View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Purdue E-Pubs

Purdue University

Purdue e-Pubs

ECE Technical Reports Electrical and Computer Engineering

12-1-1993

SELECTED TOPICS IN ELECTRIC POWER
QUALITY

S. Alyasin
Purdue University School of Electrical Engineering

L. Chung
Purdue University School of Electrical Engineering

D.Hu
Purdue University School of Electrical Engineering

B. Kwon
Purdue University School of Electrical Engineering

A Risal
Purdue University School of Electrical Engineering

See next page for additional authors

Follow this and additional works at: http://docs.lib.purdue.edu/ecetr

Alyasin, S.; Chung, L.; Hu, D.; Kwon, B.; Risal, A.; Sasaki, R.; and Yang, J., "SELECTED TOPICS IN ELECTRIC POWER
QUALITY" (1993). ECE Technical Reports. Paper 257.
http://docs.lib.purdue.edu/ecetr/257

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for

additional information.


https://core.ac.uk/display/4947175?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://docs.lib.purdue.edu?utm_source=docs.lib.purdue.edu%2Fecetr%2F257&utm_medium=PDF&utm_campaign=PDFCoverPages
http://docs.lib.purdue.edu/ecetr?utm_source=docs.lib.purdue.edu%2Fecetr%2F257&utm_medium=PDF&utm_campaign=PDFCoverPages
http://docs.lib.purdue.edu/ece?utm_source=docs.lib.purdue.edu%2Fecetr%2F257&utm_medium=PDF&utm_campaign=PDFCoverPages
http://docs.lib.purdue.edu/ecetr?utm_source=docs.lib.purdue.edu%2Fecetr%2F257&utm_medium=PDF&utm_campaign=PDFCoverPages

Authors
S. Alyasin, L. Chung, D. Hu, B. Kwon, A. Risal, R. Sasaki, and J. Yang

This article is available at Purdue e-Pubs: http://docslib.purdue.edu/ecetr/257


http://docs.lib.purdue.edu/ecetr/257?utm_source=docs.lib.purdue.edu%2Fecetr%2F257&utm_medium=PDF&utm_campaign=PDFCoverPages

SELECTED TOPICS IN ELECTRIC
POWER QUALITY

S. ALYASIN
L. CHUNG
D. Hu

B. KwON
A. RisAL
R. SASAKI
J. YANG

TR-EE 93-50
DEceMBER 1993

&4

PURDUE UNIVERSITY
»  WEST LAFAYETTE, INDIANA 47907-1285

P

Eod
~
~

"

e o
09;.1 . SCHOOL OF ELECTRICAL ENGINEERING
—_— 0
<]§ ]
(%

>



SELECTED TOPICSIN ELECTRICPOWER QUALITY

S. Alyasin
L. Chung
D.Hu
B. Kwon
A.Risdl
R. Sasaki

J. Yang

Purdue Elecmc Power Center
School of Elecmcal Engineering
Purdue University
1285 Electrical Engineering Building
West Lafayette, IN 47907-1285

December 1993



I ntroduction

Many yearsago, | found that the studentsin Bz 532, Computer Applicationsin

Power System Engineering at Purdue University benefited by assemblinga"term
report". Thisreport iswritten individually by the students, presented in a videotaped
session, and assembled in awritten report. For the Fall 1993 semester, the assigned
subject was "Sdlected Topicsin Electric Power Quality"”, and thisis the compiled report
written by

(Chapterl) Sohell Alyasin

(ChapterI) Reid Sasaki

(Chapterlll) AtulyaRisal

(Chapter1V) Ling Chung

(Chapter V) JinyuYang

(Chapter VI) Brian Kwon

(Chapter VII) Dan Hu.

Thetopicsstate with iron core transformers (Chaptersl and 11), their losses,
harmonic response, and connection with electric power quality. Chapter III dealswith
watt-hour metersand their accuracy in the presencedf demand current harmonics.
ChaptersIV and V deal with twoimportant sourcesd power quality problems:. electric
arcfurnacesand adjustablespeed drives. Chapter VI dealswith indicesand
measurement o eectric power quality. The report concludeswith a traditional but
important topicin eectric quality: lightning.

G.T. Heydt
Professor of
Electrica Engineering

December 1993
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| 11ntroduction

The existence of harmonics in power systemsis wel documented.
The recent surge of interest in electric power quality by the industries

_sgnifiesthe importanced maintaining alow harmonic distortion leve in
transmission and distribution circuits. In this regard, the IEEE standard
519 iscontinually revised and improved to set more conservativelimitson
harmonic distortion and to ensurea high level o power quality.

One known sourced harmonicsin power systems IS the magnetizing
current d power transformers. A study of the harmonic levels associated
with this phenomenon requiresa thorough understanding o the behavior
o the transformer core during saturation. Such characteristics are
obtained from the B-H curve o the transformer. Thus, a brief explanation
of the magnetic characteristics of the iron core during saturation is
provided as background information. Once this understanding is
established, an analyssd the transient responsed the power transformer
will be offered. It isimportant to discuss the fact that transformers are
not only a source o harmonics; rather, for practical considerations, they
are energized by distorted sinusoids. Thus, a method for realizing
transformer corelosses due to harmonic content in the energizing ement
will also be presented.

12 Backgr ound

An analysisd transients due to iron cored coils necessitates a good
understanding d the magnetic characteristicsd the transformer. Congder
awinding wrapped around aniron core. Beforeany current isapplied, the
iron crystals are as a whole demagnetized. Even at this juncture, small
neighboring regions referred to as donai ns are magnetized. When an
external magnetic field is applied (when the winding is energized), the
domains that are aligned with the magnetic axisd the winding will grow.
As more current is applied and thefield intensity increases, these domains
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will continue to grow linearly at the expense o their neighboring atoms.
This accounts for the linear portion of the B-H loop. As this situation
continues, the aligned domain's ability to take from the unaligned ones
decreases and the material goesinto saturation. This accountsfor the knee
d the B-H curve and the saturation region.

The B-H loop d a ferromagnetic material is obtained by initially
demagnetizing the core; then, increasing the current and measuring the
field intensity. The corresponding flux density is aso measured as field
intensity isincreased until saturation is reached. At this point, the fied
intensity isdecreased, but it is noted that the return path isnot dong the
original trgectory. This accountsfor the lossesin the transformer core,
Theselosseswill later be analyzed as afunction d the harmonic content o
the source and the amount of flux present as residue in the core at the
timed energization.

The phenomenon explained above is essential in studying the
harmonics generated by a power transformer during transient periods.
These studies are aimed at providing continuous and stable power system
operation and are motivated by occurrencessuch as thedisruption in the
New Yor k Power Poal [7] shown in figure(l. 1). An autotransformer was
energized at Marcy. The harmonic content o the magnetizing current from
the saturation of this transformer resulted in a set o capacitor backs
tripping 84 milesaway at N.Scotland.

&8 ML

Fig.(L1) - Equivdent circuit o the New Yak Power Podl
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13 Harmonic content of the magnetizing current
INn power transformers under transient conditions

Dedgn 0 protective systems in transmission and distribution
networks cdls for an accurate Smulation d the transient response in the
network. Thisinvolves studying phenomenon such as ferroresonance and
inrush currents. Ferroresonance, however, yidds distortion at frequencies
lower than the power frequency and in this regard does not beong in a
study o harmonics due to transformer saturation.

When a transformer is energized, a surge o current rich in
harmonics, known as the magnetizing inrush current, flows for a short
period d time util normd flux conditionsare established. Themagnitude
d thiscurrent isafunction d the magnitude and phase d the energizing
voltage as wdl as any flux residue that may be present in the core. Figure
(1L.2) provides a qualitative view d what occurs. If at the instant the
source is switched on to the transformer, the voltage has zer o phase, the
core experiences afull haf cyded pogtive voltage capabled drivingit to
saturation on the B-H curve (point A in figure (1.2)). However, if the
voltage is at a phase d 90 degrees, only a hdf cyce d podtive voltage
feeds the core, and very little if any saturation is expected (point B in
figure (1.2)).

0.8

0:4: / }
=

0.5-

lf :

Hg (12) - Affect d the Phase 0 the VVotage Source on Inrush
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The inrush phenomenon is verified by laboratory experimentation.
The circuit shownin figure(1.3a) was constructed. For different switching
trials (different phase angles d the voltage source), the current on the
primary Sided the transformer (marked X1) is observed and :itis verified
that the magnitude and direction o inrush current is directly related to
the phase d the voltage source at the moment 0 energization. Fgure
(1.3b) showsafew cydesd theinrush current for each ca=

o L.L X

S

-; ——U—{
(o-4)
F =
':':: '"“,..;.“
"':I \:A
(-4 AR
SRR AT
Coiad) AR
s R
VR -
(gl &3] JEE] L 1
LR 22
e g !

Fig. (1.3) - (a)Circuit diagram to test inrush current phenomenon
(b)Results verifying inrush dependency on voltage phase
(3b-i) large pogitiveinrush signifying approx. a zero phase
(3b-ii) noinrush signifying goprox. a ninety degree phase
(3b-iii) large neg. inrush signifying approx. phase> 90 deg.
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For the purpose of providing a quantitative study o the inrush
current phenomenon, the algorithm developed by M. Basu[1] has been
employed. Thecircuit diagramis shown beow.

X1 Hi ', = 7 =27

YV

E% & ;Hé A

X2 H2

Hg. (1.4) - Circuit for Inrush Simulation

Thisalgorithm neglects hysteresisand Eddy current losses. Eddy current
losses can easily beincorporated by placing aresistor (oftendenoted Re) in
parallel with the magnetizing inductance. Hysteresislosses are mainly a
concern when residual flux is present. For the case ssimulated, no residual
flux is present, therefore these losses can be neglected. Also note that the
|eakage componentson the secondary sided the transformer are included
as part o theload. The transformer core data needed for the smulation
are shown in Figure(1.5). They are approximated as shown by Jwa [3].

" |

Hg. (1.5) - flux vs. current curvefor ssimulated transformer
Figure (1.6) shows the inrush current with no phase shift (figure(L.6a)), a
phase shift o 45 degrees (figure(1.6b)), and a phase shift d 90 degrees
(figure(l.6c)). Thefollowing resultsarefor afull load case with R2=3.2Q
and L2=5mH. Note the changesin the dc component for the three different
Cases.
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It is important to mention the fact that the term har noni cs is
exclusvely used to refer to the frequency domain representation of
periodic time functions at frequencies which are multiples o the
fundamental frequency (60Hz for power purposesin the US). Inrush
currents are not periodic and in a strict sense can not have harmonics.
Thus, any mention o inrush current harmonics refers to peaks found at
harmonic frequencies by performing a windowed FFT at segments o
interest in the current waveform.

To consider other loading conditions, resultssmulated by Lin et. aif4]
are presented. Thisdatais based on a dosng angle o zero degrees for
worst case results. For an unloaded transformer (figure (1.7)), a
comparison d the two diagrams shows that the presence d postive
residual flux in the core for positive inrush current resultsin a larger
harmonic at dc. The unloaded transformer case provides the largest
inrush. For a transformer with a resistive load (figure (1.8)), inrush
harmonicsare smdler than before. Furthennore, thelarger the resistance,
the more the circuit resembles an open circuit condition greater inrush
pesks are viewed. For an inductive load (figure(1.9)), inrush is less than
for aresstiveone. Furthermore, as [ increasesfor this type d loading,
athough Lin's results don't clearly show this, an increase in inrush is
expected. For a capacitiveload (figure(1.10)), inrush is greater t han for a
resistive case and inrush decreasesfor an increasing .

100 Toc 100 1st
s

] Condi ti ons 80 . Gondition:
8ot a =0°, % 2871953 W turns.
Ar-O Wb.turns. :

d 2nd

T ' v 1 3 5 7
1 3 5 7 9 Cycl e Nunber

Figure (1.7) - Noload condition
(a)residud flux=0
(b) residual flux=0.1951 wh-t
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2 Z
X 3

7 9
Figure (1.8) - Resgiveload
(a) R=26Q 100
100 _
-\lst (b) R=43Q Condi ti on:
D 80 4 a =0°,
g0l ;Jorlgl.tl on: Ar-o W. turns,
1 Ap=0 V. tur ns. p£=0.9 laging,
pf-0.8 I|agging. 1 60 2,%26 Ohm..

" eot 2,26 Chns. &
— ~
Tt e . )
N -t
c

Cycl e Nunber

Figure (1.9)- Inductive load
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12 Y

5 7 9
Cycl e Number

(@RS 2o
;

80T

[
iST

~ Canditian:

a =0°,

A_=0 Wb.turns,
pf=0.9 leading,
sz26 Chms.

(a)pf = 0.8 leading
(b) pf=0.9 leading

U U—— -



I-9

14 Transformer core losses due to harmonic
components in the energi zi ng waveform

Traditionally, the inrush phenomenon o power system transformers
has been analyzed by assuming a sinusoidal energizing element as
discussed above. For practical applications thisis often not thecase. For
example, consider a distribution transformer at the end of a transmission
line. The receiving end voltage used to energize the transformer is not a
perfect sinusoid because it gets distorted by the reflections of the
harmonics generated from the saturation of the transformer.

The above statements provide mativation for the development of a
method to determine the core losses due to harmonic flux components. A
method has been proposed by Rupanagunta[7]. This method is applicable
when a transformer is energized with a distorted waveform. If the
harmonic leves are known, the transformer losses for each harmonic can
be redlized.

This method is based on the importanced fl ux density vs time (B(t))
waveforms in assessing losses due to harmonic components. Without
considering these flux density waveforms, ssmple mathematical addition of
core losses due to each harmonic component from manufacturer's data
may result in an inaccurate calculation of losses. This is realized by
observing figure (111). In part (a),the third harmonic component is in
phase with the fundamental. In part(b), the third harmonic lags the
fundamental by 90 degrees. It is clear that the resultant flux density is
very different for the two cases. Thus, one must analyze the shape o the
flux density curve in order to be able to accurately assess losses in the
transformer core.

+2.0 4
-1.8 § (4.2\
+1.6 ]

+1.4 ] RESULTANT
+1.2 1 FLUX

+1.0 J
+0.8 ]
+0.6 ]
+0.4 ]

THIRD HARMON!
+0.2 ]

il S ———
Fig. (111)- Hux density vs time
(a) third harmonic in phase with fundamental
(b) third harmoniclagging fund. by 90 degrees

_.-.“.

FUNDAMENTAL

FLUX DENSITY B (T)
FLUX DENSITY B (T)
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The following equations can be used to determine the flux density. From

Faraday's Law:
do
d(wt)

v(wt)=n
where ¢ =BA

Thus, the flux density is denoted by:

B= I v(wt)d(wt)

K= proportionality constant
v(wt)=back EMF across winding

w=angular freq. of exciting EMF
B=flux density in material

For a general case, the distortion voltage is expressed by the following
Fourier Series

v(wt)=v1(sin[wt+81])+v3(sin[3wt+083])+...
+v(2n+1)(sin[(2n+1)wt+08(2n+1)])+...

n=13,5
Vn=nth harmonic back EMF across the winding
Thetan= phaseanglein radions for thenth harm. comp.

The flux density is then expressed as

B(wt)=K{-v1(cos[wt+81])-v3/3(cos[wt+03])+...
-v(2n+1)/(2n+1)(cos[(2n+1)wt+0 (2n+1)])+...

Thefollowing data must be available to employ this method:

B-H loop at fundamental frequency
B-H loop at harmonic frequency o interest
dc hysteresisloop

If the above is not provided in the manufacturer's data charts,
Rupanagunta proposes thefollowing agorithm. A three phase transformer
circuit is formed such that the primary is y-connected and secondary is
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delta connected. The primary is fed by a balanced three phase 60Hz
voltage. The harmonic of interest (in this case third) is applied to the
secondary. The delta connection dlows for zero sequence or one phase
current flow. The balanced three phase fundamental emf applied to the
primary resultsin no induced emf in the secondary since the fundamental
frequencies sum to zero. Furthermore, by leaving the neutral o the
fundamental frequency coils isolated from the power supply neutral, the
y-connection is an open circuit as far as the third harmonic circuit is
concerned. By isolating the harmonic components, the B-H loops can be
obtained at fundamental or 180Hz separately.

Experimentally, it has been observed that in the presence of
harmonic componentsin the energizing voltage, the B-H loop experiences
inner loops. It isobserved that in the (B vs time) waveform, for dB/dt=0,
if two values of B are present, incursions are observed in the B-H loop.
Theseincursionsare the starting pointsd thei ner Ioops and are depl cted
below:

B(T)

51015 20 25 30 5 40 120 -80 40 0 +40 +80 +120
TIME (s) AMP TURNS {AT)

Fig. (L12) - Incursionsin the B-H loop
This method can be used to determine the number, magnitude, and
position of the inner loops. The vertical bounds of the minor loops is

directly proportlonal to the magnltude of the secondary peek as shown
below. : H : !

F|g (I 13) Vemcal bounasor thelnner loops
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The width of the minor loops can be determined by first selecting a
B-H loop from the family of 180Hz curves that has the same height as the
length from the lowest point on the third harmonic content o the B(t)
waveform to the highest component o thisfunction. Thisis shown beow
infigure (1.14).

Fig. (1.14) - Sdlectiond an appropriate 180Hz B-H loop

ThisB-H loop is placed in the nai n loop such that pointsM and N fall
on the H=0 AT axis where the 180Hz loop crosses that axis. PointsG and R
are the incursion pointsfound by the method already mentioned. Point X
Is connected to point F by interpolationaong theinversion point G. M is
connected to the pesk d the B-H loop by interpolationadong G. The M to X
curveis extrapolated form the Y'X'T' contour in the 180Hz B-H loop shown
in figure (1.14). Assuming that B(t) is symmetric about the time axis, the
other minor loop is simply sketched by Q/mmetry Thisis observed in
figure (1.15). ,

Fig. (L15) - Determl nmg the dimensionsd the inner loops
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The minor loops in the B H curve may be found using this method
for any harmonic component d interest. Research is baing carried out to
expand this method such that it can be used to find minor loops due to
many different harmonicsin the energizing e ements.

The hysteresis and eddy current losses in the transformer core can
be separated by placing the dc hysteresis (static) loop in the BHcurve o
figure (1.15). Theinner loop (dc) containsthe hysteresislosses. The outer
contains the total losses. The difference o the two composes the eddy
current losses. Thisisviewed infigure (1.16).

+0.72 2.

-

2 o000 _
@ :

Fig. (1.16) - Separating hysteresisand eddy current losses

15 Goncl usi on

The mgor pointsd the above discusson arelisted beow.

The harmonics associated with energizing a power transformer have
been identified. Harmonics due to inrush currents are affected by the
following factors:

e Phased theenergizing voltage at instant d switching:
maxi mumpos. inrush for zero phase. Thisdecreases

until 90 degree phase. Past 90 degrees, theinrush
current increasesin the negative direction.

e Largest inrush harmonicsare seen in unloaded transformers
e Resdiveload resultsin smaler harmonics than no load -
thelarger the resistance, thelarger the harmonics on
the primary side current.
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e L agging pf loads (inductive)result in lower harmonic levels
than resistiveloads.

e |Leading [f loads (capacitive) result in higher harmonic leves
than resistive loads.

e For aninductiveload, increasein pf increasesi nrush.

e For acapacitiveload, increase in pf decreasesinrush.

The voltages used to energize transformers are seldom perfectly
sinusoidal. Thus, a method to realize the effects o the distorted voltages
on the transformer core has been discussed. The significant points made
areasfollow

e Smply summing the coreloss data from manufacturer's
charts without observing the exact form of B vs timeyidds
Inaccurate results.

e The positionand number o inner loopsin the B-H curve
isdetermined from theform of theB vs. time waveform.

e Thewidth o theinner loopsis obtained using the contour
of the B-H curve at the harmonic frequency of interest.
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CHAPTER II
LOSS OF DISTRIBUTION TRANSFORMERLIFE
Red |. Sasaki

II.1  Introduction

The distribution transformer is an integrd pat of a power system network. It is
instrumental in transforming distribution line voltage down to the service voltage required by the
customer. The transformer itself is a device dependent specifically on its magnetic characteristics
therefore it is vulnerable to the limitations of the core materia. These limitations manifest
themselvesin theform of hysteresislossesas wdl as eddy current lossesin the core and windings.
These losses are dissipated as heat in the transformer and result in dielectric and insulative
breakdown which significantly reducethe operationd lifetime of the transformer.

The combined factors of increased demand of power from domestic users and industry
aong with the utilization of solid state switching devices have greatly decreased the life
expectancy of distribution transformers. This is due to the relatively large harmonic current
imposed on the distribution transformer.

The Institute of Electrica and Electronics Engineers (IEEE) has recognized the problem
of increased losses in distribution transformers due to nonlinear loads and has established a
recommended practicefor the derating of distribution transformers when supplying nonsi nusoidal

load currents.

I.2  Description of Distribution Transformer L osses

The vast mgority of power transformers used for distribution gpplicationsare of core-type
construction. This consists of the high-voltage (primary) and low-voltage (secondary) windings
of the transformer wound concentricaly around a magnetic core of rectangular or circular
cross-section, which is shown in Fig. 11.2-la. The core assembly may either be free-standing or
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surrounded by a metal enclosure, which is referred to as a dry-type transformer, or immersad in
oil within astedl tank. A oil-immersed distribution transformer typica of rating from 2 to 25 kVA
7,200 V:240/120 V isshownin Fig.11.2-Ib. [1]

Fig. 11.2-1 Digtribution Transformer. (a) Core-construction; (b) cross-section.

Transformer losses can be divided into no-load (excitation) losses and load (impedance)
losses which are dissapated as heat in the transformer. No-load losses are incurred in the
magnetic core of the transformer when an time-varying exciting current is applied to primary
winding to produce a magnetic fidd within the core. Load losses are incurred in all metdlic
conductors of the transformer and are due to the load current flowing in the primary and
secondary windings. Both types of losses are described in detail below.

No-load losses in the transformer are primarily due to the nonlinear properties of the
magnetic material used for the core of the transformer. The magnetic core serves to provide a
low reluctance path for the mutud flux coupling the primary and secondary windingsand aso to
reducethe excitation current required for transformer operation. When an time-varying excitation
current is applied to the primary windings of the transformer, a proportional magnetic fied H is

induced in the core. Because the core is magnetic, a flux dendty B is produced which is
proportional to A by a effective permeability constant v of the core materiad. Because the
relationship between B and H is nonlinear and multivalued, it is usualy shown in graphical form

referred to as a B-H curve or hysteresis|oop.
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The equivalent T-circuit for a transformer is shown below in Fig. I1.2-2. It is noted that
the primary current I, can be resolved into a load component and an exciting component. The

load current 1, is defined as the current drawn by the load connected to the secondary winding of

the transformer while the excitation current /¢ is defined as the additional primary current
required to produce the mutud flux ¢ coupling the primary and secondary windings. A curve of
ip versustime can be obtained from the B-H characteristic of the core material since ¢ = Bc4
and ip = Hcle/N (where Ac is the cross-sectional area of the core, Ic isthe meen core length, and

Nisthe number of turnsof the primary winding.) Thisisshown below in Fig. 11.2-3. [1]

+

v,

Fig. 11.2-2 Equivalent T-Circuit for a Transformer

{a) (b)

Fig. 11.2-3 Excitation phenomena. (a) Voltage, flux, and exciting current; (b) corresponding

hysteresisloop.

The excitation current /¢ can be further resolved into a core-loss component and a
magnetizing component. The core-loss component /, is defined as the eddy currents induced in

the core and appear as ohmic I’R heating in the transformer. These eddy currents circulatein the

core and oppose the change of flux density. To oppose this demagnetizationeffect, the current in



the exciting winding must increase, thus enlarging the area enclosed by the hysteresisloop. The
losses due to eddy currents, which are dissipated as heat in the transformer, are often reduced by
constructing the core of thin sheets of laminations of magnetic materia which are digned in the
direction of the field lines. These sheets are insulated from each other by a layer of oxide or
enamd and greatly reduce the magnitude of the eddy currents by interrupting its path in the core
meaterial.

The magnetizing component /_ is defined as the current required to magnetize the core
materid. Thistime-varying excitation current will cause the magnetic core materid to undergo a

cyclic variation, creating a hysteresis loop. The energy input to the core for a single cycle can
defined as W=AclcfHcedB (where W is the energy applied to the core, Ac is the
cross-sectional area of the core, and /c is the mean corelength.) Energy loss due to hysteresisis

therefore proportional to the volume of the core Aclc and the are enclosed by the hysteresisioop
§{HceBc. Sincethere is an energy loss per cycle, hysteresis power loss is proportiona to the
frequency of the applied excitation current and is dissipated as heat in the transformer. [1]

Load loss of a transformer can be subdivided into I’R loss and "stray loss'. 1°Rlossis
defined as the loss due to the dc resistance of the primary and secondary windings. When a direct
current is applied to the windings, the temperature of the winding conductors increases and is
dissipated in the form of heet in the transformer. Stray loss is defined as the loss produced by
time-varying load currentsflowing in the windings of the transformer. The aternating currents
produce stray electromagnetic fields which encircle the windings. A picture of the
electromagnetic fields produced by rated load current for a typica transformer is shown in Fig.
I1.2-4, These fidds in turn link 'the windings, the core, the enclosure, ad other metdlic
conductors of the transformer. Each of these conductors experience an interna induced voltage
which cause eddy currents to flow within them. These eddy currents, which are proportiona to
the square of the electromagnetic fidd strength and to the square of the ac frequency, produce
losses which cause the temperature of the conductor to rise and are dissiIVIL.4pated in the form
of hedat in the transformer. Losses due to eddy currents are further subdivided into loss due to
eddy currentsin the primary and secondary windings and loss due to eddy currentsin components

other than the windings. [2]
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Fig. I1.2-4 ElectromagneticFeld Produced by Load Current in a Transformer

1.3 Causes of Distribution Transformer L 0sses

The cause of harmonics and distortion present in power distribution sysiemsare caused by
nonlinearities in the system, such as faults, in-rush currents, and non-linear loads imposed on the
system.  The widespread use of solid state controlled loads have significantly increased the
amount of harmonic current in power distribution networks. Although solid state loads have been
present on the distribution system for many years, their presence has become most notable over
the past few years due to technological advancementsin the solid state area that have produced
high-power handling devices.

One such solid state device used in high-power applicationsis the rectifier diode. Used in
a bridge rectifier configurationfor single-phase applicationsand a six-pulserectifier configuration
for three-phase applications, the diode is a semiconductor switch which dlows forward current to
flow in its on state and supports a reverse voltage across its terminas in its off state. The
schematic diagram for a single-phase full-wave bridge rectifier with an output filter capacitor is
shown below in Fig. I1.3-1. By commutation of the switch pairs, a full-wave rectified voltageis

obtained at the output terminals from an ac source gpplied at itsinput terminals.
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Fig. I1.3-1 Single-PhaseFull-Wave Bridge Rectifier with Output Filter Capacitor

Due to the large ripple content in the output voltage, a capacitor is placed across the
output terminalsto smooth out the dc voltage. The diode pairs of the bridge will conduct during
the period of the cycle when the input voltage exceedsthe voltage acrossthe filter capacitor. This
relatively short conduction period produces a current waveshape such asthat shown inFig. 11.3-2.

Because of its nonsnusoidd characteristic, this waveshape is rich in odd-harmonics and has a
large harmonic distortion.

1s(t),ve(t), i(t)

?

vc(t)

vs(t)

Fig. 11.3-2 Voltage and Current Characteristics of Single-Phase Full-Wave Bridge Rectifier
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One high-power application of the rectifier is its use in the adjustable speed drive to
provide a dc input voltage for a three-phase inverter used to power a large horsepower
synchronous or inductive motor. Another application of the rectifier is its use in the compact
fluorescent lamp to provide a dc input voltagefor a single-phaseinverter used to power the lamp.
Although the current consumed by a compact fluorescent lamp is relatively small in comparison to
that of an adjustable speed drive, its use throughout alarge building can result in a large harmonic
load imposed on the distribution system.

When such loads are connected to the distribution system, the rectifier circuit is a potent
source of nonsinusoidal current imposed on the secondary of the distribution transformer. Since
the eddy-current loss in the winding conductors is proportional to the square of the applied ac
frequency, there isa significant lossin the transformer windings due to the large harmonic content

in the applied rectifier supply current.

II.4 Effectsof Transformer Losses

Both no-load and load losses which are incurred in the distribution transformer are
dissipated as heat. Most distribution transformers are immersed in an oil bath to improve heat
conduction from the windings and core materia to the transformer enclosure:. This oil bath
effectively dissipates the heat incurred in the windings and core material into the atmosphere.

The heated oil of the transformer, which is in the presence of air, dowly oxidizes and
formsa sudge. When this sludge adheres to the inner surfaces of the transformer, the convection
of heat from the windings and core material to the enclosure is reduced. This leads to heat
buildup in the windings and causes brittleness and a loss of mechanical strength in the winding
insulation.

To counter the effects of winding insulation breakdown, periodic testing and filtering or
replacement of the transformer oil isdone. An increasein transformer losses will directly lead to
an increasein maintenance costs. Thus, in most cases, an increasein transformer losses leadsto a

decrease of its normal econom ¢ lifeexpectancy. [3]
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ILS Recommended Practicefor Establishing Transformer Capability When Supplying
Nonsinusoidal Load Currents= ANSI/IEEE C57.110-1986

This standard set forth by the American Nationa Standards Institute (ANSI) and the
Institute of Electrical and Electronics Engineers (IEEE) establishes two methods for the current
derating of power transformerswhen connected to loads which consume nonsinusoida currents.
The standard appliesto nonsnusoida load currents which have a harmonic load factor (defined as
the ratio of the effective value of dl the harmonics to the effective vaue of the fundamental
harmonic) greater than 0.05 per unit. [4,5]

As was described in Section II.2, transformer losses can be divided into no-load loss and
load loss. ANSI/IEEE C57.110-1986 establishesa current derating factor for power transformers
by accounting for the increased load loss due to nonsinusoidal load currents. Thus, no-load lossis
not accounted for in the derating procedures.

Two methods are provided for in ANSI/TEEE C57.110-1986 for the derating of power
transformers. Both methods determine the current handling capability of power transformers
without the loss of norma rated life expectancy. The firs method, primarily for use by
transformer design engineers, requires access to detailed information on loss density distribution
within the transformer windings. The less-accurate second method, primarily for use by the
transformer user, requires access to certified test report data only. It is assumed in both methods
that the harmonic characteristics of the load current are known. Thelatter method for derating a
transformer will be described below.

With access to certified test report data, the following equation for the derating of a
transformer may be used:

12
I max (pu) :[ 1 +[(Zf%h2/ Zf%)Pec-r (pU)] }

where:
Imax (pu) Maximum permissible rms nonsinusoida load current

(per unit of rated rms load current)




11.9

Pll-r (pu) Load loss density under rated conditions
(per unit of rated load 1°R loss density)

Pec-r (pu) Winding eddy-current loss under rated conditions
(per unit of rated load 7R l0ss)

/ Harmonic current distribution factor for harmonic"h'
(equal to the harmonic"h" component of current divided by the
fundamental 60 Hz component of current for any given loading
level)

h Harmonic order

Using the above equation, it is assumed that the nonsinusoidal load current applied to the
transformer has an rms magnitude of 1 per unit. It is also assumed that the per unit rms current
for harmonic order "h" isterms of the rated rms load current, /7, (pu), is known. In other words,
the harmonic distribution of the load current applied to the transformer is assumecl to be known.

The harmonic current distribution factor, £, can be determined for a specific harmonic
order, h, by dividing 7, by the rms current at the fundamental frequency of 60 Hz (#=1), | ,.

The per unit eddy-current loss in the region of highest loss density defined for 60 Hz
operation at rated current, Pec-r (pu), can be obtained from certified test report data for the
individual transformer which is usually provided by the manufacturer. The maximum per unit
local loss density under rated conditions, Pll-r (pu), can then be defined as 1 + Pec-r (pu).

The maximum permissible per unit rms nonsinusoidal load current in terms of the rated
rms load current, Imax (pu), is then obtained using the equation shown above. The maximum
permissible rms nonsinusoidal load current can be obtained by multiplying /max (pu) by the rms
sinewave current under rated frequency and load conditions, I,.

It should be noted that this procedure for the derating of a transformer when supplying
nonsinusoidal load currents produces a conservative derating factor. This is due to the fact that
procedure produces aderated current factor for aload current applied to the transformer which is
100% nonlinear. In most practical cases, the load applied to the distribution transformer will
consist of a percentage of linear load which will not contribute to excessive losses in the

transformer. [5]



II.10

II.6  Conclusion

The proliferation of nonlinear loads throughout the utility distribution system has provided
for much concern due to increase of digtribution transformer losses. The nonsinusoida |oad
currents consumed by these nonlinear loads have adirect impact on the operational lifetime of the
distribution transformer. Economically spesking, the use of energy-efficient solid-state loads by
the consumer will be at the cost of the utility in terms of increased maintenanceand oversizing of

distribution transformers.
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CHAPTER 1II
WATT-HOUR METER ERROR
Atulya Risal

II.1 Present practices on revenue metering

The demand for more efficient use of electric energy along with the increased use
of solid state switches for power flow control and the renewed interest in alternative
energy sources has brought power system harmonics under a closer scrutiny. In addition
to degradation of power quality, the presence of harmonics on the voltage and current
wave forms at the point of common coupling (PCC) has undesirable effects on the
measurement of energy consumption.

Depending on classification of the loads, residential, commercial or industria,
utilities throughout the United States have different methods of assessing rates that may
or may not account for the power factor and peak demand. In general customers on
"demand rates" (i.e., those that pay for both energy and peak power demand) pay aso

"multiplier" based on their load power factor. The power factor is usualy measured
indirectly by measuring total active power integrated over one month (i.e. energy) W_,

and integrated vars, W,
W, = [Qdt

Month

where Q(t) isthereactive power demand. Then
w

L e NTTER
JWI AW,

Alternatively, the complex power demand S(t) may be measured over one month,
W, =[St

Month

and

III.1
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In either case, most present meters are not designed to measure either active or
reactive power consumed at harmonic frequencies. Note aso the distinction between the
terms displacement power factor (DPF) and true power factor (TPF). The DPF is the
cosine of the angle between the 60 Hz load current and voltage components. It is the

power factor of the 60 Hz component. True power factor is

P
TPF ==,
S

where P is the total active power over dl frequencies- not only 60 Hz. Reference [1]
contains more elaboratediscussion of these terms.

The various electrical quantities mentioned above are measured with the hdp of
either an induction disk based meters or digital € ectronic meters. Hence the error andysis
under harmonic voltage and current distortion that is performed on the watt-hour meter

can ke easily extended to analyze other measurement errors.

1.2 Induction watt-hour meter

Induction watt-hour meter IWHM operation is smilar to that of an induction
motor. In a polyphase induction motor the stator windings are displaced in space in the
same relations as the voltages are displaced in time. The resulting uniform stator fl ux that
rotates about the rotor axis with uniform speed causes short-circuitecl rotor e.m.f and
hence eddy currents. These currents react with the original flux to create a driving torque
of the "motor". The single phase watt-hour meter usesan aluminumdisk as the rotor and a
voltage and current coil to create voltage and current fluxes that are in quadrature. This IS
done by making the voltage eectromagnet as inductive as possible and the current

electromagnet non-inductive. This producesasimilar to that of two phase induction motor



ITI.3

[2]. The operation criteria of the watt-hour meter can be explainedin terms; of two distinct
parameters: the driving torque and the braking torque.
Driving torque is created through two different components. The interaction of the
voltagecoil flux @ with the eddy currents |, caused by the change in current flux creates
atorque for aload power factor cos(0) given by,
T, =k, @I, cos(0). (III.1]
The second component of torque is produced through the interaction of current flux O,
with eddy currents |, induced by the voltage flux &,
T, =k,®,I; cos(6). {(111.2]
Both eddy currents are proportiona to:
e thickness of the disk
e conductivity
e source frequency
e flux magnitude.
Alternatively,
|« ®f and |, = @f.
The total driving torque is then
Ty =T, +T, = (k, ;[ Tk, D,1;) cos()
= (¢, DD, f + ¢, D, f) cos(0)
C, @D f cos(0).

Thedriving torque T, == El cos(8) if thefrequency isconstant. This torque will cause the
disk to rotate at an increasing speed. A counter mechanism or détente isrequired to assure
that the disk rotates at a steady speed proportional to the torque.

The damping torque is mostly attributed to the permanent magnet and the

electromagnet flux. The method used in induction watt hour meter to place permanent
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magnets either singly or in pairs with the poles on the opposite sides of the disk. When the
disk passes through the flux created by the permanent magnet, voltage and eddy currents

are induced which react with the fluxes to create a braking torque

T, =c, ®_ 1, [111.3]
but
Etb
I =—2=¢,®_S [111.4]
Z
SO
T =c, ®:S [11L.5]

Thusif @_ isconstant, the permanent magnet braking torque is proportional to the speed.
Although the permanent magnets are the only components placed to provide braking
torque, there is other factors that provide braking. The movement of the disk through the
very same flux that created the motion produces an opposing torque. Also the friction at
the bearing of the rotating disk acts as a braking torque. The friction is mechanical in
nature and can be compensated by appropriate design. The electromagnetic braking torque
created by the current and voltage flux as with permanent magnets is proportiona to the
square of theflux,

T,=c,®.S [111.6]

T,= ¢, @S (I11.7]
The disk speed will reach a steady state when the driving torque balances the damping

torque. Since

T,= K, * Load
and
T, = K, * Speed,
if
=T
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then

Speed = ﬁ*Load.
K2

Therefore, the speed of the disk is proportional to the load. This calculation is based on
the assumption of sinusoidal voltage and current creating sinusoidal fluxes at the
fundamental frequency of interest.

Under ideal calculations, any shift in fundamental frequency does not impact the
speed and hence the load measurement of the watt-hour meter. Since the current coil is
virtually non-inductive, the flux created by this series coil will be independent of the
frequency. The eddy currents induced in the disk however, are proportional to the rate of
change of flux and hence frequency. These eddy currents react with the flux created by
the voltage coil which will vary inversely with the frequency due to high induction of the
coil. The driving torque created by the reaction of the voltage flux (proportiona to 1/f)
and the eddy current (proportiona to f) will be proportional to their product and
independent of frequency. The driving torque due to the interaction of current flux and
voltage coil induced eddy currents is also independent of the frequency. The current fl ux
has no frequency dependence. The voltage flux (proportional to 1/f) and the eddy current
(proportional to f) due to the flux neutralize each other producing no net frequency
dependence.

Although the treatment above shows the induction watt-hour meter to perform
accurately under dl frequencies, experience has shown that it is seldom the case. The
discrepancies can be explained if we take a closer look at the meter. The effective voltage
flux, assumed to be purely sinusoidal, in redlity is distorted and contains higher harmonics,
particularly 3rd and 5th. Also with inductive load, the losses (copper and iron) in the
voltage electromagnet causes the current to deviate from being in quadrature with the

voltage. The iron losses increase faster with frequency than copper losses decrease. The
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increase in total loss causes the current to be lag by less than 90 degrees. At: the same time
the non inductive current coil starts to show inductance at higher frequencies. The
principal source of registration error at higher frequencies, however, is the phase angle
increase of the equivalent disk impedance. The increase in disk inductance raises the
impedance of the disk with higher frequency decreasing the eddy currents and
subsequently the torque. The increase in disk resistance with frequency and its effect on
the watt-hour meter registration isvery minimal [3]

It is to be expected that depending on design criteria, WHMs will have different
frequency responses. The variation in the parameters of IWHM lead to different
conclusions when tests are conducted [4]. However, a more accurate representation of
IWHM can be made if we model the equipment in frequency domain. Makram et al [5]
have successfully analyzed this model which overcomes various difficulties associated
with time domain model such as interrelated functions and machine dependent time
constants. In addition, any approach to analyze the IWHM by summing the effect of
individual harmonics will give flawed results due to the non-linear nature of flux paths
around saturation. Following the analysis of Makram et al, consider the distorted voltage

and current written in Fourier components as,

v()=Vsin(@yt)+ Y. by, Vsin(kwyt-3,) [I11.8]
k=2
and
NH!
i(t)=Tsin(w,t-0)+ Y b, Isin(kw,t-8, -8,) (I11.9]
k=2

Using Fourier Transform, the wave form can be represented by a magnitude and phase
given by,
v (t)=V_ cos(w,t+8,) [II1.107

i, (t) = I, cos(w,t +6,) [II1.11]
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For linear magnetic circuit, the flux due to each voltage and current component at each

frequency can be summed to obtain total flux,

wC,V

D, (1) =D =% cos(w,t+8,, -, ) [II1.12]
W

D, ()= C, I, cos(@,t+6, ) [II1.13]

k=i

where C,,C, are proportionality constants of the fluxes due to the voltage and current

cails.
Z, =Ry +(OL,)’ [IIL. 14]
is the magnitude and
o, =tan” [—“’kka] [111.15]
Rvk

is the angle of the voltage coil impedance.
The saturation effect can be modeled by using effective flux as defined by,
& =a,d+a,d* +a,d’. [111.16]
for both @, and ®..
Then by applying Fourier Transform to the time domain effective flux, phasor

representation can be expressed as,

(DV = %] ? arg(d);)z(e'vk-avk) [|||17]
ka
and
|0|=C, 1, arg(®,)=(8,). [111.18]

The primed variables are the equivaent terms after taking non-linearity of the magnetic
circuit in to account. The emf induced on the disk by the effecive fluxes can be

represented at each individual frequency as,
C.V.,
de

i, = o, sin(®, t+6,, o, ~0, ) [111.19]

and
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L

(Cilm)mk sin(@,t+6, —o, ). [I11.20]
chk

Where Z, and &, are the magnitude and the angle of the disk impedance and

vmk
Z, "

V., =

Thus the driving torque defined by,
% [[@, (i (0- i, O [I1.21]
0

becomes

NH 1T . ol sin(w,t+0, -«
=Z%f C.CV., cos(@,t+0,, —a,, ) 2elm SO+ 0y ~Cy)
k=l 0

R, \HL]
de

o, V., sin(@t+0,, —o,, —ocdk)] d

2
o, L
R J1+ —k—dk
B ( de )

Following equation 111.21, under idealized conditions of frequency independence and

CC,1I mkcos((o t+6. &)

[1I1.22]

linear magnetic circuit, the ideal driving torque of a IWHM can beexpressed as,
Z o, C CvakV « sin(9, +0, ta,,).

dk

(II1.23]

Theregistration error E based on ideal and modified torque equations becomes,
%E =[M] #100. [111.24]
TIdk

Figure II1.1 shows the plots of %E under various conditions and selected values of the
non-linear model coefficients.

Fig. III.1 Registration Error [6]
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It should be noted that the characteristics shown in the figures are not universal.

Specifically, the choice of design parameters will yield different error curves. Also, the

phase angle of voltage and current harmonics have a significant impact in the sgn and

magnitude of error. Table 1 [7] shows the effect of varying firing angles on a different

ITWHM. Furthermore, this model does not incorporate the braking torque due to the

movement of disk through the flux. This torque is aso dependent on frequency. Under

appropriate considerations, the errors should be lower.
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TABLEIIL1
% METER ERRORS FOR RATED VOLTAGE AND CURRENT FUNDAMENTALSAT
DIFFERENT FIRING ANGLESa [7]
Six - Pulse | Rectifier Rectifier Supplied Non-Linear
L oad WithBack | emf

a YY or M YA or AY 1- Phase 1- Phase* 3-Phase
0 0.82 0.31 -1.11 -1.79 -0.81
1 0.51 0.42 -0.71 -0.89 0.01
/6 0.17 0.59 0.03 0.29 0.97
/4 0.25 0.67 1.21 1.74 157
/3 0.52 0.19 2.32 3.07 1.93

* 19%o0f 3rd harmonic voltageis added in phase with the fundamental phase

In conclusion, although various authors have tested the IWHM under distorted wave
forms, the results are seldom similar. With the various component parameters available for
the designer, the inconsistency is readily explained. The frequency model is an attempt to
universalize the design and anaysis of IWHM for performance under harmonic voltage
and currents. The calculated error curves indicate that IWHM under-register the energy
consumed. When the IWHM is analyzed, it can be said that harmonics in power systemis

not only impacting power quality but revenue as well
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1.3 Electronic revenue meters

Electronic meters are based on digita conversion of voltage and current
measurements. The digital output is directly related to the product of the two quantities.
There are various mathematical techniques that can be applied to convert anaog
measurements into power and energy readings. The simplest of the ideas involves
multiplying the current and voltage measurements, converting the analog power to
frequency and using a pulse counter to reflect output. Bohesian et al suggest a method
where the current and voltage signals are used to generate two dc signals the which are
trandated into energy reading [8]. Another procedure samples the voltage and current
magnitude periodically at frequencies much higher than the supply frequency and
manipulates the two numbers to obtain active reactive and other power readings [9].
There are various well established algorithms that can be used to indicate the energy
measurements from the digital samples. Present electronic meters in use mostly employ
pulse width modulation (PWM) technique.

In PWM, one of the current/voltage signal defines the magnitude: of a pulse train
while the other signal determines the interval. Following figure 111.2, if we let U, be one
of theinputs and let U, be the other, then with,

I_ v, [1I1.25]
TO

and
for t <t<t+T

U, =1’ : IIL.
(0 {O for t+T, <t < t,+T, =t [1:26]

The average value of the pulse trainis proportional to the product of the input quantities
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k, U, = k, U,—} = k k,U, U,. [111.27]
0
which reflects the power level [10].
U_(t)
--F-—-1--F--F--7 U,
o |
i
t0 :— T1 '—'4 I tl
l— To —|
U
U, — Modulator m Averager | I
y
I LITL
U . Converter
X

Fig. I11.2 Pulse Width Modulation

Another set of electronic meters implement the transconductance method to
measure the power and hence energy. In this method (figureIIl.3), the current in the line
is measured by the voltage developed across a shunt and the line voltage is measured by

using a voltage divider. The shunt voltage and the potentiometer voltages are multiplied
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electronically and a pulse train of frequency proportiona to the product is generated and

accumulated to indicate power consumption {11].

Shunt
L "I.I.I"l_rL..
— IC Multiplier and ,
Totalizer
Voltage to Frequency
R, Converter And Display
[;o er Suppl
R, l W pply

Fig. II1.3. Transconductance Energy Measurement
As in the analog case, if we decompose the current and voltage wave forms into their
harmonic components [12],

NH,
V=V, + ) Vsintho, +¢,,). [II1.28]

h=]

NH,
1=1, + ) I, sin(he, + ¢y ). [11.29]

h=1
The power spectrum obtained by multiplying the two termsis of the form.
2NH
P =P, + ) P,sin(h®, + 0, ) [111.30]

h=1
The summed term averages to zero for afull cycle and the only term that contributes to

the energy measurement is,
- VhIh
P, =V, I+

h=i

cos(0,, —0p). [1I1.31]
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Only current and voltage components of the same frequency contribute to the energy

consumed. In digital measurement of regular interval sampling, theory dictates that

frequency components above f, /2

( where £, is the sampling frequency) cannot be

resolved. This leads to the effect known as aliasng where the frequency component

above f /2 appear between DC and £, / 2 and athough the original wave form cannot

ke reconstructed, the averageenergy can still be recorded. However, the accuracy will be

affectedif,

o higher frequency componentsare aliased to DC,

o freguency components are adiased to top of other frequency component producing

interference,

e signal isnotin steady state.

Table 111.2 shows the results of error measurement performed on a class 2 sampling

electronic polyphase meter under different voltage and current distortion [ L3].

Table1112

Class 2 sampling watt-hour meter error under various conditions. Fundamental power
factor = 1. Worst case values selected. [13]

Test | Voltage Current %Error (Wh)
1 Fundamental Only Fundamenta Plus 10% 3rd Harmonic -0.14
2 Fundamental Only Haf Wave Rectified +0.88

Fund + 5% 3rd + 6% ,
3 5th + 5% 7th + 1.5% | Fundamental Plus Harmonics +0.1

9th 3.5% 1th" 3% ol |

: ' roportional to voltage

13th. prop “

4 Fundamenta Only | Phase Fired at 90 and 270 Degrees. | +0.46
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By carefully selecting the sampling method and frequency, much of the errors in
energy measurement can be reduced to a negligible quantity. If the sampling frequency is
chosen to be asynchronous with d| harmonics, the DC aliasing can be avoided. Similarly,
by introducing a third or fourth order low-pass filter prior to detection, sampling
frequency can be chosen such that none of the band limited harmonics can interfere with
each other. Some form of low-pass filtering is necessary to avoid RF and transient
interference as well. At first glance, the sample-and-hold in analog to digital conversion
should aso produce error measurement that is dependent on the interpolation method
used to reconstruct the signal. This however is not the case since the error depends on the
position of the wave form and with the sampling frequency not related to the main
frequency, the sign of the error varies. This variation will eventually cancel out provided
that the approximation method is not biased towards any error direction.. The time
required for this zero averaging is of course dependent on the magnitude of harmonic
distortion [14].

With the rapid growth in the integrated circuit manufacturing technology, it is now
possible to incorporate multitude of functions into an electronic meter with the use of
microprocessors and memories. The same measurement principles utilized for watt-hour
measurement can be extended to obtain VAR, peak demand and other quantities. The

errors in these quantities are subject to similar conditions.



I1I.1le6

1.4 Conclusion

The effects of higher power rated electronically controlled loacls are not only
confined to power quality but revenue as well. 1t has been shown in this paper that both
the induction watt-hour meter and solid state meter registrations show error when
subjected to distorted voltage and current wave forms. It is clear that the question of
who is paying for the harmonic power cannot be answered in an universa basis, the
design of each meter (both analog and digital) can make the registration error either
positive or negative. Furthermore, the load conditions and the phase angle of the
harmonic current and voltage play a significant role in meter registration. Although
designed for power consumption measurement at fundamental frequency only, the
induction watt-hour meter has proved resilient enough to withstand harmonic distortions
to some extent. If designed appropriately, the electronic meters definitely have the
advantage of being able to record power consumption at higher harmonics. With the solid
state combination meters rapidly replacing the analog counterparts, more attention would
have, to be paid to the frequency characteristics of the electronic meters to obtain a more
universal model. Thus enabling the utilities to make appropriate adjustments to rate

structures under non-sinusoidal power consumption.
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CHAPTER IV

ARC FURNACE AND THEIR EFFECTS ON
ELECTRIC POWER QUALITY

LING CHUNG

V.l Introduction

Arc furnace is a modern technology that makes use of electrical energy
on metals melting and refining metals. It has traditionally been viewed as a
"dirty" load by power supply authorities. The randomly fluctuation currents
drawn by the furnace can cause disturbance in voltage of the power supply
system. These can results in annoying lamp flicker, particularly when the
fluctuations contain frequency components in the 6 to 14 Hz range since

human eyes are very sensitive in this range.

Traditionally the effects of the electric arc furnace on power supply
system have been kept within acceptable limits by either supplying the furnace
from a high capacity point in power supply or by installing reactive power
compensation device. These methods are relatively expensive. A low cost
alternate way is discussed in Section 5 which is using direct feedback control
on flicker, with a flickermeter as the feedback transducer and the furnace

transformer tap changer as the control actuator.

Section 2 reviews some general characteristics of arc furnace that
includes AC and DC type of the furnace and the source of fluctuations in the
system. Section 3 describes the space limitation of charge particles and the
Child-Langmuir's Law, the stages of operation and the furnace operating point

on an apparent power plane. Section 4 and Section 5 describe flicker
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measurement and the control of flicker levels respectively. Section 6 covers

the conclusion reached.

I1V.2 General Characteristics of Arc Furnace

Three phases AC arc furnaces are commonly used by the steel making
industry due to their simplicity and relative low capital price. Figure 1V.I
shows a three-phase AC furnace configuration. The capacitors on the high side
are used for filtering and power factor correction. There is a control device on
the low side to control the high density graphite electrode positions to reignite
extinguished arc furnace during operation. The conflict of delta connection
and neutral connection may be resolved by using a ground delta. There also
have filters on the high side to limit the harmonic impact of the furnace
especially the third, fifth and seventh harmonics. The harmonic impact and

control in power system are discussed in Chapter |.

Ao CT
290 e
8 e * —
N ’ cT
M
o |1
- - - W o1
—T[— I —__[__ L ™ AC fumaca
; : - T |
A
Jn [}
to conloller -

Figure IV.l Three phase AC furnace configuration [1]
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Figure IV.2 shows a DC furnace configuration. Although it has an
overall higher cost due to the price of high power semiconductors and AC line
filters, it has a higher efficiency and better control characteristics. In the
electrode circuits, direct measurement of the electrode voltage and Hall
effects' devices are used to sense the currents are used. These signals are then
used for electrode positioning control and as the gate signals in the forced
cornmutated rectifier supply. The rectifier supply may be six or twelve pulse
units and the later favors for high power furnace. Harmonics filtering is more
effective since harmonics in DC furnaces are concentrated at (6nxl)w,,
n=0,1,2... . However, there still will be frequency components in the supply at
frequencies below the supply power frequency, and at non-integral multiples

of the power frequency due to the random nature of the arc.

a1
W 6 pulse -;—
T |
{ bridge B
ST |
| — 2
ST |
controls

Figure 1V.2 DC furnace configuration [1]
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An electric arc is an electrical discharge in a gas. It is characterized by
a low voltage, high current and the relationship between voltage and current
are non-linear. The non-linear relationship between the voltage and current
causes the harmonics to the power supply system and the random change of
the arc path usually leads fluctuations in the power supply system. These
fluctuations in current and voltage have their largest magnitude during the

initial few minutes of the melting of the scrap. The main reasons for this are:

1. The furnace atmosphere near the electrode tip is relatively older and less
easily ionized during the initial period than it is later in the melting and

refining cycle.

2. Arcs intermittently fail to reignite. The electrode height regulator then
lowers the electrode until the arc does reignite and this results in frequent

single phasing and shorting of one electrode.

3. Changing shapes and random movements of the scraps during the beginning

of melting.

4. Interaction among the three arcs (AC only) due to the associated

electromagnetic forces.
I'VV.3 Space charge limitations and furnace operating points
When plenty of electrons are available from the cathode, the negative
charge of the electron cloud near the cathode tends to repel electrons just

leaving the cathode, thus limiting the attainable current density. If electrons
leave the cathode with negligible kinetic energies, and ignoring the effects of
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positive ions, the maximum attainable current density can be estimated from

the energy conservation equation and the Poisson equation :

%mevg =ed(x) Iv-1
¢ _ ne__J

Iv-2

d? €  Vebo

Where v, is the electron velocity, ¢(x) is the potential difference from cathode.
If L isthe electrode spacing and ¢, is the voltage difference between the them,

it can be found by using the above two equations that the arc current density is

3
_ 4e, 29/

2e .2
J= oLt e dF o L—z- 1vV-3

This is called the "Child-Langmuir Law" [2] and can be used to predict the
electrode positions and the applied voltage during the initial operating stage of
arc furnace. As the scraps melting down, the increasing of ionized gas around
the arc will change equation IV-3. However, there is an azimuthal magnetic

field around the current path, B, = pI/2nr that induces a radially inward

force, JxB, and help to stabilize the arc.

There are many limits of arc furnace operation. The first one is arc
stability. To keep the arc ignite, there must be a sufficient large voltage
between the electrode and the scrap. If operation of the furnace with a long
arc, low current and high power factor is attempted, eventually a point is
reached at which the arcs will not reignite. This is an arc stability limit and
occurs at a power factor around 0.85. Because of the relatively colder and less
easily ionized condition of gases around the electrode tips during the initial
melting stage, the limit of arc stability occurs at high current and low power

factor. When the electrodes are in contact with the scrap, the power factor can
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be as low as 0.15. It is usual to set the lower limit on power factor to 0.6 to

achieve a reasonable good efficiency of the furnace.

The furnace transformer MV A rating also is a limit. Figure IV.3 shows

the boundary of these limits on an apparent power plane. The shadow part is

the normal operating region of an arc furnace device. During the initial melting

period, the operating points are at the lower power factor and high current

region. Later on, as the scrap has been melted, the operating points are at the

upper left corner of the region so that a highest efficiency is attained.

Apparent Power Plane

power factor=

furnace transformer rating

Active Power

NORMAOL ORERATING
REGION

low secondary
voitage

0.6

/

high secondary
voltage

-
L=

Reactive Power

Figure 1V.3 Arc furnace operating points [3]
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Figure 1V.4 shows the input power versus time plot for a typical
melting cycle of an arc furnace. The cycle is typically of 100 rninutes duration
with two scrap charges. The period of initial low power factor operation is
only about three minutes per scrap charges. Most of the fluctuations are

induced during the three minutes.

PUWER

a2}

L

2 50 75 0

TIME [ MINUTESS

Figure V.4 Typical melt cycle

V.4 Flicker Measurement

The flicker level is usually measured by Short Circuit Voltage
Depression Ratio, SCVD. From Figure V.5, the SCVD can be defined as:

AVs _ X

= IV .4
Vo X:i+Xi+Xr+Xe
or
AVc et IV.5

Vo  Sf,
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Where S, ; and S,, are the short circuit power and system fault level power
respectively. For instance, the maximum SCVD for a 36 MVA furnace
operation on top tap based on a 50 MV A furnace short circuit level and a 3000
MV A system fault level can be calculated to be 1.67%.

OPEN CIRCUIT SHORT CIRCUIT NORMAL OPERATION
X Xy X
pee——Vg pcc——Vv avy

Xy

X¢ ¢ Xe

VOLTACE

avy
) AN
av, ’ N"\r/\,‘.«jx‘. t*"A/ AAN
v 5
T -

Figure V.5 Voltage change due to operating state of an arc furnace [4]

There is not general agreement in the world on the limit of flicker
levels. Many countries simply set their own limits. In Britain, the SCVD limit
Is1.6% and it is 1.8% in Sweden.

The International Union for Electroheat (UIE) and the International
Electrotechnical Commission (EIC) have developed a flickermeter that
simulates the response of the lamp-eye-brain chain of a standard man to
voltage fluctuation and produces a number of outputs which can now include a
quantity called short term flicker severity, Pst. Pst is by definition based on a
ten minute observation period. It measures the lamp flicker level. It is

expected that Pst will gain international recognition and support.
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It is found that the maximum values of Pst and SCVD are in the
relationship of: Pst = SCVD/1.40. For the previous example, the maximum Pst
will be 1.6711.4= 1.2. It is recommended to set the Pst limit to 1.0 for normal

operation and Pst value should not access 1.2 for maximum tolerance.

IV.5 Flicker Control

There are many ways to solve the flicker problem. Installation of
compensator using large variable capacitors is commonly used. These are the
static var compensators (SVC) or static watt compensators (SWC). However,
the costs of these devices are high. Because flicker is strongly related to the
furnace short circuit level and can be reduced if a lower furnace transformer
tap is selected, a cheaper alternate way to control the flicker level is limiting
the furnace transformer secondary voltage. Moreover, current variations are

also smaller at lower taps.

An automatic flicker control system is shown in Figure IV.6. The
system consists an UIE/IEC flickermeter, some modems and a tap changer
device. Typically, there are 19 taps with voltage variation from 230 to 520
volts. The signal response time of the electronic control system is about 80
millisecond and it 5.0 second to change one tap mechanically. Usually, the

minimum dwell time on each tap is 0.5 second.

The flickermeter generates a one minute P value that basically is same
as Pst value but with the time period of one minutes. The P data is then
transfer to the tap control device through modems. It is shown that there is a
mathematical correlation between the incremental flicker levels and changes in

transformer tap settings during furnace operation following scrap charging.
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This helps us in designing a more efficient control algorithm. A typical furnace
transformer tap changing rules are list in Table I'V.l. This method had been
used by some furnace plant in Australia and it did can control the Pst value

under 1.0.
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Figure IV.6 Flicker control block diagram
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Table V.1
Furnace transformer tap changing rules

One minute P < 0.95 : No change

0.95 < OneminuteP < 1.05 : Step down 1 tap
1.05 < OneminuteP < 1.15 . Step down 2 taps
One minute P 2 1.15 . Step down 4 taps

V.6 Conclusions

Arc furnace requires special attention from the power supply companies
not only because it generates harmonics but also it produces random voltage
fluctuation to the power system. The following relevant points are made in this

chapter:

1. There is an operating region for an arc furnace. A furnace operator could

reference the pointsin the region to achieve the best furnace efficiency.

2. Power factors can be used to adjust the operating voltage and current and

to maintain the arc.

3. Voltage fluctuation in an arc furnace operation is most serious during the
first three minutes. During the later operating period, since the charged
scraps are melted and more ionized gas is around the arc path, the arcs

become more and more stable.

4. The induced JxB inward force by the space current has a positive
contribution to the arc stability especially when there presents of ionized

particles
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5. The calculated short circuit voltage depression ratio (SCVD) can be used to
predict an uncompensated furnace system and during the period of
operation, the short term flicker severity (Pst) and the SCVD are in the
relationship of:

Max. Pst = Max. SCVD/1.4

6. Flicker level can be successfully controlled by adjusting the voltage of a
furnace transformer on the secondary side.
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Chapter V
Adjustable Speed Induction Motor Drivesand
the Impact on the Power System
Jinyu Yang

V.| Introduction

One o the mogt important applications of power dectronics is the control of rotating
mechine. Many users find that the adjustable speed drives provide higher efficiencies, better
soeed control, and more maintenance-free operation than other conventiona drives. This
encourages wider gpplication of these drives for bath ac and dc, high and low ranges of moter
ratings.

Even though ASDs have many advantages such as improve system efficiency ad
equipment reliability, enhance product quality and reduce product waste, reduce the noise leve,
and save space, however, these newer technologiesmay have detrimental effects on the quaity
o the AC sysem. Because of the non-linearity inherent in the semiconduct devices usad in
electronic motor drives, they require current from the power sysem that is nonsinusoida, that
means the AD acts as a generator of harmonic currents. These harmonic currents develop
harmonic voltage drops across the network source impedance, causing distortion of supply
voltage delivered to the ASD itsdf and to the other consumers in the area, and produce a
harmonic resonance condition to power system.

In this paper, severd control circuits for adjustable gpeed induction motor drives willbe
introduced, a the same time, the harmonic effect to the power sysem and the way to aosorb the
harmonics wi 1l be discussed.

\/2 Control Methods of Induction Motorsand the Circuit Configurations
The induction motors have a number of advantages. they are lightweight, inexpensive, ad
low maintenance compared to dc motors. They require control of frequency, voltage, and current
for variable-speed application. The power converters, inverters and ac voltage controllers can
control the frequency, voltage and current to meet the drive requirements. From the knowledge
of induction motors, we know that the speed and torque induction motors can be varied by one
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of the following methods
1. Stator voltage control
2 Rotor voltage control
3. Stator voltage and frequency control
4. Stator current control

1). Stator Voltage Control

From the torque equation,
3R r V?

2
sws[(R, + )+, +X,)2]
stator supply voltage, V;

Ti=

<

where
rotor resstance, Q;

dip;

synchorous speed, rad/sec;
dator resistance, £2;

gator reactance, Q;
rotor reactance, Q;

NP E R

we know the torque is proportiona to the square of the tator supply voltage and.a reduction
in stator voltage W produce areduction in gpeed. Figure V.1.[2] shows the typica torque-speed
characteristicsfor variable gator voltage.

Torque

1.0
0.8
0.6

0.4 1

Load torque

Speed. wm

Qws

i
0 0.2 04 06 08 1 Slip.s

Foure V.1 Torquespead charaderigics by daiar voltage conwol

The stator voltage can be varied by three-phase (1) ac voltage controlers, (Fig.V.2.a [1]) (2)
voltage-fed variable dc lirk inverters, or (3) PWM inverter. (Fig.V.2.b [3])
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Figure V.2b PWM inverter drive
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In the fig.V.2.b, the dc voltage remains congtant and PWM techniquesare gpplied to vary
the voltage within the inverter. Due to the dide rectifier, regeneration is not possble and the
inverter would generate harmonicsinto the ac supply.

2).Rotor Voltage Control
In a wound-rator motor, if we vary the externd three-phase resstor which is connected

to its dip rings, we can control the torque and gpead, because the torqueis proporational to the
rotor resistor. The typicd torque-speed characteristicsfor variationsin rotor resanceare sSown
in Fig.V.3[2]
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We can replace the three-phase resistor by a three-phasediode rectifier and a chopper as
shown in Fig.V.4.a [2] ,where the GTO operates as a chopper switch. The inductor,L,, acts as
a current source,l;,, and the chopper varies the effective resistance,

then R,=R(1-k)
where Kk is the duty cycle of the chopper{2]. The speed can be controllrd by varying the duty
cycle.

The slip power in the rotor circuit may be returned to the supply by replacing the chopper
and resistance, R, with a three-phase full converter as shown in Fig.V.4.b [2]. The converteris
operated in the invertion mode with delay range of ®/2<a<n, thereby returning energy to the
source. The variation of &lay angle permit power flow and speed control.

Again, by replacing the bridge rectifiers by three-phase dua converter (or
cycloconverters), as shown Fig.V.4.c [2], the dlip power flow in either direction is possible and

this arrangement is called a static Scherbius drives.

3). Voltage and Frequency Control
If the ratio of voltage to frequency is kept constant, the flux remained constant. Its

characteristics look like[2]

Torque
gy We2™> We3 > Wag
Speed, [
9 Weg w3 wWe2 wey B "
0.4 0.6 0.8 1

Fgure V.5 Torque-speed characteristics with Volts/hertz control

By varying both the voltage and frequency, the torque and speed can be controlled. There
are two possible circuit arrangements for obtaining variable voltage and frequency.

In fig. V.6.a [1], the frequency is varied by using a six-step variable voltage input
controller. The variable voltage input(VVI) controller used for this duty consists of a phase-
controlled.bridge, an auxiliary & cornmutating circuit, and an inverter bridge. Variable voltage
is operated by controlling the firing angle of the SCR’s in the phas-controlled bridge. This dc
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voltage is filtered by alarge de lirk reactor and capacitor before being inverted into variable

frequency ac by the inverter section.
The harmonic voltages associated with the YVI output axe determined by the low output

impedance of the voltage source inverter output. Typical voltage and current waveforms are
shown in Fig.V.6.b.[3]
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Figure V.6.a Adjugtable voltage and frequency contraller usng contralled thyristo rectifier
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Figure V.6.b voltage and current waveformsusing WI controller
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Figure v.6.c Adjugtable Vdltage and frequency controller using a diode bridge rectifier and dc chopper

Fig.V.6.c shows a sx-gep inverter drive in which the choppper thyristor THI is
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dternately gated on and then turned off by the forced commutating circuit. The pulsating output
voltage from the chopper is filtered and fed to the Sx-gtep inverter, and the average dc voltage
is adjusted, by controlling the ratio of on to off-timefor the chopper thyristor, and the inverter
controls the frequency. Due to the diode rectifier, regeneration is not possible and the inverter
wolud generate harmonics into the ac supply.

4). Current Contral

In an induction motor drive, there are advantagesin controlling Sator current rather than
stator voltage. Direct control the stator phase currents gives fast, effective control of the
amplitude and spatial phaseangle of the stator mmf wave, thereby facilitating highquality torque
control and rapid dynamic response. Fig.V.7 [2] is the torque-speed characteristics by current

control.
} Torque, Ty

lgy > lag> s3> tae

0 Speed, wm
wy

Figure V.7 Torque-speed characterigticswith current controt

The controlled current can be delivered by a current source inverter. Fig.V.8 [3] shows
one configuration of current-fed inverter drive.

i 3 S
”1._2:31-— ‘JI' \I ' s _.’
) ‘ m)
7 O Y Y xryYy T2
RECTER - WVERTER

Figure V.8 Variable-current control usng controlled current inverter(CSI)

The current sonrce inverter (CSl) controller congsts of a phase-controlled bridge and an
inverter bridge. Commutation is achieved by means of commutating capacitors and reactors.
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Variable voltage is generated by controlling the SCR firing angles. A large dc link reactor then
serves as a filter to provide a constant current to the inverter.

The harmonic currents are determined by the inverter output current and have similar
content to the harmonics associated with the voltage in the VY1 approach. Typical voltage and
current waveform are shown in Fig. V.9. [3].

VOLTAGE
(Line to
Neutral)

[N 4
V\{]
CURRENT M\

{Line)

-/

Figure V.9 Voltageand current waveforms usng C3 controller

Due to the nonlinear characteristics of static power converter and inverter, the load
waveforms are nonsimusoidal. However, these waveforms in the power line are periodic and
can therefore be represented by their Fourier series; and, since they have haf-wave symmetry,
only odd harmonics will be presented, and the waveform can be represented by

I(t)=2X1,sin(h©5t+0)
Li=I/h
where, h the order of harmonics, suchas 1, 3,5, 7.....
11 the amplitude of fundamental current

I the amplitude of hrmonic current

These are the thoretical valueswhich no circuit reactance or phase retard exist. However,
harmonic current amplitudesare afunction of the delay angle(a) and the conmmutating reactance
(X.). The typical values for harmonic analysisare [5]

Harmonic 1 5 7 11 13

Typica vaue 1 0.175 0.110 0.045 0.029

Then, how do these harmonic currents affect the power systm?

e e
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V.3 Harmonics Condderations

With the estimated 400,000 ASDs on+-line (7], the harmonic penetration level in the power
sysem is large, and thus the effects on the power system become important. Power system
problems such as communication interference, hedting, solid-state device mafunction and the
high risk of system failure can be the direct result of harmonics. It has been reported power
failures due to the system harmonics. On June 24. 1986, the Eurocan Pulp & M i a canada
experienced a mgjor failure of its sandby incoming 13.8KV utility tie circuit bresker [8]. It
resulted in fired and complete destruction of the unit. The investigation showed that the mgjor
cause of the circuit failure is the harmonic current.

Table V.l [4] shows some statisticsaf the system harmonic current distortion due to these
non-linear loads, ie, ASDs

Sit2: Retail Store In Hays, Kansas

Distortion: ¥Ymax: 2.45 Yavg: 1.50
Imax: 14.33 Javg: 9.68

Sits: Variable speed petroleum pump

Distortion: Vmar: 1.88 Yavg: 1.48
Imax: 124.06 lavg: 35.60

-
Site: Racic Station, Hays. Kansas
Distortion: Vmax 1.62 Vavg: 1.28

Imax: 31.30 lavg: 16.76

Site: Liverzl arts college
Gistcrtion: Ymaex: 2.54 Yavg: 1.65
Imax: 45.62 Iavg: 19.10

Slte: Cable manufzacturing plant
Distorsion: Vnax: 2.37 Vavg: 1.43
Imax: 12,27 Iavg: 7.50
Site: Distriduticn substatlon {n Wichita
Distortifon: Vcax: 4.88 Yavc: 0.94
Imax: 23.62 Tavg: 5.17

Site: Distribution substatfon in Wichita

Distortion: Vmax: 2.19 Yavg: 1.93
Imax: 5.68 Tavg: 2.70
Site: Distributieon Substation in Kansas Clty
Distortion: Vmax 3.17 Yavg: 2.19
Imax: 13.28 Iavg: 5.71
Site: Transmission substation
Distortion: Vmax: 1.20 Vavg: 0.58
Imax: 7.31 lavg: 3.0%
Site; Dtstribution substatfon
Distortien: VYmex: 2.02 Vavg: 1.27
imax: 41.75 lavg: 2.8 -

Table V.| Measured current digortion (%THD) in Kansas
We can find that ASDs are the man contributor to the sysem current distortion.
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Today, harmonic considerations for dmost any inductrial power sysem. command amost
as much attention as short circuit and overvoltage considerations. An absencedf atentionto SCR
generated harmonics can lead to pardld resonance a generated harmonic frequencies between
power factor improvement capacitive reactance and sourc inductive reactance, resulting in large
oscillating current currents and cause equipment insulation failures, capacitor fuse mdting, and
excessive protective equipment operation.

V3.1 Resonant Circuits

Power systems are made up of inductance, capacitance,and resstance. A combination of
inductance and capacitance in either series or parald sets up a resonance circuit & some
frequency. If we only had the fundamentd frequency to consider, we could design our power
systems to dways avoid resonance a this frequency. However, the nonlinearity of static power
converters produces equivaent currents of many frequencies. One of these may be near the
resonant frequency of circuit components.

The characteristic of pardle resonant circuit is high impedance to the flow o current
a the frequency of resonance. A seriers resonant circuit is low impedance to the flow of current
a the frequency of resonance.[5]

Let us look at fundamentals, we know that

E=IZ

where E voltage, | current, Z impedance

For any given I, E is proportiond to 2--important in parallel resonance where Z is very
high. Likewise

|=ViZ

For any given voltage, | is inversaly proportiona to Z--important in Series resonance
whereZ isvery low, | isvery high. For normal static converter operation, the circuit parameters
of inductance, capacitance, and resistance do not combine to be resonant a any characteristic
harmonic. Transformer, cable, and dismbution line is small and with norma transformer ,cable,
or distribution line inductance. The resonant frequencies are high. The natud frequencies of
power circuits are in the kilohertz range [6]. However, when power capacitors are added to the
system, the resonant circuits can fall into the range of equivalent frequencies normdly
encountered with static power converter. The frequency of resonant is
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N
fr= 2y LC
where
£ resonant frequency;
L circuit inductance, H;

circuit capacitance, F;

V 3.2 Determination of harmonic problems

Harmonics produced in the power systems must either be absorbed by the supply system
or shorted out by a filter at the load bus. If the amount of harmonic current required by the load
is insignificant, the harmonics produced can be ignored. A reasonable calculation to determine

the short circuit ratio (SCR) of the system with respect to the static power converter |oad:

system available short circuit (in MVA)

Short Circuit Ratio (SCR) = —
total converter rating (in MW)

If the short circuit ratio is more than 20, the probability of harmonic problems is low [5].
To determine whether the possibility of the harmonic problem such as equipment

insulation failures and excessive fuse-blowing, the resonant frequency can also be determined:

fr=h | o
where
£ resonant frequency;
fy fundamental frequency, Hz;

MVA,_  short circuit capacity of system in MVA;

CMVAR capacitor value in MVAR.
If the harmonic determined by this formular is close to the fifth, seventh, eleventh, or thirteenth
harmonics, there is a high probability of producing excessive harmonic voltage and high
oscillating harmonic currents. (9].

V.33 Solution
If the determinations indicate the possibility of harmonic problems,, the solution is to
provide alow impedance path at the load bus to absorb the harmonic currents injected into the
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system. Thiscan be done by providing a circuit consisting of acapacitor and reactor tuned to the

frequency of the harmonics. For systems with variable short circuit capacity and switched

capacitors, more than one possible offending harmonics may exist For such systems, we should

use more filters to eliminate each of them.

Let's look at an exmple [5] of a system using harmonic controlling filters. Fig.V.10 is

the one-line diagram of a sysytem which have harmonic problems before fifth and seventh

harmonic filters are constructed from the existing capacitor banks by adding reactors.

1 3

P

»f

-
J
I

]

CONVERTER
LOADS

LB —

I

10.2 MVAR 7.3 VAR
STH HAR TTH HAP.

5 ¢
|

Figure V.10 Simplified oneline diagram of system with have harmon problems before filters are added.

From camparison of Fig. V.l and Fig.V.12, we can find that tuning the capacitor has

reduced the oscillating current and "trapped the harmonic current from the static power

converters,. Figs.V.13 and 14 show the improvement in the voltage.

Major harmonics in Dercent of fundamental:

Sth = 24.20 19th = 3.18
7th = 24,19 23rd = 3.02
11th = 5.87 25th = 1.93
13th = 1.82 Z9th = 1.63
17th = 4.54 3st = 0.85

Figure V.Il. Bus B1 capaditor current before filtering

Major hamonics 1n percent of fundamental:

5th = 11.96 ieth = 0.66
th = .00 Zirg = 0.79
1ith = 4.31 z3th = 0.42
Bth s 7.3 Z3tn = 0.14
7th = 192 3202

Figure V.12 Bus B1 capacotor current ater filtering
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Major narmonics in percent of fundamenga): T2 nammics an percans of faceenial:

Sth = 2.3 ea s Q.19 ::i D ]"'

et HGIO® g e T

13th = 2,43 - Plth = gyl Sier o2 L3
Figure V.13 Bus B1 voltage before filtering Figure V.14 Bus B1 voltage after filtering
V.4 Summary

The technology of adjustable-speeddrive grows rapidly. It has a Sgnificant impact on the
performance and cost-effectivenessof the modem ac drive system. As a result, there is now a
rapid expansion in inductrial gpplication of the ac drive, and this growth is being accelerated by
agreater recognitionaf the enhanced performance capability. However, the adjustable-speeddrive
Isalso agenerator of harmonic currents of the sysem. More attention must be paid on the effect
of ASD to the power system and find ways to reduce the effect. One way is to &sgn and add
the harmonic filters to the circuit to prevent any excessvely high harmonic voltages or voltage
distortion, and to prevent any fuse-blowing from high oscillating harmonic currents.
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CHAPTER VI

MEASUREMENT OF POWER QUALITY

Brian H. Kwon

V1.1 Introduction

Power quality is the maintenance of proper voltage and frequency of an electric
power source. Power quality is of concern to industry, as aresult, thisis atopic which is
of considerable interest in industry at thistime.

According to Electric Power Research Institute (EPRI), over 1 billion dollar is
spent by the electric utility industry each year to maintain, enhance, and analyze power
quality in the United States.[5]

In an ideal electrical power system, energy is supplied at a single and constant
frequency, and at a specified voltage levels of constant magnitude. However, the uses of
nonlinear loads to the system such as static power converters, arc discharge devices,
saturated devices change the sinusoidal nature of the ac power, thereby resulting in the
flow of harmonic currents in the ac power system which can interfere the communication
circuits and other types of equipment.[4]

Power system distortion is not a new issue for many engineers and has been a
concerrt of power engineers from the early days. The goal for this paper isto define some
electric power quality indices and to look at some instruments that measures the electric

power quality.

V1.2 Power Quality Indices
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There has been many issuesrelated to harmonicsin power systems which threaten
the quality of the electric power supplied to the consumer. As a good example, |EEE
standard 519-1992 was issued to constrain the limits on harmonic distortion and to obtain
a high power quality. This standard is only a guide, however, many industries are using
thisfor the recommended practice. The recommended practiceis to be used in the design
of power system with nonlinear loads. The limits set are for steady-state operation and are
recommended for "'worst case”.

There are two criterions that are used to evaluate harmonic distortion condition.
The first is alimitation in the harmonic current that a user can inject into the network.
The second is the quality of the voltage that the industry must provide to the user. [ 5]

The IEEE Standard 519 puts two limits on the harmonic current distortion. First,
limits on the individual harmonic currents generated by the user. Second, limits on the
current Total Harmonic Distortion (THD) at the load bus. The THD is usually expressed

asapercent of thefundamental. Current Total Harmonic distortionis given by [5]

I
h
Inp = 12 (VI.1)

1

where

Iy, : the amplitude of the harmonic current of order h

I; : the amplitude of the fundamental current.

Table (VI.1) list the current distortion limits for general distribution system.[5] By
distribution system, it means from 120v through 69000v. For the subtransmission, or
transmission system, these values are slightly different. Commonly, cited figure of 5% is
dividing line between high and low distortion. However, 5% in harmonic distortion in
subtransmission and transmission circuits is usually too high to be tolerated. In this table,
the rate of Isc/I; isthe ratio of the short circuit current available at the point of common

coupling to the nominal fundamental current. [1]
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Harmonic Current Distortion {%)
Harmonic Order Total
Isc /T Harmonic
<11 | 11-22 | 23-35 | >35 Distortion
<20 4 1.5 1.0 0.5 5.0
20-49.9 7 2.5 1.5 0.8 8.0
50-99.9 10 4.0 2.0 1.2 12.0
100-1000 12 5.0 2.5 1.5 15.0
>1000 15 8.0 4.0 1.8 20.0

Table (VI.1): Limits of Current Distortion

Harmonic Voltage Distortion {%Z)

23-689KV | 69-138 KV | >138 BN

Maximum For
Individual Harmonic 3.0 1.5

Distortion {THD) 5.0 2.3 1.5

Table (V1.2): Limits of Voltage Distortion
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The second limitation, as mentioned above, the quality of voltage that the utility
must provide to the user. The IEEE Standard 519 specifies limits on the bus voltage of

the individual harmonics as well as on the bus voltage Total Harmonic Distortion. It is

given as [5],
sv
Vup = —h:; (VL2)
1
where

V1 : the amplitude of fundamental voltage

Vh : the amplitude of harmonic voltage of order h.

Table (VI.2) lists the voltage distortion limits for distribution, subtransmission and
transmission system.[5] While thereis no definite rule as to where the truncation point of
the infinite series in the definition for THD may be made, there are some guidelines: the
ANSI standards take a conservative stance and recommended truncation of the series at
SkHz. However, most practical, commercially available instruments are limited to about
1.6kHz due to the voltage and current transformers used and due to the word.length of the
digital hardware. One disadvantage about THD isthat it does not show the amplitude of
voltage and current. [1]

There are many problems caused by harmonicsin power system. Perhaps the most
serious problem is the coupling between power and communication circuits.[4] One
representation of measuring these problem is the Telephone Influence Factor (TIF). TIF
is a dimensionless value that often used to describe the interference: of a power
transmission line on the telephone line. In many places, telephone circuits are now pulse
code modulated, and the TIF will not indicate the interference level between power
circuit and a PCM circuit. However, many local telephone services are simply analog in

nature, and the TIF is useful for assessing interference in such cases. The high weighting
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factors are given to the harmonic frequencies which are sensitive to the hurnan ear. TIF

for voltage v(t) isexpressed asfollowing [5]:

\/2<th Y

= (VL3)
where
VRruMs : the root mean square voltage of the bus
wy, : the TIF weighting coefficient at harmonic h
Theinfinite sum in the TIF definition is recommended to truncate at 5.0 kHz according to
the ANSI standard 368 but a much lower truncation is often used in actual. practice.[1]
Table (V1.3) lists the TIF weighting coefficients.[S] From the inspection of the TIF
weights., it shows that the audio characteristic is most sensitive in the frequency band
2400 - 2880 Hz. The weights for frequencies which are more usually used in power
quality measurement are about two orders lower than those of cited band. However, the
magnitude of the harmonic signals in power system below thirteenth harmonic are
usually about an order of magnitude lower than those regularly encountered in the band
2400 - 2880 Hz.[1]

Another power quality index that are often used is called C-message weights.

They are used to get a reasonable indication of noise interference on the telephone line
from each power system harmonics. In 1960, the Bell Telephone System (BTS) revised
the C-message weight that had been published in 1919. The C-message weighted index

1f2<cb1h>2
C= th=l (VL4)

IRMS

for current i(t) isdefined as[1],

where
IrMs : the root mean sguare current

ch : the C-message weighting coefficient at harmonic h
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‘b | f(H2 | Cmse . TIF || b | f(Hz) | Cmsg | TF
1 60 | 0.0017 0.3 || 26 & 1560 | 0.871 8790
2 120 | 0.0167 10 57 | 1620 | 0.860 6970
3 180 | 0.0333 30 28 | 1680 | 0.840 7060
4 240 | 0.0875 | 103 29 ’ 1740 | 0.841 7320
5 300 | 0.1500 | 225 30 | 1800 | 0.841 7570
6 360 | 0.222 400 31 | 1360 | 0.841 7820
7 420 | 0.310 650 2 11920 | 0.841 8070
8 480 | 0.396 950 33 | 1980 | 0.841 8330
9 | 3540 | 0.489 | 1320 |3+ | 2040 | 0.841 | 8380
10 600 | 0.597 1790 35 © 2100 | 0.841 8830
11 | 660 | 0.685 | 2260 |[36 | 2160 | 0.841 9080
12 720 | 0.767 | 2760 T 12220 | 0.841 9330

13 780 | 0.862 | 3360 35 | 2280 | 0.841 9590

14 840 | 0.912 | 3830 39 2340 l 0.841 9840
15 900 | 0.967 | 4350 40 . 2400 | 0.841 | 10090
16 960 | 0.977 | 4690 41 | 2460 | 0.841 | 10340

17 | 1020 | 1.000 | 5100 42 | 2520 | 0.832 | 10480
18 | 1080 | 1.000 | 5400 43 - 2580 | 0.822 | 10600
19 | 1140 | 0.988 | 5630 44 - 2640 | 0.804 | 10610
20 | 1200 | 0.977 | 5860 45 2700 | 0.776 | 10480
21 | 1260 | 0.960 | 6050 46 2760 | 0.750 | 10350
22 | 1320 | 0.944 | 6230 47 | 2820 | 0.724 | 10210
23 | 1380 | 0.923 | 6370 48 © 2880 | 0.692 9960
24 | 1440 | 0.924 6650 49 | 2940 " 0.668 9820
25 | 1500 | 0.891 6680 50 ¢ 3000 | 0.645 9670

h = harmonic of 60 Hz

f =frequency

C-msg = C-message weights

T F = Telephone Influence Factors

Table (VI1.3): TIF and C-message Weighting Coefficients
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Table (V1.3) lists al'so the C-message weighting coefficient.[5] The C-message weight is
very much similar to TIF except the weightsc; are used instead of w;. These weightsare
related asfollows (11,
Sifoci = wy (VLS)
The TIF weights account for the fact that mutual coupling between circuits increases
linearly with frequency, while the C-message weights are free of thisfact assuming that
the mutual inductances between adjacent circuitsis essentially frequency independent.
In Europe, the harmonic Distortion Index, DIN, is used to measure of the power

system harmonic content. DIN isdefined as{1],

—_—

.
DIN = \jz - (VL6)
Vs

where

VrmMs = theroot mean square of the bus voltage.
=Vi+ V]
h=2

Using thisequation, therelationship between DIN and THD can be found as follows,

DIN? = h=2 (VL7

= —h=2 (VLS8)
Vi+ Y Vi
h=2
Since 3 Vi = Vi ¥ (THD)’, (V1.9)
h=2
2 2 2
DN = e (THDY - THD (V1.10)

Vi + V2% (THD)* 1 + THD?
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Take the square root on both sides,

(VI1.11)

or
DIN

THD VI1.12

= ;ll - (DIN)? ( )

For low levels of harmonic distortion, one can apply Taylor series expansion for
and +1 + ¢, which are 1-eand1+§

expressions of the form
1+ ¢

respectively; then, DIN = THD * @a- %(THD)Q). For small THD lessthan 5 %,
1>> %(THD)2 (VL13)

Then, THD and DIN become almost equal. From looking at above equations, we could
say that the THD determines the DIN or the other way around. The only advantage of one
over the other depends on the individual. The DIN becomes unity for a highly distorted
wave but the THD becomes infinite. Some engineers put more importance on one of
these indicative levels for this circumstances. Figure (V1.l) shows the relationship
between DIN and THD for the different level of distortion.[1]

Other often used power quality indices are I'T and KV-T product. I T product is

theinductive influence in the power system and isdefined as follows,[1]

[eT= 1fi(whlh)z (V1.14)

=1* (TIFp (VI.15)
where
wy, : the TIF weights
Iy : the nnscurrent at frequency f
KV-T product is the inductive influence in terms of the product of its root-mean-square

magnitude, in kilovolts, timesits telephoneinfluencefactor (TIF).
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> 1.0 - =
§ /
S3 / DIN approximately equals
s~ ‘/I/ THD for low distortion
W
© .

0.0 L —

0.0 1.0 2.0
total harmonic distortion
(THD)
Figure (VI1.1) : Total Harmonic Distortion vs. Distortion Index
Operator / interpreter _
S — S ' Transd Dcta link Inst
stem enser rransducer—, Dctalin nstrument
! _ 1 R ,-—————J <
U o o e e e e e e e e e e s e e e o — . — —— — — —— — — ]

Figure (V1.2): Measurement System
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V1.3 Power Quality Measuring Ingrument

To maintain an efficient and effective electricity supply, it is necessary to define
the levels of distortion that can be permitted on the power system. This need has resulted
to the development of a series of measuring instruments and techniques of steadily
increasing sophistication which leads to the microprocessor-based measuring equipment.

Any measuring system isformed by the appropriate connection of a number of
component parts as illustrated by Figure (V1.2).[2] The actual combination will vary a
little bit for different systems. Therole of this operator/interpreter is establish the need for
information, then the measurement required to provide this information is identified by
determining whether full or partial harmonic spectra, simultaneous measurements of
current and voltage, harmonic power and power flow, single or multiphase measurement
or other related factors. After identifying the measurement parameters, the measuring
system can be identified.[2]

There are some basic instruments used for the analysis of non-sinusoidal voltage
and currents. These are the following [3]:

Oscilloscope - Thedisplay of the waveform on the oscilloscope gives immediate
qualitative information on the degree and type of distortion. Sometimes cases of
resonances are identifiable through the visisble distortion that is present in the current and
voltage waveforms.

Spectrum Analyzers - These scan a range of frequencies to provide a
measurement of signal amplitude at all frequencies within that range. In other word, these
display the power distribution of a signal asa function of frequency. All the.components,
harmonics, and interharmonics of the analyzed signal are displayed. The display format
may bea CRT or achart recorder.

Harmonic Anavlizers - These measure signal amplitudes at harmonic frequencies

only. In order to achieve this the measurement is referenced to the fundamental frequency
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and allowance madefor any variationin that frequency. The harmonic analyzer provides
an output spetrum which is a specific subset of the spectrum of siganl amplitudes that
would be produced by a spectrum anlayzer covering only the frequency range containing
the harmonics. The output can be recorded, or it can be monitored with analog or digital
meters.

Distortion Analyzers- Theseindicate THD directly.

Digital Harmonics Measuring Equipment - Digital Analysiscan be done with two
basic ways:

(1) By meansof digital filter. - thisis similar to analog filtering. Dual-
channel digital signal analyzersincludedigital filtering. [n the setup
for a particular measurement, the frequency range to be measured
sets up the digital filtersfor that range. In addition, the bandwidth is
varied to optimize the capture of smaller harmonicsin the presence
of avery large fundamental.

(2) The Fast Fourier Transform technique- These arereal-time, very fast
methods of performing a spectrum analysisthat permit the
evauation of a big number of functions. Multichannel analog-digital
conversion and micro or mini computers are used for real-time data

acquisition.

V1.4 Example Calculation of Power Quality Indices

To illustrate an example in calculating the power quality indices we have the
following problem: A purely resistive load is located at a 69kV substation bus. At the
substation, the measured bus voltage was 69.1 kV and the fundamental load power is 16

MVA at unity power factor. Also, the third harrnoinic voltage measured was 1.0 kV line-

i s e e
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to-line, and the fifth harmonic voltage measured was 500 V. Find the THD, TIF, C-
message weight, and DIN for both the voltage and load current. In addition, find the
K-VT and I'T products. Assumethat systemis60 Hz.

Firgt, find thefundamental current, whchis,

P/3 16MVA/3
Il = = = 133.68 Amperes hase
YT UIB T 9.1k PETESper p

Theload resistanceis
_ 69.1x10%/43

= 298.42 Q per phase
13368 PP

Using Ohm's law, theamplitude of third and fifth harmonic currents are found,

[ - 1000/+3
> 20842

500//3
|, ="08.42

=1.935 Amperes/ phase =0.967 Amperes/ phase

The THD’s for the voltage and current are then found,

2 2 2 2
Vo = 0.5 +10° 100 _ 1 eoa L - 70.967% + 1.935

69.1 133.68

* 100 = 1.62 %

The TIF weights for 60, 180, and 300 Hz respectively are 0.5, 30, and 225. The TIF for

the voltageand current are same and | have calculated for the voltages,

TIF, = w/((O.S)*(69.1))2+ ((30)*(1.00))' * ((225)%(0.5))° _ 17574

N69.12 + 102 + 0.5

The C-message weight for 60, 180, 300 Hz respectively are 0.0017, 0.0333, and 0.15.

The C-message weight index for the voltage and current are same and | have calculated

for the current,
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_ /((0.0017)*(133.68))° + ((0.0333)*(1.935))" + ((0.15)%(0.967))’
V133.68 + 1.935% + 0.967°

C, = 0.0021

The DIN are found, however, the D M for the voltage and current are same and can be
checked by the Equation (VI1.11). Using the THD calculated above, | have calculated

the DIN,

DIN = 0.0162 * 100 = 1.619 %

V1 + 0.01622

Theindividual K-VT and I-T products are found using the TIF weights.

K-VT product I'T product

60 Hz (0.5)*(69.1) = 34.55 60 Hz (133.68)*(0.5)*3 = 115.77
180 Hz (30)*(1.00) = 30.00 180 Hz (1.935)*(30)*~/3 = 100.55
300 Hz (225)*(0.5) = 112.50 300 Hz (0.967)*(225)*~/3 = 376.85

KeVT, = 4/34.552+30 +112.5° = 121.44

laT. . = +115.77*> +100.55% + 376.85> = 406.85

total

V1.5 Conclusion

| have defined some power quality indices and listed some instruments that
measure the power quality. The power quality indices listed were THD, TIF, C-message
Weight, DIN, I-T product, KV-T product. Perhaps the most often used index is THD and
some of the properties of the THD are asfollows:

1) The THD is zero for a perfectly sinusoidal waveform.

2) Asthedistortion increases, the THD becomes indefinitely large

3) It does not show any information about the amplitude of voltage and current.
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For accurate harmonic measurements, the instrument must perform the measurement of a
constant harmonic component with an error compatible with the permissible limts. It is
also necessary to select the instrument based on the indication of its ability to separate
harmonic: components of different frequencies. In addition, since the bandwidth of the
instrument will strongly affect the reading when harmonics are fluctuating, it is
recommended that instruments with a constant bandwidth for the entire range of
frequencies to be used.[3]

The measurement of harmonics in power system has been considerable
significance because the need of monitoring the power system harmonic contents and
evaluating the harmonic distortion factors to check their compliance with the IEEE
Standard. Asfar as | am concern, this practice should be familiar tod| power engineers.
From the previously defined the power quality indices, perhaps it would nice to define

new power quality indices to further develop the power quality in the near future.
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Chapter VII
Lightning Induced Voltageson Overhead Distribution Lines
Dan Hu

VII.l Introduction

Lightning isan electrical dischargein the air between clouds, between separate charge centers
in the same cloud, or between cloud and earth. Only the last case may cause damage on power
systems. Lightning is the leading cause of damaging overvoltages on distribution systems,
because the insulation level of distribution is low([5]. It has been considered that lightning dam-
ageson distribution lines are caused by indirect strokesas well as direct strokes. However, exper-
imental studies [2] indicate that indirect stroke events, although less energetic than direct strokes,
may be asignificant problem due to their high frequency of occurrence.

Lightning is still more or less unpredictable. Different strokes may vary greatly in the ampli-
tudesand wave shapes of surge currents which they produce aswell asin their durations and mul-
tiple character, and produce different inducted voltages on overhead distribution lines. The
amplitudes of induced voltages may also differ in different lightning ground flash positions. How-
ever, based on statistical data, it is possible to study the general characteristicsof lightning surges
and the inducted voltages which they produce on overhead distribution lines.

The objective of this paper isto study the generation, characteristic and damages of lightning
inducted voltages on overhead distribution lines, and some methods to improve the lightning per-

formance are also discussed.
VI11.2 Lightning surges
The knowledge of lightning characteristics is essential for understanding the cause of light-

ning impulses on overhead lines. The following discussions are the important characteristics of

lightning and the effects of lightning surges on overhead distribution lines.
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M1.21 Mechanicsof alightning flash

The general pattern of a thundercloud is shown in Figure VIL.1[3]. Positive charges are
located in the top region of the thundercloud, and the negative charges are in the lower region.
Those negative charges induce positive charges on the earth's surface. As the charges increase,
the potential between the cloud and the earth increases, the electric field also increases. When

field strength exceeds the critical breakdownlevel, thelightning discharge begins.

Height in Km,

/'_::

ALY

“-Fositive rain "--Megativerain

FIGURE VIL1 Electrically charged cloud

Thefirst stage of alightning stroke is shown in Figure VIL.2.(a)[3]. The |leader stroke of nega-
tive charges advances downward, from the cloud to the earth. The leader stroke's average velocity
of propagation is about 1E+7 to 2E+8 c¢cm/s[3]. The voltage between the lightning cloud and the
ground is between 10 and 100MYV, and thefield strength may reach 50-300kV/m near the earth's
surface[9]. During the progression of the leader stroke, a streamer discharge develops from the
earth's surface and grows upward to meet the downcoming leader, FigureVIL.2.(b). This return
stroke which consists of positive charges flows upward to neutralize the existing negative charges,
Figure VIL.2.(c)(d). Thiscontact is like theclosing of a switch between the two opposite charges.
At this moment, the high current associated with lightning occurs. The initial return stroke travels
along the return channel much faster than the speed of the leader. It usually builds up from zero to
itscrestin afew microseconds and then decays quickly, but more slowly thanit rises. Table VII.1
gives measured and estimated results of lightning parameters.

Actually, this charged and discharged process may be repeated over and over, so that what
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appears to the eye as a single flash is really made up of a number of strokes, Figure VIL2.(e)().
Sometimes negative lightning surges may occur due to positively charged clouds. However, the
frequency of occurrence of this kind of surgesisless than 10% [7]. Therefore, most research only

focuses on positive surges.

2%3 + 3+ 444444

400

gt aty
Figure VI.2 Formation of lightning surge.
Par ameter In free space
Voltage (MV) 10-20-100
Field strength (k¥/m) 50-200-300
Time duration (us): Front rise 5-10-20
Back decay
Current strength (kA) 10-100-500
Temporal behavior Mostly overdamped
Spatial extent (km) 0.2-2-4

Table VII.1. Measured and estimated lightning parameters
V1.2 2 Theamplitudesand waveshape of lightning surge currents
In order to establish the amplitudes of induced overvoltages on distribution lines as a result of

lightning, it is essential to understand the amplitude and waveshape of lightning surge currents.

Although there is not one standard lightning stroke, it is possible to construct a general wave
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shape for stroke currents based on a large number of observations. According to the model of
lightning surge currents discussed in [9], the amplitude of a stroke current can be obtained by

using the following formula,

Where c -- the velocity of light
v -- the potentia difference between the two condenser plates, namely the cloud and
the ground or lines
D - the diameter of the charged cloud (in kilometer)
d -- the diameter of the stroke
E/a -- the average breakdown-voltagefield strength in the air
The general wave form for lightning surges is shown in Figure VII.3 [8]. The wave front of
the discharged current exists about 1-10 microseconds and the entire duration may approach 100-
1000 microseconds. The amplitude of surge currents may reach 100 -500kA. Therefore, alight-

ning stroke can be treated as a current pulse with high amplitude.
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1
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FI QURE VIL.3 Generalized wave shape of lightning-strokecurrent
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VIL.3 Induced voltageon overhead distribution lines

From the discussion above, it can be seen that lightning need not come in direct contact with
power lines to cause problems, since induced charges can be introduced into the system from
nearby lightning strokes to the ground. It has been investigated that for lines of 6.6kV or below
indirect stroke events may be a significant problem because of their high frequency of
occurence[2].

Asthe stroke leader approaches the earth, the electrostatic and electromagnetic fields associ-
ated with the main stroke discharge may induce potential in nearby lines. Voltageinduced on the
line will propagate along the line in the form of a traveling wave until dissipated by attenuation,
leakage, insulation failure, or surge-arrester operation.

Induced voltages caused by indirect lightning surges on overhead distribution lines are
impulses. There are many factors that may affect their amplitudes. Besides the lightning currents
discussed above, the positions of the lightning flashes, the configuration of overhead distribution

lines, and the manner of progress of lightning flashesare also very important.

VIIL.3.1 Induced voltage M odd

The complexity of the lightning flash makes accurate modeling very difficult. In general, the
amplitude of'induced voltage is considered afunction of the following parameters: the peak and
the time to crest of the return-stroke current, return-stroke velocity, line height, and perpendicular
distance of the stroke point from thelines.

A number of theoretical analyses and experimenta studies on the interaction between light-
ning and distribution lines have been carried out [2] {4]1[6][7], but some differences in predicted
induced voltagestill exist. Among those models, the Eriksson’s model is one of the most notable.
His model is based on the following assumptions:

(1) Only the electrostatic and electromagnetic components associated with thelightning return
stroke are significant. Bound charges and the effects of the creation of the stepped leader are




ignored.

(b) The conductor isloss-free and of constant height above a perfectly conducting earth.

(c) The height of the overhead line is small compared with the distance of a flash from the
line.

(d) The Length of the overhead lineisinfinite, so the bound effect can beignored

LEAOCER

RETURN STROKE

H GURE W .4Retum-stroke model QeOmelry.
Therefore, theinduced voltage V, at timet and at point x on theline (Figure M1.4) isgiven by

theforced wave equation:

Vv="U(x)+U(—x)

a—x

2((er—x) +
where U = Zyim { 5—— }x {1+ [B° ((cr—1x) +x)|
y"+B

(=) 2322+ (1-8) (24

where ¢ -- velocity of light in free apace
Bc -- velocity of return stroke
| -- return stroke current

and Z, = 1/4n /uo/eo =300
The peak voltage Vp isgiven by

1
V. = -
P ZOIh{ZyX|:1+

(x+By) }}

sz +2y% + 2Bxy — Bzyz

(2Bx +y) (2B%x + By — Bx)
[y2+ (2Bx + )2]>< 1+J 2,2 2.2
y y (x" +2y" + 2Bxy — B*y“)
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Therelations between B and | are assumed as following:

where B = 0.004/°% +0.063

B = 000410086+ 18

Thisisasimple model for the calculation of induced voltagesin adistribution line. However,
adistribution system is much more complex. It contains not only single-phase lines but also two-
phase and three-phase lines. Some of these lines are shielded by overhead earth wires. In such
cases, this model should be modified.

Some experiments show that the median amplitude of induced voltages on distribution linesis

arange of 25-30kV[8], and few overvoltages exceed 300kV[4].
M L3. 2 The wave shape of induced voltages

The general wave form of induced voltages is similar to that of Lightning surge currents.It is
shown in Figure VIL.5 [8]. The portion of the wave from its beginning to its crest is called the

wave front. The decaying part after the crest is passed is called the wave tail. The scale of thever-
tical axisisper unit of induced voltage based on the crest voltage.

10F--===-- P

usS

H GURE V1.5 The gener alized wave shape of induced voltages.
The comparison of measured and calculated induced voltage waveshapes has been studied in
(4], Figure VII.6. The results show that the amplitude and general characteristics of the initial

component are similar. The second peak in the measured wave tail, as the author explained, may



be caused by aleader branch.
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FIGURE VII.6 Comparison of measured and calculated induced surge waveshapes.

VI1.4 Lightning damages on overhead distribution lines

Compared to the overvoltages caused by direct strokes, the magnitudes of induced voltages
are usually lower. In transmission systems, the insulation is generally sufficient enough not to be
endangered by induced voltages. However, distribution systems in which the insulation level is
low, induced voltages are hazardous. When the induced voltage caused by lightning exceeds the
strength of the insulation, a line flashover results, causing either temporary faults or disruption of
services to customers. Furthermore, induced voltages generated on lines may travel along theline
and into transformers (some distribution transformers are connected directly to the overhead

lines) or substations, and may cause the insulation of the apparatus to break down, leading to

immediate or eventual failure.
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The place at which the most dangerous induced voltage occurs is still not quite understood.
Some theoretical analyses indicate that the maximum value of induced voltage is obtained at the
point on the line which is nearest to the lightning stroke{1]. However, experimental studies show
the induced voltages are most dangerous at the ends of the distribution lines, and :mustmore dan-

gerous at the poles branching the line than those at the neighboring poles{2].

VIL.S Methodsto improvethelightning perfor mance

VI11.5.1 Increasnginsulation level

The line flashover occurs when the insulation level is lower than the induced voltage. An
increase of the insulation, namely an increase of the capability of insulation to the withstand over-
voltage, will decrease dramatically the number of lightning faults, as shown in Figure VIL.7[4].
One of most commonly used methods is wooden poles. Wood, even in wet conditions, actsas an
insulator for lightning surges. The flashover voltage of wood may be estimated as 3k V/cm. Figure
VII.8 gives the impulse withstand values of the combination of an insulator and wood [1]. It
shows that if the wood length is enough to produce a withstand overvoltage greater than the insu-

lator, the wood alone determines the insulation level.
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LINE INSULATION LEVEL 0 v

FIGURE VI1.7 Calculation variation of annual digtribution line flashover rate

asa function of insulation level for ground-flashincidenceof 7.5 pe km?2 pe year.
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flashover voltage )

/<3kv em™!

length of wood

FIGURE VI1.8 Egtimation of the flashover voltage of wood.
(U ;= flashover voltageof insulator)

VIL.5.2 Ingtallation with earth wres

Theearth wires have been used on distribution systems to suppress induced voltages. An earth
wire can be installed either above the distribution lines or below them. Induced voltage ampli-
tudes may be reduced by about 30 percent in the presence of an overhead earth wire and an under-
slung earth wire can give a reduction of about 20 percent[6]. The number of flashovers per annum
for a given line length may be considerably reduced by using overhead shield wires earthed at
every pole, when the pole footing resistances are less than about 25 ohms[6]. The effects of an

earth wire are shown in Figure VII.9 [6].
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FIGURE VIL9 Freguency distribution of induced voltages.

(A) Due to strokes to open ground
{B) Due to strokes to earthed objects
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VIL5.3 Ingallation with lightningarresters

The function of a lightning arrester is to limit high transient overvoltages to save values. A
lightning arrester provides a path for the lightning current to flow into the ground, so that high
voltage will not appear. In normal conditions aarrester isa very poor conductor so the power cur-
rent can not flow through it. When alightning induced voltage appears it becomes a good conduc-
tor and a good by-pass for lightning current The actual protective effects of lightning arresters
and overhead earth wires have been compared in [2]. For 6.6 kV distribution lines, the protective
effect of latter which have 3.5 ground points per km are the same or greater than that of the former

of threeinstallations per km.

VIL.6 Summary

The lightning flash is a process of charge and discharge between the thundercloud and the
ground or earthed objects. Usually the characteristic of lightning surge currents is high amplitude
and short duration. For overhead distribution lines indirect lightning strokes are considered asig-
nificant problem because of their high frequency of occurrence. The induced voltage caused by
indirect strokes is also an impulse with high amplitude. It propagates along linesin the form of a
traveling wave. When the induced voltage exceeds the withstand voltages of the system insula-
tion, insulation failure can result unless adequate overvoltage protection is provided. The useful
methods to improve lightning performance on overhead distribution lines are: increasing the insu-

lation level, using an overhead earth wire, or installing lightning arresters.
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