connection of a del
load.

(leud = 10 A) present as illustrated in Fig. P1.3, draw
a phasor diagram of the primary and seoondar}' cur-
rents as defined in Fig. P1.3. For your convenience
you may assume (hat the same vnllag_e deﬁniﬁons
apply as in Fig. P1.2 and (N/N,) = 1. For balanced
phase angles (P, 120°, and 240° of voltages and cur-
rents you may use hexagonal paper.

Problem 1.4: Current Phasor Diagrams of a
Three-Phase Transformer in Delta/Zigzag
Connection with Line-To-Neutral Load

Repeat the analysis of Problem 1.3 if there is a resis-
tive line-to-neutral load on the secondary side
(fiwd =10 A) Present, as illustrated in Fig. P1.4: that
is, draw a phasor diagram of the

UTT .‘-_,F: '- .--._.‘ "‘& I o . I
Umay assume thay .. C4U€NCE Curreng components?

" R
ic1ir i
1 - TORARELER A} ™ My e - . e
1l || || o hy - a IFH.__ h Ei_:,‘ e ¥
|H— -] — T Aot LS
_ 55 5
ne m) .
X i
N

"
I 1
§ & 1
. . = .
1 - - - I.
I- - I I I

II_II

. former with the definition of current for line-to.ne
ta/zigaag. three-phase (ransi O-ne

(Ny/N;) = 1. For balanced phase angles (° 120° 5,
24(F of voltages and currents you ma Y use hexaoon,

paper.

Problem 1.6: Delta/Zigzag Three-Phase
Transformer Configuration without Filter

Perform a PSpice analysis for the circuit of Fig. P
where a three-phase diode rectifier without fi
(e.g., capacitance C;=0) serves R.. You n
assume ideal transformer conditions. For YOUr co
VENIENnce you may assume (NYN>) =1, R = 0010
Xu=005Q @ f=60Hz, v,,(r)=2600V s
Vey (£) = Y2600
cos(er —240°) ,ideal diodes D, to D, and R, = 101
Plot one period of either voltage or curren! if

Vae(t) =2600V cos(wr — 120°) .

steady state has been reached as requested in |
following parts,

a) Plot and subject the line-to-line voltages V.

and vu(r) to a Fourier analysis. Why are (i

different?

b) Plot and subject the input line current (1) ol
delta Pl'lmary to a Fourier analysis. Note that &
nput line Currents of the primary delta dof
eontain the 3rd, 6th, 9th. 12th. ... that is

mzﬂﬂ-sequence current components.

‘G)le:and Subject the phase current i) of
dE]ml"ﬁﬂlﬂl‘y lo a Fourier analysis. Why do!
mﬂ“ﬂ'ﬁn{s of the Pﬁmary delta nol contd
“‘bﬁm&h‘gm’ 12th, . . ., that is, harmonic /"

-/ Hotand subjecy the output current /() t
i mpﬂéﬂl‘? 10 a Fourier analysis. "

2 —
I = A el
S
I -
A

H " h -.. ._.

e
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secondary

power |

system

FIGURE P1.5 Connection of 3 delta/zigzag, three-phase transformer with the de

anced line-to-neutral loads.

Ri}!‘l 15_\51

-

vap(t) 1gp(0)

= RS}"H ‘\sy'.ﬂ

syst )“s:ru

delta / zigzag transformer

=,
asymmetric load

finition of currents for three-phase unbal-

e |

power system

delta / zigzag transformer

rectifier filter load

FIGURE P1.6 Connection of a delta/zigzag, three-phase transformer with a diode rectifier and load R,...

the output currents of the secondary zigzag not
contain the 3rd, 6th, 9th, 12th, ..., that is. har-
Monic zero-sequence current components?

€) Plot and subject the output voltage vi..(f) to a
Fourier analysis.

Problem 1.7: Delta/Zigzag Three-Phase
Transformer Configuration with Filter

Perform a PSpice analysis for the circuit of Fig. P1.6
where a three-phase diode rectifier with filter (e.g.,
capacitance C,= 500 uF) serves the load R, You
may assume 1deal transformer conditions. For
your convenience you may assume (N,/N;)=1,
Ryw=001Q, X, =005Q @ f=60Hz, v, ,(1)=

V2600V COS aN, Vg (1) = J2600V cos(ai — 120°) ,
Vu (1) = »Gf,ﬂli]l’ci_as(mr— 2407) , 1deal diodes D, to
Dg, and R, = 10 Q. Plot one period of either voltage
or current after steady state has been reached as

requested in the following parts.

a) Plot and subject the line-to-line voltages v, ,(r)
and v,,(f) to a Fourier analysis. Why are they
cifferent?

b) Plot and subject the input line current i, (£) of the
delta primary to a Fourier analysis. Note that the
input line currents of the primary delta do not
contain the 3rd, 6th, 9th, 12th, .. .. that is. har-
MONIC zero-sequence current components,
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current iqu(f) of the
analysis. Why do the
delta not contain

¢) Plot and subject the phflSﬂ
delta primary (o a Fourer

hase currents of the primary ' |
Fhe 3rd. 6th, 9th, 12th, . . .. that 1s, zero-sequence

current components? .
d) Plot and subject the output current fs{t) .
zigzag secondary [0 a Fourier analysis. Why do

the output currents of the secondary zig?ag not
contain the 3rd, 6th, 9th, 12th, ..., that is, har-
monic zero-sequence current components?

¢) Plot and subject the output voltage Via(l) 1O 2

Fourier analysis.

(1) of the

Problem 1.8: Transient Performance of a
Brushless Dc Motor Fed by a Fuel Cell

Replace the battery (with the voltage Vpe=300V)
of Fig. E1.3.1 by the equivalent circuit of the fuel cell
as described in Fig. 2 of [67]. You may assume that
in Fig. 2 of [67] the voltage £ = 300 = 30 V, where the
superimposed rectangular voltage £30 V has a period
of Tayy=1s. The remaining parameters of the fuel
cell equivalent circuil can be extrapolated from
Table TII of |67]. Repeat the analysis as requested in
Application Example 1.3.

Problem 1.9: Transient Performance of an
Inverter Feeding into Three-Phase Power
System When Supplied by a Fuel Cell

Replace the DCsource (with the voltage Vo=390V)
of Fig. E1.5.1 by the equivalent circuit of the fuel cell
as described in Fig. 2 of [67]. You may assume that
in Fig. 2 of [67] the voltage £ =390+ 30 V. where the
superimposed rectangular voltage +30'V has a period
of Toagv=1s. The remaining parameters of the fuel
cell equivalent circuit can be extrapolated from
Table 111 of [67]. Repeat the analysis as requested in
Application Example 15, |

P__rabl_ejm_ 1.10: Suppression of Subharmonic of
30 Hz with a Dedicated Transformer

' mmﬁm h

Mo

" of e singe

CHQPTEH \

a) Draw an equivalent circuit of the Substgtio
transformer (per phase) and that of (he POl

transformer. :
b) Find the required leakage primary and Se€condap

leakage inductances L,pand L, of the substatjq,
distribution  transformer (per phase) for
— R.» = 0 such that the subharmonic vo|y,,.
Rpﬂ = A%y % age
across the sensitive load vig, <1 mV proyige
L.n=L’,p, where the prime refers the inductay,
I ‘4 "
[ of the primary to the secondary side of the g;;.
tribution transformer.
¢) Without using a dedicated transformer. design 4
passive filter such that the same reduction of

subharmonic is achieved.

Problem 1.11: Harmonic Currents
of a Feeder

For Application Example 1.9 (Fig. E1.9.1), calculate
the harmonic currents associated with users #3 and
#4. Are they within the permissible power quality
limits of IEEE-5197?

Problem 1.12: Design a Filter So That the
Displacement (Fundamental Power) Factor

cos D15, e will be 0.9 lagging (consumer notation)
< oS Pt aer < 1.0.

Figure P1.12.1 shows the one-line diagram of an
industrial plant being serviced from a utility
transmission voltage at 13.8 KVii.. The total
power demand on the utility system is S MVA.
3MVA is a six-pulse static power converter load
(three-phase rectifier with firing angle o= 30°, note
cos D= = () 955 cos o lagging), while the remain-
ing 2MVA is a linear (induction motor) load at
cos O™ = () 8 lagging (inductive) displacement
(fundamental power) factor. The system impedance
18 Z, = 10% referred to a 10 MV A base.

a) Ca_lculate the short-circuit apparent power S al
REE,

b) Find the short-circuit current Rnise.

¢) Before filter mstallation, calculate the displace-
ment (fundamenta) POWer) factor cos @i°!y... e
Where PP itou iner 18 the angle between the funda-

mental'-vnlta_ge Vil = VinseZ0° and the total fun-

_{i_amenta'l phase current. Hint: For calculation of

) phasor diagram and perform

“Pf“f’“]““‘_"‘: ‘using the cosine law (see Fig

| ;}mw the phasor diagram 1o scale and find
Lunaiphase by graphical means, or

introduction to Power Quality

é Z,. =10%

PCC | V, ,=13.8kV

—4—

nonlinear load:
" 7| 3MVA three-phase
| thyristor rectifier
| with firing angle
| a=30°
= < G-pulse
configuration

linear load:

MV A three-phase
induction motor af
lagging displacement
factor of

cﬂsq}:imn —- ﬂ,ﬂ

8. =10MVA I

“hase —

FIGURE P1.12.1 Distribution feeder with nonlinear and linear loads as well as a filter

b
FIGURE P1.12.2 The application of cosine law.

e draw the phasor diagram and use complex
calculations.

d) Calculate harmonic currents and voltages without
filter.

e) Design a passive LC filter at the point of common
coupling (PCC) such that the fundamental (60 Hz)
current through the filter is f,r=jl{}ﬂA. In your
filter design calculation you may neglect the influ-
ence of the ohmic resistance of the filter (R:=0).
Tune the filter to the 6th harmonic: this will lead
0 two equations and two unknowns (L, and
Ce).

f) Calculate the displacement (fundamental power)
factor cos @°\; me after the filter has been
installed. Is this filter design acceptable from a
displacement (fundamental power) factor point
of view?

g) After the filter has been installed (Ls=6.04 mH,
Cr=3236 uF, R;=0), compute p%., and
Pisen: These two values provide information
about resonance conditions within the feeder.
What type of resonance exists?

h) Caleulate the harmonic currents and voltages
with filter,

i) Is there any advantage of using the LCp filter
(see Fig. P1.12.3b) as compared to that of Fig.

P1.12.3a? What is the effect on filtering if a resis-

fance RPe js connected in parallel with the
inductor L, (see Fig, P1.12.3c)?

paraliel
R F

(b) ()

FI_GURE P1.12.3 Types of filters under consideration
(Ce=3236 uF, L; =6.04 mH. R = 500 Q).

Problem 1.13: Passive Filter Calculations as
Applied to A Distribution Feeder with One
User Including a Twelve-Pulse Static Power
Converter Load

Figure P1.13 shows the one-line diagram of a large
industrial plant being serviced from a utility trans-
mission voltage at 13.8kV, . The demand on the
utihty system is 50 MVA and 50% of its load is a
|2-pulse static power converter load. For a system
impedance Z,, =2.3% referred to a 10 MVA base
and a short-circuit current to load current ratio of
R..=8.7, design a passive RLC filter at the point of
common coupling (PCC) such that the injected
current harmonics and the resulting voltage harmon-
ies at PCC are within the limits of IEEE-519 as pro-
posed by the paper of Duffey and Stratford [64]: this
paper shows that (without filter) the 11th, 13th, 23rd,
25th, 35th, 37th, 47th, and 49th current harmonics do
not satisfy the limits of IEEE-519, and the 11th and
|13th harmonic voltages violate the guidelines of

IEEE-519 as well.

a) For your design you may assume that an inductor
with L =1 mH and R =0.10 Q is available. Is this
inductor suitable for such an RLC filter design?
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3 Z‘?' = 10%"

PCC | V, ,=138kV
|

nonlinear load- linear load:

| 3MVA three-phase ZIMV A three-phase
mduction motor at

| thyristor rectifier
g E | with firing angle lagging displacement

| a=30° factor of
—f— < H-pulse

configuration

—

— — ——
|

L SN
4o
—

cosg, =0.8

— — — —
=
=
L]

i
(3]

:

e
i

|

I
I
|
L

FIGURE P1.15 Distribution feeder with nonlinear and linear loads and two LC series filter

* S =10MVA = ] to be installed at the 13.8kV bus next to user
FIGURE P1.13 Distributios feeder with one user inclading linear and noalinear (12-pulse converter) load. 41

carrent 15 /o .. d4=1255 A_ the linear load

o i e s s

!)Fim'm User compute from the plant speciic:
m'Immmﬁ“""-ﬂll’\(‘:t.ul power S, short-crc”
m Current Il?ﬁ apparent load power S, lox
mm ‘h* load phase current of stz
tm Iﬁm and short-circuit ratio F
and %) in ‘hm currents (mn amper
. _ﬂwmﬂw system due to the sta

" AIL
= -.'

Sk eanverter loads (up to 19th harmonic
'ﬁh | ‘Woltages (in volts anc

d 2 ﬁ’(ﬂpm 19th harmonic).
e @8 RLC filter tuned 1o the freqsc-

' HF- ﬂhh rgest harmonic ame

—~--,F_.:' #hat an inductor ¥

'i' . .,'J'I.-‘:."-'J.:':_'!l'}_ b W&ﬂﬂblﬂ ThE I_ll’-‘

¢) Recompute the current harmonics (up to 19th
harmonic) transmitted into the system and their
associated harmonic voltages at the 13.8kV bus
after the filter has been installed.

f) Are the harmonic currents and voltages at user £1
and user #2 within the limits of IEEE-519 as rec-
ommended by the paper of Duffey and Stratford
[64]?

Problem 1.15: Design Two Series LC Filters
So That the Total Displacement Power
Factor cos @5 = Will Be 0.9 lagging < cos
Prmm < 1.0, and the Recommendations
According To IEEE-519 Are Satisfied

Figure P1.15 shows the one-line diagram of an indus-
trial plant being serviced from a utility transmission
voltage at 13.8 kV, ;. The total power demand on the
utility system is S MVA: 3 MVA is a six-pulse static
power converter load (three-phase rectifier with
firing angle a=30° note cos
lagging), while the remaining 2MVA is a linear
(induction motor) load at cos © ™ =038 lagging
(inductive) displacement power factor. The system
impedance is Z,, = 10% referredtoa §... = 10 MVA
base.

a) Before any filter installation, the displace-
ment power factor is cos @ s s, =0.826 or
O b s = 34.2° lagging. The nonlinear load

== — (0955 cos o

current is -! mexr _nd] = 53.66 A, and the total load
current is oo 1o =209.1 A Venfy these data.

) Calculate short-circuit apparent power S at the

point of common coupling (PCC).

)} Find short-circuit current | see and the short-

circuit current ratio R

If no filter is employed the harmonic currents /.
exceed IEEE-519 limits. Calculate the harmonic
currents and voltages at PCC without filter.

To comply with IEEE-519 it is recommended to
install two filters: one tuned at the Sth and the
other one tuned at the 11th harmonic. Design two
passive, series LC filters at PCC such that the
fundamental (60 Hz) current through each of the
filters is /- = f— = f =150 A. In your filter design
calculaton you may neglect the influence of the
ohmic resistances of the two filters (R =Rs=
R:=0). As a function of the filter impedance of
filter #1. Z5 ;. and the filter impedance of filter
#2, Zg 5. You may calculate an equivalent flter
= » Which can be used for the
Make sure

impedance Zp.
calculation of the parametier p., s
there are no parallel resonances.
Calculate the harmonic currents /. through /.6
after the two filters have been installed. Are the
harmonic currents after these two filters have
been installed below the recommended IEEE-519
limts?

Calculate the harmonic voltages V. at PCC. Do
they meet IEEE-519 recommendations”?
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