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Various chaptem whim are onough to explam and

analyse the heading of the dissertatian*

'CHAPTER (1) gives the idea sbout, why reactive power

measuremont is necessayy for nonsinuscolidal supply system,.

CHAPTER (2) includes the literature review upto date,
which is essentially needed in the whole work of dissertation.

- CHAPTER (3) presents the various sources of nonsinu-
soidal supply and harmonic analysis and their suppression
in nonsinusoidal supply.

CHAPTER (4) includes two diffexant %echniques definé

e o et T

xeactive powar and measurement of reactive power fex non-

P Y T e s e i e

sinusoidal supply ayat&mi Also how pewer factor ¢an be

improved in each technique is daaciibed in this chaptex.
This chaptor gives the complete reactive power aﬁalvais for
nonsinusoidal supply syetems

CHAPTER (%) has the illustration éf both tegﬁniques
by taking two numerical examples. Which technique is
preferred mostly in relation with compensation of reactive
power components and power factor improvements also
discussed, |

CHAPTER (6) gives the conclusion that one technique
(1.0, Current Subdivision Technique) is ugeful than other
technique-in conneatian with complexity of the equations,

‘/fﬁgffggggfgfizfigizggf§Ez/gfﬁfﬁgkg1fﬁgggggﬁinetrumant in
meter, and readiness of compensation of reactiva power
N - - s e

components by ‘the Oparator.
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IMPORTANCE AND UTILITY OF REACTIVE POWER MEASUREMENT
FOR NON-SINUSQIDAL SUPPLY SYSTEM 3

The recent past development and increasing use of
power semiconductor switching devices for frequency or

_magnitude cenvaraion and control have beanzgrofannd impact

on modern electrigal power t&nhnuiagva tng~ma£5“§§§ecﬁ of ~

R it ettt s s sarembttocs ity

this development is the freguent use of nonsinusoidal voltage

sources supplying nonlinear loads at higher power level.

Not only it is necessary %o know accurately the actlve

power being delivered to the load under nonsinusoidal condi-
tiong, means must also be provided to determine and control
the reactive current or xeactive powexr so that losses in the
network can be minimised, One of the preblems of swiich
controlled systems is the low power factor generally asso-
ciated with them; Precision measurement of reactive power is
important because its compensation increases the power
factor. A low value of power factor indicates 2 number

of drawbgcks, most important of which are ingreased dimen-
sions of the generating, transmitiing, and switching equipe

ments, and increased line lossese

Two different approaches wize (1) Fourier Analysis
Technique, (2) Current Subdivigfion Technigue will be adopted
later to define reactive power for nonsinusocidal supply
systom. In each technique how reactive power is measured
by different reactive meters and how power factor is
improved by different methods for nonsinusoldal supply
system will also be described in dotall.
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(3)

X y TURE VIEW ¢

SUGGESTED DEFINITION OF REACTIVE POUER AND
POWER FACTOR IMPROVEMENT UNDER NBNSEWSOIDM
CONDITIONS 3

Ds Shagon [1]s A+ Ee« Emanual [2]; W. Shepherd § P.

Zakikihani [3]s N. L. Kusters and WeJeMs Moore [4] worked
under this heading. |

(2)

(3)

(4)

(3)

ELECTRIC WAVE DISTORTIONS t THEIR HIDDEN COST AND
CONTAINMENT s

Jobn Re Lindors [3] presented this paper under this

heading with detailed descriptions.

HARMONIC ANALYSIS AND SUPRESSION FOR ELECTRICAL
gﬁggﬁfa SUPPLYING POWER CONVERTORS AND OTHER NONLIN&AR
3

David D+ Shipp [6] woxked in detail under this title.

MEASUREMENT OF ?@vg POWER FOR NONSINUSOIDAL SYSTEMS t
famon Aparicio Lopez, Juen Carlos Montano Aéqueriﬂo

and Guillermo Redriguep~Izquierds [7] Leszek S. Czarneck
{8], [9] workdd undexr this heading andaiso suggested
ahout reactive power meter for nonsinusoidal systemo.

A COURSE OF MODERN ANALYSIS :

BEe Whitteker and G. Watson [10] described about fourier
series analysis of nonsinusoidal wave &n this book.



(1) KONLINEAR LOADS 3
{a) Roctifiers
(b) Controlled rectifiers
(#) Static frequency convertor
(d) Satu:cb le roactors
{e) Awc furnaces
(£) Electric arc weldors

(2) PHASE UNBALANCE SOURCES 1

{a) Single~pha$e411neaﬁ loads
{b) Single-phasc nonlincar loads
(c) Open delte transformer

(d) Untransposed flat configuration of conductor

{e) Blown capacitor fuse
(3) EXCITING CURRENTS 3

{8) Noxmal condition
{b) Overexcited condition

(c) Ferroresonancd:

{4) RESONANCES ¢
{a) Shunt
(b) Series
(5) OTHER MISCELLANEOUS SOURCES
(a) Switching suprgos
{b) Lightning
(e) Faults
{d) _Revaxa}ng. Jogging and broaking loads
(6) dece aad asc. chrpubts
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(1) NONLINEAR LOADS ¢t The effact on the supply system
of loads which inelude rectification will depend %o a

great oxtent on thfjd’a‘ gircuit parasmeters, The effect of
TANN (R~
a smoothing candnsxgnee in the d.¢. side of thyristors

causes aves of current in the a.cs supply. This

effect will als . with uncontrolled rectifiers and L
" ' N - M~
in fresguency converﬁoxa if they also uge a smoothinq ConRdn ~

tances

If the dacs load includes only a smoothing cepacitance
rathor than inductance, the agsce input current will flow only
during peak valtage part of each half ¢ycle. This chopped

GBS
that part of the cycle when the g.¢s supply voltage is

current wave‘?asuxe g)beause the current can only flow during

groater than the d.c. voltage across capacitors The r.m.s.

value of the égco current will be a function of the average

dece vValue roguired by the loads The duration of current
flow for each half cycle will dopend on the size of the
capacitor. A large capacitor will smooth the d.¢. very well,

The aqc@'cawrentAwulgﬁ will be shoxt and henee of large

magnitude,

wWhen niether inductance nor capacitance is used to
smooth the dece, the n.cs will be less distorted. A full
wave single phase rectifier, if loaded only with a resistance,
will have negligible distostion In its a.cs supply current.
When such loads are three-phase or controlled, as with a
R T e
phase back thyrigtor, distortion in the currxent wave will

e SN

'Ebsultq The actual wavesbaéa of a distorted current will

[ ]
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dopend on the rolative phase angles of the harmonics to the
fundamental as woll as to the magnitude of each harmonic.

An additional type of distortion asaociatad with the
thyristors namely the'commitation netches'. Thesc occcure

cach half cycle oo each phase om a typleal six pulse gsystem.

They are caused by the fact that in order to control the
output voltage it is necessary to force the conducting
thyristors into a nonconducting condition at an unnatural
point on the a.c, waves In oxder to do this 8o as to
commutate the current to the next thyristor it is necessary
to momentarily place & short circuit on the a.c. supply for
a few microsaconds. In érﬁem to 1imit this short circuit
current to an atceptable value, all thyristors rely on
inductances iﬁ the asce load and system. The larger this
inductance the less short tircuit but the longer 1£ must
exist to cause proper commutation, These commutating notchds,

which are’result of a necessary short circuitng of cach

phasa-af the system once or twiee each c§5§gwin a thyristor
drive, can be major source of wave distortion. The fregquen~
cles involved in these commutating notches are in mldeaudio
frequency range and highores They ¢an cause radio interference
(eiectromagﬁatic intexference) as well as the wave

distortion.

tihen the load to be controlled does not roquire dec.,
gatbrable reactors may be used for the controlled devico,
These are ironecore inductances which have supplemental
control windings. When a emall amount of d.c, is applied to
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thene extra windings the indudtance is roeduced significantly,
thus pegmitting more a.c. current to flows The dominant

- harmonic is the third, but when used in a balanced threew
phase configuration, this largely cancel sut.

The wave distortion caused by electric are furnaces
or welders is soldom analy2ed on a frequency basis becguse
of the randem nature of tho are cuyrentss These gre slingle«
phase phenomina on an instantansous hasis evon though they
may be thmea—bhaae devices and will average out over a brief
period of timey as throeephase loadss This type of wave
distortion is referred to as fliker becouse of its effect
- on\iiluminatién devicess

{2) PHASE UNBALANCE ¢ Phase unbalance is treated as a form ¢
wave ﬁiat@ztiang The unbalanced loads or unbalanced phase
impedences in the supply are the major causes. A single-
phasewresistive load will cause exactly the same smount of
phase unbalance, as a similar but highly reactive load, but
with 20° diffevence in phese sngles This is true even
theugh the apparent voltage of the loaded phase will not be
the same in cach case. This is because the unbalance in
all <ases iz the 1.Z drop cauéad'by'tha single phase load,
vhexreas the absexvad'waitage reduction on the loaded phase
is only the inwphase component of thls product.

When a singleephase load is also nonlinear, such as a
singlo~-phase thyristor driﬁa, thér@ may be harmonie problems
as well as phaae.unbaXance, A single-phase thyrister load
may have third order harmonics as well as others i.e. Sthy



Tth, 1lth; 15th ete.

| Another unsuspected source of phase tunbalance is a-
blown main fuso on a capacitor bank. Normally these do not
blow for individual can fallures and so are not usually
monitoreds However, should a main capacitor fuse open, an

unbalance inephase voltage result, If the capacitor ba nk
was providing, say a four percent voltage correction in
conjustion with its function of improving power factor.

) Then with one main fuse blown 2 two aatoént voltage unw
balange will_g§§§§§2 This could result in an increase in an
a+Cs Mmotor losses of aboud 8§ ¥,

(3) EXCITING CURRENTS AND FERRORESONANCE t Exciting

ke do not normally cause any wave distortion of conse-
. An sxception would be when, due'to a system upset,
high voltage occures. Exciting currents increase rapidly
with an increase in voltage. In fact, transformer standards
specify ?ﬁa% only 110 » neme plate voltage,the transformex

ghaula-n@ﬁ,¢vggggg@;g&fﬁfgf;fgggi_\ig othier words at 110 ¥
’/;;;tage the exciting losces may equal the normal full load
losses of the transfofmers At 130 % of rated woltage,
exclting currents may approach actual full-load cuxrent.
such;ﬁuzranta will contain over S50 » thixd and higher'ﬁarmo~
nics and the voltage will be seriously distorted,

Ferroresonance is another abnormality which occures
only infrequently, but when it does, severe wave distortion
and over voltage tan/ cccuzgs s Ferroresonance c¢an only ecture

~ /////)



when a conductor opens and one phase of a transformer
becomes energized through some system ¢apacitance. One orx
two hundred feet of cable can provide sufficient capacitance
to bring an ferroresonances Thus, a typical cause could be
a fuse blowing 6n the cable entrance to an industrial
service with a transformer of upto say, 5,000 KVAs The larger
the transformer and the lowes the voltage, the more capaci=.
(ﬂggggg,xggu1nsd_tahggggg;§g§§ggg§gg?p¢as However, neither
~8ize nor voltage should be assumed éu prevent the ferroew
resonance; becauss capacitive current as 1ittle as one percent
of the transformer magnetizing current have been known to caus
forroresonance with an unloaded transformer, There is no
exact amount of capacitance needed as with a true resonances
Thernanlinear-induatanée of the transformer®s magnetizing
impedance can lead to ferrorespnance over perhaps a 100/1
variation in capacitance. Ferm@mﬁsananqa once in existence,
it will probably continue until some piece of equipment
fails, Fa-rmifewmnm does not gonorally if the
transformer is loaded to more than 30 ¥ of itsfé;ifwcoaied
rating. Thaviargaf the series capacitanee; the more load
that is needed on the transformex to prevent ferroresonsnce.
Ferroresonance is not a single f¥equency phenomenon, and the
likely frequencies ave difficult to predict. Knowing the
likely frequencies would provide no additional insight into
their prevention. Preventlon consiste of ﬁyaﬁem arrangements
which preclude ever~gxciting a transformer through a seriss
capacitance and paintaining load on the transformer, and
when 1% does ’ immediately de-snergizing the other
phases of transformer.




(4) RESONANCES t True resonance are of a different nature.
They are linear phenomenas There can be series or shunt
esonance, When a shunt reosonance exists, vé:y‘little
current is needed %o build up a very i&rge.vbltage. A
series resonanceg, on tne:ﬁthaﬁ hand, Fequires very little
voltage for cause a high current to flow at the resonant
frequencys Xf tnaze‘waxe‘nu‘na&iiﬁear 1¢ads. rea&nanee

would never cause any problem,

The actual situation could bel worsed since the

eﬁﬁt@?’in'Qhe commutating notches must alse be considered,

This enaxg§ will be absorbed by the system at the resonant

fréquency and will make the system fring' at this frequency
Rt

following each notch, cach half cycle, aﬁd'an each phases

Series resonance is generally a delibéwatelv
designed condition. It 1o used o prevent $hﬁnt resonance frol
causing problems and to provide a controlled path for specific
harmonicss when an inductance is placed in series with
capacitor and the #aix'igtjﬁkffighnectedbetwean phases,
r"there will be series ra@an;ncé at that frequency. When the
reactance of the two devices are equal (but of opposite sign).
At this freoquency the inpddence le very low, consisting of
//’;;;: oquivalent reslstance of capacitor and inductor.

When resonated at a spocific frequency the nonlinear load
harmonic at thai froquency will largely flow in this circuit
and not out into the system. The rewnant circuits are
frequontly called trapse
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In addition to trapping a specific frequency, serios
resonant cizcuits act like inductances at’alx higher fregquet~
cless Thus there is no possibllity of ahunt.xesonaﬁeé 3
occurring at higher froquency. Hoviever, at lower frequencies
the trap acto like a caaauita: of a size larger than actual
and aome&hat propuartional to froquency. ?hua, tho resonant
freguency is lowersd by the trap inducsnce vhich is thexe/;e'

mako up tho sorles rosonante. -

Regardloss of whethor they are trappad or not,
capacitors will always cause an increase in harmonic voltages
for all harmonics bejow the shunt resonani £requencys

(5) OTHERS MISCELLANEQUS SCURCES : Most of the listed
miscallaneéus sources of wave distortion are not of a
continuous nature., Thekr containment is well understood

and they will not Bo discussed hare except last ltem i.e. d.c.
in a;c.'cifcuits¢ Uhen o minimum cost rectifier or thyristor

dosign resulits in riuifﬂ% daCs in 84ce ciromit, problems
¢an resuli. ﬁinc&»dQﬁ¢ can not boe transferred- between
windings of & %ransformor,it’ is ldgical that any dece 45 .
like an exciting current and not like a lvad current. When
dscs flowa'in a8 transformer, core saturation may occure and
cause the exciting currdnts to increase greatly. 0Odd
hasmonics will appear and ¢¢G$£&erabla voltage distortion
will be app&zant; These ‘excess exciting currents may cousge
fuses to blow on small or instrumentetype transformer.

Vary little d«Cs In acce cireculit can cause trouble because

the effoct is not related'%a the rated current of the circuit
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but rather to only thavaaé or two perxcent excliting -
current of the connected transformors.

HARMONIC ANALYSIS AND SUPPRESSION IN mwsstcxm, 4
SUPPLY SYSTEM 1 | /

Nﬂnsinusoidalyaupply system @o@giaxa bf several
harmonicss Therefore; study of harmonics in iz_is necessaxry
in correct measurement of various quantities. The prevailing
sources of harmonics aro fRom rectifioxs, d.cs motor drives
{dunveﬁtatsflnvartors}ﬁ uninterruptable power supplies (HPS),
cyclaconvertera,iégégguznaaes and/or any device with nonw
linear character{stits which derive their power from a
linear/sinusoidal electrical system@ Systems composed of
- these types of loads have the potential to daveiop harmonic
related problems and aze therofore prime candidates of
harmonic analysis study. More recent problems involve the
performance of computors, ﬁum&xi@a& controlled nachines,
telephana'intawfereaca arid dther sophlsticated electronic
equipments, wbich»are vary sensitive to power line pollusions
These types of devices may rﬁépnn& incorrectly to normal

xnputi)giva false signals or possibly not respend at alls

Harmonics are voltages and/or currents present on an
elactrigal system gt sonme multiﬁié‘of the fundamental
(normally 80 Hz) frequency. Typicsl values are the fifth
(250 Hz), éavmntn {350 Hz), eleventh (550 Hz) and so on.

To better understand harmnnic related problems, it is
necessary to undesstand how and whore harmonice are
generated which is explained carlior in scurces of wave
distootion.
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Converters generate harmoni¢ voltages and currents >
on both a.c. and dece sidess A converter of pulse number P

generates hatmonics principally of orders &

h = Pq On the d.ce side and
h=Pgeld  On the ascs side

g being any integer; Host HV d¢ converters have
palse number 6 or 12+ The émp&itudes of harmonics decrease
with increasing ordery the ascs harmonic current of ardex h
is less than I;/h, wheve I, 15 the amplitude of fundamental
currente.

Taking example of Figs (1), & sixepulse, six-phase

converter is shown in Fig. 1{a) and Figs 1(b) indicates wavefo
for the d.¢. current and the corresponding a.c. 1ihe current.
The square a.ces current waveform represents a distorted
sinusoidal waveform rich in harmonic content which can be
separated inte componecnt using fourier analysis techniques

Fourier series for this wavefomm is N
p N T 3
WAL 4»~>9ﬁﬁL»-—-i>/f’““‘\wg‘

~ o e~ \rg«t‘{ﬁ 4

ac ¥
+ % 008 TEh - %-1- Cos 118 + -}5 Cos 13 Seweas) (1

The higher order terms are the harmonic componentss A similar
fourier analysis of the distorted sinusoidal waveforms of
other harmoni¢ generating @quiﬁm@ht as mentioned praviously
vwill yield similar harmonic components.
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Figs .1_ (b)
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Rectifiers and other similax ﬁammanic generating -
equipment are represented as cuxrent sources at each
hamonic frequency (arc furnaces gre represented as voltage
sources)s With reference to the previous faﬁrriar oxXpane

slon,the maxlmum theoretical harmonlc current magnitude
€§;7 from each converter is equal to the fﬁndamental froquency

- full load curxggiuﬁgﬁﬁikude divided by the ordexr of harmonic,

~ These harmonlc current magnitude arxe also functions
_of the number of converter pulses. The magnitude of the
5> 'syﬁtem\harmnnkﬁ voltaye are a resuld of the harmonic current
)”55 cﬁflawing back inta-the harmonic impedances of the as«cy system.
&)%%J”(?Tha order of harmonic<gurrent is np ¢ 1, where n is any
‘integer and p Ls thé nmﬁhék‘gf mumber of converter pulses.
| Thus, for a gix pnl&a“@aﬁveéﬁaxg th@-ard@z of harmoénics are
fift ., seventh, eleventh, thirteenth, seventeenth and
ninteenth, etes For a 12«pulse converter,; the order of
‘haxmonics aye llth, 13th, 23rd, 25th,35th, 37th etc. This
proceduxe, using a higher numbdz of phases for lower order
harmonic cancellation, is referred to as phase multipiication.
Although phase multiplication theoretically will cancel
noraal harmonics not of the order 'np ¢ 1', in practice both
current magnitude aﬁd phase angle wiil deviate enough to
allow only incomplete cancellation. Mostly 10 -~ 25 « of the
maximum harmonic¢ magnitude will remain. To be‘aa realistic
as possible, this factor sometimes referred to a a armonic
cancellation factor (HCF), should be included.



14

Additional reduction of the harmonic current magni-
tude is due to the series &Sﬁdﬁ@#ﬁ?& reactance between the
harmonic source and the utility supplys The larger this
inductive reactance is {commutating xeactance) the more it
impedes that particular harmonic generation. For example,
the maximum 5th hagmonic current magnitude available is
1/n = 1/9 = 0.2 per cent or 20 per cent {commutating
reactance = 0), However; due to aignifiaanﬁ Q%?nuf?ting

C,Pﬁg . ¥eactance, the actual magnitu&e may anly be 17 ¢‘? This
/ {  reduction may be referred to as cammutating reaatance
factor (CEF)

‘-

The final factor reducing 8 pa rticular hatmnnic
current is the per unit 1&&@4%@ {LDF) . 1f'a cﬂu#ertaz
is oniy 50 % loaded (fundamental component of éurrent)
then the harmonic curzent will only be 50 ¥ of its maximum
value on that oystem. For drives utilizing phase, retard
(speed) control, this loading factor is also proportional
to the a.¢s fundamental ecurrent component, but is not
necegsarily proportional to the decs KW 0r heps output,

The total harmonic cuxrent value injected into the
system by a particular device at each harmondc frequency
is then, 2/

C—% Kh “éﬁ/h) {LDF){HCF) (CRF) she ’ ses  (2)

where, FLA is the fundamental full load amperss of the
device and h is the order of harmonic,
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ANALYSIS TECHNIQUES ¥

Basic aystem ecnneetions {one line diagram} and

e — T T

impedances established. A harmonic analyeis study should

T —————————

analyse tbevqystem*undex study state conditions for normal
power flow and harmonilc curreént flow (sometimes veferred to
as harmonic load flow) for all h&rmaniea being modelled for
as many system switching conditions as requireds. A typicaly
range of harmonic f&@ﬁd@ﬂ@iﬁ& modeled may be from

5(250 Hz} to 37 {(18%0 Hz)g Ihe harmonic zesonant point

- B —

at a partiaular laéétian will probably differ undeér oach

.separate switching gondition, &0 all normal modes of
operation should be included,

cnnﬁinuaus&y carry 135 # of their nameplate rated (funda-

' (/ Power factor cozgection ¢epacitors are designed to

mental) KVA or KVAC (capacitive), 110 % of their rated
voltage and 180 3 of their zated current, exisiing
standard (13% » pending standard). This toverload! capa-~
bility provides margin for system over voltages andfor
harmonic voltages which may occure. The total loading qf
a vank may be calculated as the sum of KVA loading of the

fundamental and cach harmonics This may be expressed as

KVAC = I (VL) e E WVp2/%)  wee ees (3)

Whare,
h e funﬁamental or order of harmonic

V = fusdamental or harmonic voltage

I = fundamental or‘harmonic current

[:>< S ¢ B/ = fundamental ar harmonic reattah&ﬁ“\

- — — — -
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The c¢apacitoxs must aleo have sufficient dielectric
to withstand the anticipated peak volfages resulting from
the fundamental and the hammonics. This peak voltage is
pessimistically ¢a&¢ulatéd as the arithmatic sun of all
the eampuneﬂt."%fgagésiﬂat a8 T.ms6s value)

Vpeak = g:vh

The peak is used because of ﬁhe'?tandam' phase
relationships that exist between the various harmonic némba~
nentss The third loading factor is the totgl re.mess current
which connections; @ushingéf and othex components of the
copacitor bank must handles The current is caldulated as
1/2

‘ 2
i = {3 1.°)
h ‘h_

rms Ty res  (4)

Additiamal problems can arise due to hafmonics -in motors, |
lighting, ballast transformers and othor similar equipmmnt.
These problems are cssentlally excesclve heating due to
circulating hammonic currentss To evaluate thie effoct,

rms voltages ratheyr than peghk values are requireds Therefore,
rme vol tage should also Eecal@ula%ad and printed thrﬁughouﬁ
the systems Total rms voltage may be calculated using the
following equations ¢

' 21/2
Vms = (!E; Vh ) s {5)
whore h = fundamdéntal oz order of harmonic.

The detalled results of an hasmonie analysis study
should 4nciude the four maln points mentioned above s total
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capacitor bank KVAC loading, peak voltage, Tms curront,
and rms voltages The voltage and current values should
be provided at all critical systamé, locations ousceptible
to harmonic probloms, whore the¢ appropriate values may
be commred to the devices rating in question.

SOLUTIONS TO HARMONIC PROBLEMS @

The primary solution to any harmonic related problem
is accomplished by shifting the sysatem rasanant point to
some othar frequency not génezated by the electrical equip-
ment of the system. The simplost and least expensive method
would be to alter or bypass system operating conditions and
'_ procedure which willllead to harmonic resonances If this
approach is impractical or undesireble then quite often
additional apparatus is required.

The remedial measures invelving additional equipment
gencrally used to minimise harmonic effects include shunt
LC filters located at the harmonic source and tuned to
serles resonance at the troublesome harmonies. This approach
provides a low impedanc¢e path from the harmonic currents to
- flow with very ittle flowlng back inte the rest of the ace
systems Howover; a separate fiitéx may be required for
every mojor harmonic source, In other cases, where power
factor connection capacitors in the a.c. systom cause
resonance at the generated harmonles, thelr location or
size may bﬁ’zg;;;;i\%a eliminate the resonance, or series
reactors may bé added to detune them at the troublesome

resonant frequencys
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There are cossentially three different major schemes
which will accomplish adoquate filtering. Economic consie
derations &% well as the particular filtering requirements
for each case will determine which scheme is the most
desirables Quite often utility requirements for harmenic
content 4imposed upon thelr system will dictate which
scheme is to be useds Fng 2 indicates these schemes,

The least expensive and therefare‘mest desirable; of
theée‘thza& schemes is that of Figs 2(a)s Generally, a
@awa£ﬂ11y sexected tuning nﬁae%&; will be sufficient to
relieve harmonic resonance the c¢areful selection of the
tuning reactor 1s stressdd. If 1t is incorrectly collected,
the harm@ni@ froequency for which it is tuned will probably
‘ ké‘XbWﬁﬁﬁﬂ to acceptable lovels, but anothex harmonie fre-
‘quency may then become dominant with the resonant point, enl
being shiftad to ancther harmonic frequency present on the

gsystoms

Figs 2(b) is gonerally used when more siringent
{Savore) harmonie ¢antant‘rﬁqu1rememts are in offect. In
Figs 2(c) the two lowest and hest troublesome harmonics are
filtered it individually with one highwpass filter

uged ib‘fixter all nighér order of harmonics abéve these two
| hazmonics. | :

ﬁhan harmonice appear to be the éauee of system
problems, it is desirable to determine the system harmonie
resonance point. To determine this resonance point the
shoxt circult capacity at each caracitor bank location is
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. Fig- @) g Schemes” for
L fillering lhe Harmonics
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required. The equation h, = ¥ MVA/MVAC is a close approxi-~
mation of this resonance point where h, is the resonance point
per unit of the fundamental freguency, MVA is the short |
circuit capacity and MVAC is the Mvar rating of the unfilterec
capacitor bank at that location. This location is very useful
for an initial evaluation. If the resonance point is close

to one of the harmonic frequencies present on the system, then
possible harmonic related problems ¢ou d«é&éﬁéglﬁlﬂf,/»~“



authors [1], [2], [3] presented the approach based
on Fourter Analysis Technique and author [4] prdsentod the
approach based on 'Current Subdivision Technique', to
define reactive pewer-énd improve the power factor for
nonsinusoidal supply systems Authors [7]s {81, [9] and
author [4] described the measurement of reactive power
under nonsinusoidal conditions based on *Fourier Analysis
Technique! and 'Current Subdivision Techniq ue' respec-
tively. Therefore, reactive power analysis will be
performed below by these two techniques,

(4s1)

{(4s1.1) DEFINITION OF REACTIVE POWER
AND POWER FACTOR IMPROVEMENT
FOR NONSINUSOIDAL SUPPLY
SYSTEM &

Let a nonsinusoidal voltage source is connected
to nonlinear loads The instantaneous values v and i of
the voltage and current, respectively, may be generally
axpressed as



ey ‘
AT L_ st o
: :\“d\lﬁ - N

n n :
\///0-= V2 § V, Sin{not + o) + V2 § Vi Sin(mut + o ) ees {6)

The instantaneous current 1 contains the group of harmonlcs
prosent in the voltage v and & furthor g roup p not present
in the voltage, i.c. |

i =Y2 § I, Sin(not + o + %)WZ § Ipsm(pwh%mp) ses (7)

The average power P has the period T of the instantaneous

vi product and contain .ﬂniy the n harnonic torms.

1,7, o ‘
/? P = %é vidt = EV I, Goedy e ane (8)
,/ » . .

1f the valtage has a perlod T, and current has poriod Ty,
Wy\xhe apparent power S at the supply terminals 1s given by

“Sj\ })‘\‘ ~
T Ta, 0
1 e . 2 .. 1 ptep 2 e h
S0 - vT dt , EV,” 8l
T 9{‘ , = ?L»g {; [2 *Vn Sin"(nutea )

\'giz‘f i 2 , Te 2 | Ty 2 | | |
L. o ve d¢ e | ' '+ - ses |\
5 ; -3—-3,9 [®v .ﬂﬁﬁ-%;‘.é" 4% . see von (9)

D w2 cin2 L -
+ 2 ;:. Vi, 8in“(mot * an)+4 f vnsm(mut-n-un)% Ve

Sin(mwt + a_)]dt
& T"{gvz(m 20(mstsa)34F Vo2 (LeCos 2Amuteay))
= Q,g I ¥y 'os (nwtea,) fl o (l=Cos 2(motean,

+2»

fandl o B
e

vnvm(cw(nwwmmwnéaam) - cos(nmt-mtwnmm})]dﬁ



_Therefore, Ti—- g

21'
T m

2 P
V‘““-‘(f"n“'fm

Similarly ?i~ [ i lzxdt,u (i an + f ng)

2

n m : n , P -
.l ' 2 2 2 2, ‘ ' ¥
S0y S" = (i Vn + § v;m X ;ﬁ; 1?! * § IP ) S on (10)

While P and S both have the dimensions of volts multiplied by
amperes, they are totally different in character. The

¥ average power P has the physigal nature of power, where S .
P\ ) .
j@; ’ haa no _physigal ﬁatuxe at all, but is a-figure of merit
repreeantinq the energy transfer aapabiliﬁy of the &oad¢
‘\me——-’@\w__ P
. At The total apparont power S may be resolved into
el
\)u}“\ three analytical component defined as tha active apparant
f_;l"“‘(»‘ wm e e .
ffzﬁuﬁ- power sa, the true tﬁiﬁttva appaxent pawar s and the
1. : - I
e diatartiun power Spe where ST
2 Noa2B o 2
Sq ""ﬁvﬁgi 1,2 cos® @, # P ere  (11)
n ,n 5 on .
5x2”§Vn2§ 1,2 sin® g e (12)
2 B 2P o B N 2P 2
S =IVa } Ip—»@ivm(%%?xp) ees (13)

The components Spy Sy and S, sum to 5 as follows

32 = Sﬁz . sz + Snz " nne {14)

If for example, the voltage contains harmonics of order

-1, 2 and 3, and the resulting current contains harmonics

of oxder 1, 2 and 4,



R

N

5.2 = (2 + V211, %087, + 1,7C0s%,)

5,2 = ("x + VY )“1 sm"‘eil ¥ z2 sm2¢2)

e Sp
\\Q “Lu

2 e (v, 24 2 s VAP *12 4»142)

c‘“
ﬁ«ajﬁ’\ -
For linear iaads the distaxtian pawer Sp = Oy but S, S5,

. — T — -

A

. ———————r

are unchanged, Qﬂ and 5 may be thnught of as being related
to hypothetical current i, and i, flowing in the purely
resistive and purely reaaiive impedance branches of the

load equivalent cizcuit (from eqne 7),

n
ip = Yﬁizn‘m% Sin(nbt + a ) ses  (15)

n N -
iy = Yﬂ% I, &intwn_Coa(nwt-+ @) wes (16)

-———
= —

'A#\inatan%anegu$ inductive current will have nagative;7
amplitu&an Current iy and i, have the rms form.. (fhe

'fmrmula § v I sin;ﬁn has no sclentific basis, but is an
arbitrary mathematical statement so that

n ‘
Q = f ¥, I, Sin gin ¢ Sy  ass (17)
3\' ' .
)nf§;) , It does not ropresent any real physical quantity,

¥ and circuit compensation of this foxmula would not result

in maximun pdwer factor operation.

Aiaa; frequently quoted in the literature is the
term distortion power D given by

p? = 5% « P2 = Q% # 52 ees (18]
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So, D like Q, is an'axbitmary mathematiﬁalvvazue without
physical meanings Certainly one mey consider analytica)
components of S5, but %hera is no sclientific Justification
for chosing Q and D as defined in equation (17} and (18).

In any ciwguit* linear or nonlinear; regardlessof the
waveform, the power factor is the factor by which the
apparent power muist bo mul%iplled to obtain average power P,
(Referred to [1]). |

Power factoy =

Powexr factor represents a'figure of mexit of the character
of power consumptions Its low value indicates mainly poozr
utilisgtian of the source power #apaaityﬂnaedeﬂ by the load,
if cixauit compensation 15 sought in nonsinusoidal
clrcults, the maximum power faetor ig raalised by the
compensation of Sy, not Q e i VoInSin g, The serious
drawback of the reactive poweyr ie that 1ts compensation
does Aot lead in general to maxiamum power factor operatien;
For example; Q is for nonlinear load, characterised by
Eqns {6) and (7) should reduce to zero by connecting a
capacitance € in parallel with it. Then what is worse,
the power faétar may be detetloratad by the compensation.
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To illustrate this, let the mimerical datae for the source
voltage and the load currsnt in connection with equation (6)
and (7) will be taken later. Capacitaneé G is connected
parallel with nonlinear loady is/ \, Q /

,\/ A
o .
i zv, xn smgf \—/
C 51 i e (20)
n m
2 ‘ 2
Eqne (m) yields 8 msitﬁ.ve vaﬁgl’au t‘g;: 5’ éﬂ"ﬁf‘finm’tive
Mﬁmymb

character. The individual vlase anglie of the resultant

current harmonic¢s are given by

g = ten™t V’n,' oG + I, Bin ¢n_ ,
n s '
I, Cos ¢n
, " V. moC +« O , -
V' = ton PR o = tan™t @ = w/2 ... (20)
L9 ,
. ' .,‘(-U““;".*
NUMERICAL EXAMPLE ¢ .-~ '
| T
Given, R S

1= Vg = Vg = 100 V  all other harmonics = O
1,1 s 15 = 1A R, (T
#, == /3 rad = -60° - |
w = 314 rad/cec,
Solution: ees. From Eqn. (20), the capacitance C for
total compensation of Q is

314 100 x 1 4+ 100" x 7 + 100

zix‘)

= 1462 % w""” farads
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On substituting in Egqne (21), the phase anglos of the
rosultant hormonics aro ‘

931’ = ﬁ*- 5$¢5°,> g?'- - ¢9¢ e oo¥

Rooultont offoctive values of ¢tha cugront harmonics oro
coleulatod from tho oupgossions |

- . m s n o /2
'Iﬁ‘ =] (?nz ﬂawacg % g‘fﬁiﬂ: nsl Sin ﬁﬁ L 1”2} myc(zg;

'im* w2 (Vm tmﬁc} F T ¥ : ‘“.(23}

Substituting in Eqns {22) and {23), wo obtoin

LY = 0e986 A LY = 04338 A zqﬁ w 0,459 A

The calculated appaxent powors boforo ond aftor tho
componsation of Q are rospectively

. . 1/2,.2 . (2,42 |
Se (1002 4 3100% 4 200%) | (17 & 1%) o 245 VA
and : .

| /2 o R 4
s = (100% & 200% » 200%) (0,962 + 0,3882 + 0,450% 12)

m 200 VA
As the averagoe powor 18 not aﬁf@ct@ﬁ'by‘thg addition of Cy
it o roadily ceen that the power factor has tdoteriorated;
in thip onamploy though tho componsation of Qe

To elininato this drawback, rosetive powek oo given
before will be assumod t0 be Ytruo resctive povior! Sye whowo

8 B
52 @ z v,2 ; 1.2 sin? g ves  (28)

Tho word true moy oacily lood to the intozprotation
that a roal phyoical ontity Lo involvods Tho tornm 5y con nof
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be taially tompensated by msans of energy storage devices
if the voltage is nonsinusoidal, but may be reduced to
minimuk value #¢ Sy ..« The justification cleimed for this
definition is that minimizing Sy by means of {(linear)
storage devices leads to the maximim power factor. Power
factor of unity c¢an not be realised at all in s nonsinusoidal

circuit,

- However, an essential inadequacy of equation (24)

is that it is in general, discontinucus, and therefore, .
can not be truly minimizeds To appreciate this, a vezyif

large linear impedance is assumed to be added in parallel
with the loads Although the current may be considered to |
be unaffected, the group of harmonics that ia now pxaaent in
both the voltage and current is (n + m).. Iﬁa new value of §,
denoted S',, will be | |
2

(st )2 = eg vZ.tv 2)(% I.251n% +nogligible torms) .~(25)

2

8, is therefore increased di&a&n&inuouﬂlv‘by'tha term

L. | | | | |
ZVy? % 1,2 sin® g, Although the minimisation of S
by means of energy storage device leads; in facety to

@ relative optimum power factor, . the minimum value of 8,
may be greater than the original S, before compensation.

To consider a gpecific case, the general expression

for S'x after the addition of a capacitance C in parallel
‘with the load is first written as
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. n 2 m, 1/2 n . 2
si“(ivn*lzv;) x{i:(vﬁmcwxnsmqan) +
m . 1/2
z Vg o?w? ¢ ] oos ++4426)

m, minimization of eq. (26) with respect to C can be
done as below 3 " |

o (DEe1v)

@ {z{v nmci»lnsin¢n)24-§vzm2m2¢") 13/2

{iﬂm(v mC + I $1n€>n)4~§2 mwc]

for minimisation

%
as n
;-;’-‘mo,. i;zvz ech-gzvx m Sing +§zv2mm¢m9

or & PO
L VeI, sinf, )

Cem w» m B ——— Cem iy (27

n
.(iz n+£v2

n
n‘";“jvﬁ’z/ﬁ[(z ssn"’tp ) +

n 1]
fvﬁnzm202+zv2 m2c2+zzvxn&csm¢]’4



0 2 m ;
T T8 E 2 suy,

n ' n 4
( £V, nI,sin @ )2 ( £ 2v X, n sin §)? ‘]1/2”
(§ﬁa+zﬁ 'y (§$§+§ﬂm)J

(f z In n Sin ¢n)2 /2
’ * ] TR R T (23)

2?2 2
1 l -

m

Substituting the abéve numerical data in Eqn. (24) and (28)

we obtain
Vi = Vg = Vg = 10OV,
11 = Ig = 1A |
-¢1 2 ~n/3 rad = (= 60°)

w e 314 rad/sec.

| 1/2
sy = [ 100 (12 x 0.8679)] = 87T va
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1/2
2 + 100 ) %

2

s? = {100° 4 100

xmin

[12 10.867° =

S',nin DAY be thus greater than the original S, before
compensation. Therefore, the assertlon that 5, is miniw
mised by power factor optimisation 1o not, in genergl, truo.

NEW ANALYSIS OF THE APPARE!T POWER ¢
To remedy the abovezsalutian, a now analysis of the
appar@nt power [1] in terms of the components P, S ar S
is suggested as follows 1@
n
P = ;&j . V.ﬂ( T;n, Cos ¢ﬂ “h (29)
- n ~ 1/2 '
Sa =  Vamsl z 1,2 sin?¢g) . ees (300
; § ' .
o gD 2n 2, 2 2 P92
&caii:vmi.ln Cos” B, + V §1. +

b2

whexre both B and Yy vary from 1 t0 n.

| 1/2
(Vﬂly Cos g - V Iﬁ Cos ¢6]2] wan (31)

e
o Dl

In this anaxysis,‘P is the average power, QQ is designated
the quadrature reactive power, and includes all like fro-
quuncy and crose-~frequency reactive offects associated with
the quadrature components of the n group of harmonic

currents and S¢ is designated the complementory reactive
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power and includes the ¢ross—frequency reactivé effects of

{a) the inphase components of the harmonie currents
in the n group,

(b} the harmonic currents in the p group.

P2, sQ and scz

power, i.e«

add up ta the aquare of the apparent

N o n . p ;
2, Pyuger2, 042 2, 2, o2
< f Vo©+ B vm_)(i I, -*lﬁ Ip‘)] = P° s SQ + 85

One of the advantages of the above analysis aver
praevious ones ;a.thaé_the component Sq is continuous, and
its minimisation by parallel connection to the load of an
optimum linear capacitance Co pt of inductance | ogt_(dapenﬁn»
" ing on the load character) ieads.ta a maximum power factor.

is from equation (27) is

The expreesian fox cept
n
_ - % L VnI, Sin ¢
Copt, = ek e (32)
‘ £ Vﬁ2n2«¢ b v, 2mﬁ
1 1
Similarly
' g ' Vnz ?, th
Lopt = é 1 LL DR A o ey {(33)

b 2 28
<
o
ot

nIn § Sindn

A further interesting property of the new analysis
is that the addition of a lineqr capacitance or inductance
in paralliel with the load does not affect the component P
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and So« This confirms the above assertion that the capaci-
tive or inductive minimisation of S, results in the optimum .
power factor.

If Qop example a capacitance C is added in parallel to
the load characterised by equation (6) and (7), the general
expression for the apparent power in terms of C is

n o 1/2 n
5= (2 v,2 + v (z 1,2 + v, n%u%c? 4+ 2v, 1 nuc 51n¢ )
p 1/2
* ? Vha mzwzca + { Ipa} P we e {34)

The differentiation of equation {34) with respect to C
~and equating to zero leads to the seme C,,, as that expressed
by Eqn. (32). Similarly, when this procedure is used for an

inductance connected in parallel with the load, eguation (33)

for L opt is obtainad.

POWER factor properties in relation to capacitance
: . re _ _
compensation 2a'shawn in table No. 1,

Harmonic filters are widely used for power factor
improvenent in connection with dsc. transmission lines or
linkss This method can be extended te n voltage harmonics.
The eompenéation circult will have n branches in parallely
each branch with (n-1) filters in series with an adequate
indrtive element. Nonlinear capacltors and saturated
reactors are the best suited elcmnt to compensate ihe

harmonics generated by nonlineaxr loads.
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This new quadrature reactive power definition SQ
possesses clear advantage over previocus definition, as in
connection with power factor improvemont. As the lossless
devices are generally used for power factor compensation,
the minimisation of apparent power leads directly to the

optimum power factor.

this
An additional advantage of &he/direct approach is

that it uses the apparent power that is closely related to
economic and physical factors, This is in contrast to the
various reactive power definitions in which physical
meaning are obscuxe or nonexistonte As is well known the
apparent power represents the economic effort in terms of
the gﬁnexatian, transmisslon and switching equipment as well
a¢ the losses necessary to supply the power to the given
load. At the same time, it is esqual to tho maximum average
active power that could bo drawn from this effort.

(4&1.2) REACTIVE POWER MEASUREMENT FOR NONSINUSOIDAL
SUPPLY SYSTEM ¢

In some roactive power moters - such a¢ electro~
dyaamometors with a large inéuctive'impedanCQ in the
series with a movable coil, if one signal corresponding %o
the voltage or current is not a pure giﬁﬁ;ﬁﬁ:ethe accurate
adjustment is a problemy and the error is usually large »
Furthermore, if both signals sre not sinusoidal the measure~
ment will be totelly incorrect. Precision measurement of rea
reactive power is also important in order to standardize the
reactive loads. Based on the above considerations, a new

reactive power meoter is described for naﬁatnusoidal supply
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systems. Following two different methods are described

to measure reactive power for nonsimisoidal supply system.

(4.142.1) METHOD(I):

THEORY : This mothod [7] is based on the mathematical
process of orthogonality that applies to functions that can
be exprdssed by Fourier series.

Let us consider a system fed f£rom a nonsinusoidal

voltage source

n | ‘
v = EY2V, sin (nwt - «,) ess (39)
o N ‘

with the current given by
n L
i = I YE.Im 5in (mwt -~ Qm) +se  (36)
. | ) -

A ftéquency controlled Sin/Cos oscillator controllied hy

a stalrcase to got the hérmonic frequencies of (35) and (36)
makes it possible to gat a double series of terms ﬁlceaal
and,AlSin &y where Ay 1s a quantity proportional to the ‘
first harmonic amplitude in (3%) and (36) and @y is respective
harmonic phase angle. Algebraic manipulation of these terms

leads to the expression for reactive powerds

Let 5in rzet and Cos zwt be the signals generated by
the Sin/Cos oscillator, with £ = 1, 2,.4s Ke 1If we
multiply Sin rwt, Cos rwt and v, i to obtaln

n
Ky = I ‘VZ‘Vu Sin (nwt, - a.) Sin xwt ess (37
, o ,

n : g
Kp =X V2V, Sin (nwt « a.) Cos rut ess  (38)
S
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n | -
Ky = 2 Y2 1. Sin (mut - ﬁm) Sin rwt sen (39)
" | |
K4 & F Y2 I.m Sin (mt " B!ﬂ) Cost zwt e (40)
.. o :

If we integrated these functlons between the limits O and
2rn and impose the orthogonal condition, we obtain the
following expression

Vn J #
. g O
i ivi:amn_ 'n =

In this case we get

2%

= %—- f Ky dw t - -% j‘gﬂ §: Y2 v pSin(nutea, }sin mt dwt

- no
- ﬁé- '3 n g )%-avn[sin (nwt - ¢.) Sin ruwt] dwt.
T e o ' |

. 21: n | |
= -%‘- —%—-V {Cua({mr)wt»a )nCos((mr)mt.«-a Y Jdwt
Since Sin x sm y = [Cos(x~y) = Cos(xy)]

= % F“ va [Cos(~a,) =~ Cos(2rut - a.)ldut

wherenarw'm

t .
= &= fz" ; L2v_[cos ay = Cos 2rut Cos &, =Sin2mutsina,Jdul

::I%V [(Caa Gt - WCOB a
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= el TR x saw

B

L, = I N

3

¥l n . Y2 Vg Sin{nut - an;) Cos rwt dwt
> | .

4
8-

o

2% n ’
= 'ﬁl—- ,£ . ‘(2]2» gi Vmﬁﬁin( (nr)wtea,)

+ Sin ((n = rlet « a,)] dot

Since Sin x Cos ¥y = éism(xwhsm(my)}
1 T , .
= %u {;ﬁﬁ %. g vr{sgn{amt'a “m} » Sin “1:} duwt

26 yo T |
- 5 L2 £ vylsin 2s0t Coo @, = Cos2rut Sinay
- Sin a:} dut

= % %.- ;; v, { ana z:mt Cos aa_ . Sin 2rut Sinmg
—

2n
- {Sin ax,)w.t]
‘ o
Lz e £2 Vx Sin “1‘ “un nmua e (42)

Similarly,
La = “%‘2" It Cos _9]: TR Sou (43) .

L4 =m - 0%2 I!‘ Sin ﬁr KEsmew con (44)
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It is easy to see that 4f we realize the operations

Lg R ;3 - ‘“l. * La ey {45)
1 g U TR
o - é Ve I, 84n &, Cos P, + 3V, I, Cos o, Sin B,
We get,

3V, I, Sin (By = 8y = 3v, 1, 5ing,

l'whxch is the reactive power corresponding to the r harmonics
Total reactive power is sttained when summing algebraically |
partial reactive power of significant harmonicss The
operation performed by'

4 I V1 sing, - (a8

is the reactive power, except for a scale factor,

BLOCK DIAGRAM t

Figure {3) is the block diagram of the reactive
power meter. The system works with‘nanﬁinuseidazvsignél&,
expandable in Fourler series in which the fundamental
frequency is 30 Hz.

Here signals v and i given by equations {35) and
(36) are gated at the input of the multipliers 1, 2 and 3, 4
respectively. Frequency controlled Sin/Cos oscillator
generates the singals Sin ret and Cos rowt which are gated
at the input of the multipliers 2, 3 and 1, 4 respectively.
OQutput of these multipliers are the analog signals given by
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equations (37) to (40) denoted as Kyp Koy Kyp Kge The
controlled unit is realized with IC-CMOS generates the
difforent waveforms shown in Fig. (4) as presented by [7].
The clock frequency is obtained from the S0 Hz a.c. lines
The stalrcase signal E ¢ontrols the frequency of the
Sin/Cos oscillator. Sequence F allows the intrpduction of
initial conditions to Sin/Cos osecillator, and sequence A
controls the intogration perlod of analog signels Kys Ko
Ky and Kyt The analog signal G = (L X Ly =« Ly % Lg) at
the output of the differential cireult is the deteoted
partial reattive power -~ In an smagiaed casey and must be
aeéumulatad and added to othor contributions of significant

 components

Two samples and hold {s/1) etircuits and one summer
ciused loop perform the ana&ag mompry function that stores
the total reactive power 4in consecutive stops. This can
be obssrved in Fig. (3)« A sample and hold c¢izcuit in its
simplest form is a switeh S in series with a capacitor as
in Figs (3)« The voliage across ¢apacitor tracks the
~input signal du:&hg the time ig when a logie control gate
closes S, and holds the instantonecous value pttained at

the én& of the interval Tgﬁ When the contrel gate opens S

The final values Qpyr Qupos ssesee Of this aignal
corresponds to partial reactive power detetted by the ‘system,

Sequence H controls the 3/51 and the leading edges of
sequence I controls the S/H, which samples the output signal
J of S/iiy, the output signal K of S5/Hp is returned and



™

L,--oo---oow -—-‘4 LEREE BCE Y cL.o o @Yoy u{‘,’-}o—.q --b-ro-v sow Pi.-a L----. o o -

i .
..-boo-‘—--.o cndmee s wwmmeeo. o)y ﬂwa- nv’-u > WS > - > S - u.-I
:
s .

|
X |
H - e
4*_—_—_—.1-. ¢ W ar o - 'q\~~~00'4'
i
]
!

i

”t "’.1 /1———\4—-/
|

:
]

l
r & o

} ’ ' v “
. " ‘,..; . ---ﬂ4~-2- —ouﬂao -.w.q-}.-.- 3 -jde ~ .. --H. cem - OH. - o - .I'I. -
) i | | " | J PN . L
L | L oy | ' '
i ! - s
! N

fo {the

. )
Fe 8’ (4) Wave fOrWS c().rye..vponm; U4
Block Diex Q7



- 39
added to signal G for obtsining the accumulative value or
reactive powers The reactive power repetition rate is
dotermined by the pulses of sequence L. S/Hg controlled
by sequence M samples the output signal of the analog memory
and holds it during the period of sequence L. Sequence N
inhibits the input to the total system and controls S/ M4
which dbtects the statlc error of the xeactlve power final
value, This error is substracted from output of the S/H,
by differential circult and finally true reactive power is
obtained at the output texminal qf differential circuit,

(4.142.2) METHOD II ¢

Another method for measurenent of reactive power

N \ ,
Q= 2 = E V. I Sin g, for nonsinusoidal
Q f=1 Qﬂ‘ n 1 n'n ¢fl

supply system, consistes of transforming the lead voltage
and the load current frequency spectra by*muitipiyihg
both the voltage and the curzent of the load by pair of
quadrature voltages. The froquency of these voltages le
increased with reference to any chosen harmonic frequency
‘nwl of the léaa voltage by a constant value w;. The
products obtalined are next filtered by two mutually
symmetrical band pass filters which pass the signals only
ih.the‘viciniﬁy of the frequency wye The mean alue of the
filtex autput‘valtage<pxaduct is proportional to the harmp-
nics reactive power Qe



MEASUREMENT PRINCIPLE &

In order to select a singular harmonic component
from the load voltage of frequency wy and instantaneous
value

N : - _ )
v om V4 Y2 nﬁl V, Cos{nuyt - ay) see  (4T)

with the aid of nonadjustable filtex Fl’ which pagsses the
signals only in the vicinity of frequency wes the voltage
v is multiplied by the voltage v,

Va ﬁ V2 v, 8in ( hoy ¢ we)t | - ese (48)
where h 1§ a number from the sot [1, 2.+. Nl Thus we get
vi 4 my vy, =V2m VY, V, Sin (huy + wg)t

N . .
+ mV, gzi Vﬂrsin[(hwl + W + Ny )t - an] ess (49)

A component of frequency wg # O, selected from the
- Woltage vy, 1s related to only one V, value, indicated by
the equality n = h, if for any numbex n, h é [0, 1, +. N]

hb’l + M£ - mﬂl Q‘ e wf ' Y (50)
It means that thé frequencles

W W,y _
mf = (ﬂ“"h) "'a'%” = r"%" v b E‘[Qﬁ } R N) 'YX (51)
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are inadmiseible as filter frequencies, So its bandwidth
B must be less than mlfﬁg The center frequency w, of the
filter may be taken as the mean value of any nelghbouring
inadmissible frequencies i.es it may be equal to one of the

values
Wy Wy ‘ : ' o

Then the doviagtion of differential frequency hmx + e = Ny
from the center fraquenay“wg of the filtezr must be limited
by the folloving inequality.

o |
(wfmma) £ %41 -m-i-h e {53)

ac illustrated in Fig. (6)s

If in passband |uw - w,| < B/2 of the filter the magnitude
of its frequency characteristics K;(Jw) hac a constant
value Ki i.e4

"“5@1(‘*) |

Ky(§0) & 1K;(dw)|e 9oy (w)

4 K

1 en {&4)

in which eliw) denotes the phase shift aharactexiailés of the
filter, and Hf 1% attenuates the signals from beyond its
band, pass efficiently enough; then the output veoltage of
the filliter is |
Va 0 Klml Vﬂ Vﬂ Sin [ ﬁ)f‘t +* a:n - al(ﬁ)f)] Yy {55)
If the voltage v is applied to a load of
2(gowy) & z,67n ver (56)

bo impedance for hamonic frequencies, then the
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instantanéaus‘guzrani\ﬁﬁ the load is
LN |
e I +V2 nii In:c?ﬁ (rwoy & = ) sue  (57)
with (&, = B,) = % or Py = o, - 2 vee  (58)

Lot us multiply this current by a voltage vb_gf the same
frequency as the voltage v,y but shifted with reference to
it by an angle ¥, .04 .

Vp & V2 vy sin [{hw, + uglt + 7] see (59}
Their product vy has tho form

Vs myiv, = V2 my V, 1, S‘in{(ml + mf)t + Y]

+ My Vy niz I, Sin [(ho; & we » nsg)t 4 B, + 1]

+myVy I I, Sin [(heg + wg + o)t = 8y 4 yp] oo (60

1
wheye m, denotes a dimonsional coofficient. If this
voltage is filtered by the second filtex ng gimilar to F1,
which for |w - mﬁl < B/2 has the foilowing frogquency characs
texictics
w38, {w) | | 4

Ko{Jw) & Kpe = 2 - ver  (62)
Then ita'@utput\volﬁage is
Vq = Ky my Vy, I, sin fwgt + By + Yy = 85(0ed] 4w (62)

The mean value of the product of output valtages\vi and v,

measured by a8 moving coil voltmoter.
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, ., y o e
VA my¥, v, A %{’ my v, v, G%
Cos [a, = B, » vy = 8,(0g) + 65(wy)] sse (63)
@1{“’?) ﬁ inmf) ~ avsr  (65)

is proportlonal to reactive power Q, of the singular
harmonic component of froquency nw;

V o= KV, I,sthd =Kq, ves  (66)

in which .

Atcording to the shove considegations, the Qn
power meter has the structuro shown in Fige (7)e¢ Aside
from the threc multipliers and a moving coil volimeder,
the meter roquires a source of two voltages; shiftod in
relation to cach other n/2 phase angle, and a palr of
narrow pand pass fllters of wory similar phase shift
(altw) and 9@(«)) characteristics, However, there are
no speclal accuracy boundaries in order t fulfil these
roquirements. It iz worth noting oz wb:th considering, that
if tho load curront in multipllied by the same voltago Vgo
that the load voltage is multiiplied by it, then the averago
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network output voltage V is proportionsl to active power P,
of a harmonic component, but not to the reactive pawezy'_
If the moter is equipped with two memories My and M, which
store the output voltages V of the averaging network,

then the meter simultaneously provides two voltages
propertional to both the active and reactive powers.

442+1 DEFINITION OF REACTIVE POWER AND FPOWER FACTOR
IMPROVBAENT FOR NOMSINUSOIDAL SUPPLY SYSTEM 3

In this approachy the apparent power is divided into
- an active power component, a reactive power component,

and a residual zeactive power component. Essentially,
taking the val%éga»aa the reference, this reselves into
dividing the gurrent a5

(1) ACTIVE CURRENT COMPONENT  « which has the same
waveform and phase as the voltage ( and thus the
same waveform and phase as the current in & resistor
with the same volltage across it).

{2)(a) INDUCTIVE REACTIVE CURRENT COMFONENT « which has
the same waveform and phase as that of current in
an inductor with the $ame)vo;téga across it,

(b) CAPACITIVE REACTIVE CURRENT COMPONENT =~ which
has the same waveform and phase as that of the current

in capacitor with the same voltage across it.

(3) RESIDUAL REACTIVE CURRENT COMPONENT -~ either
INDUCTIVE or CAPACITIVE being that which remains
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of the total current after the active and the roespedtive
inductive or capacitive reactive current components have

bhoan extracted,

The actual maghitudes of the active, inductive
reactive, capacitive reactive components in the tétai
current are determined from the time averaged product of
the current and the xeferénme-w&vafarms Each. of théaa
quantities can be elther posktive or negative. When the
the capacitive reactive component of the current 1s nega-
tivey it cen be <¢ompletely compensated by a shunt capow
¢citoy of suitable value. Similarly, whon the inductive
éeactivé'componenﬁ\is negative, a shunt inductor can be
used to accomplish the samg result, The residual reactive
componenty having no reforence, &avalwavé positive and -
compensation by means of positive components 16 not
possibleg,

A similar breakdown c¢an also be made of course,
using the current as a reforence, with essentially the same
results, Howeve., since the voltage in a network is normally, |
maintalned more or less constant, with cuzrent as the
variable, and sinco the current is the quantity involved
in tranemission network losses, the voltage will be retained
as the reference hoargs

When sinusoidal conditions occure, the residual
component of the current is zore and the inductive ond
capacitiva‘reactxve compononts are dqual in magnitude,
but app#site»in\siga; Complete compensation for an
inductive load can be achieved by the application of shunt

capacitors and correspondingly, a capacitive loa
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capacitors and correspondingly & capscitive load can be.
compensated for with shunt inductor.

vitth a non-sinusoidal veltage and lincar loads, the
residual reactive component of the current 1s not nocew
searily zero and the inductive and capacitive reactive
current tomponents may be unequal, and both positive or
opposite in sign. An inducgtive lsad will have a positive
inductive reactive component and 3 negative caﬁaait&v&
reactive component, which is smailex in magnitudes Thus,
only partial compensation gan be achieved. A similar
result is obtained with a capacitlve load, With a combined
inductive and capacitive load, the induetive and cpacitive
reactive camponenta-mﬁﬁ-b@th the posltive and then no

compensation by pessive linear components is possible.

with g‘ainusﬂidai voltaos and a noniinear lead;
the inductive and capacitive peactive currents components,
if presenty will be equal but opoogite In sign, and a
residual yeactive component wlll also be presenty Complete
compensation is therefore possible by passive moans of
the inductive or capacltive reactive component but not for
the residual components | '

With a nonsinuscidal veltage and nonlinear load, the
inductive and ecapatitive resctive components, if present at
all, may be both positive or opposite in sign, and not
necessarily equal in magnitude. Partial compensation is
possible but then only if a negative component is present.
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MATHEMATICAL CONSIDERATIONS &

/

Let .
vy V be respsctively the instantaneous and rms
values of the voltage '

:’ﬁ ? be xespectively the instantancous and rms
vamma of dv/d¢

w @ bc mapm%iwzy the instantancous ams rms
values of tho alternating component of [v dt

1,1 be respectively the instantaneous ahd s
values of the current

APPARENT POWER 2
‘ !
Yhﬁ &939&;:3&15 power s = VE P b (66}
ACTIVE POWER L
T
“ma active power P = % [o Vi dt

oxr P=2/Tvipdte VI, aes (69) .

Whers ip &ﬁ;i Ip are rospoctively the instantangous and
xme ACTIVE CURGENTS {isces the attive powsy @msiments
~ of the total current i) and

Ved/TPa y 12, %f 1.2 at

From Equation (69), rms active euxrent

g (3/Twan
Zpﬂ % = i&v—n—m ene (T70)

for msistiw load R; im= J.p = v/R

2
Multiplying by V
g w2

Vige Yoo - v, since VYR=P



48

#

» « the instantaneous a¢tiv&-cu:xant i
1o =B Jv(d T dt)lvz o (T1)
P ye -g e

REACTIVE POWER 3
The instantaneous REACTIVE CURRENT 1 P . 1p
The rms REACTIVE CURRENT 1 = V(1% - 1, 2
The REACTIVE POWER Q = 7(s2% = P?
The zeactive current 1s further divided into either an
indugtive ox capacitive component and a awmamnﬁmgg

residual inductive oxr capacitive components Referring
to Eqns (69) and (70)y by definitione

Fhe-snseinduediva-gasetivo-guesens
The rms INDUCTIVE REACTIVE CQURRENT

I ql = { %'OJ‘ Vi dt)/V wesassnas {72)
and 4its imtmtanews value 3. v { %{T Vi dt)y/ Vz ”(73
The INDUCTIVE REACTIVE POWER Qq = VR4
oy e |
= V2LTFLat) 7 . {74)
The ms CAPACITIVE REACTIVE CURRENT I, (4T vi dt)/V

In applying those concepts, it 4s convenient o
dofline two composite froquencies
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Thus, for a voltage =«
v e Y2 { Vx Sin (wt + ¢1) + VQ sin (2wt + ¢2) + sauve

+ Vi sin (kot + )]

Ve {vlz * sz b wnius -,_;a'vkz)

Ve (/24 (/202 + seve + (V702
V= mﬁ\fzz + ;’!2?2)2 R TI gkvk)Q]

0y = wVf ﬂvxz + (vpf 2)% 4 vrres Wg/k}a]

or fﬁa"’ = V/ V{Vlz + ( 3%"'}2 + swenr # € ji%“ )3}

@
e ® wﬂ:vﬁ ¢ (2\!3)2 +oserse 4 (ng)zl/v

Hr --:'& = V[Vizé- (ZVQ)Q * segws 4 (kvk_)%/v

It is apparent that w £ wy § w, _ .
The INDUCTIVE REACTIVE POWER = VI = uy(§ {7 ¥4 at)
The CAPACITIVE REACTIVE POWER = VI, = {;%) R ,gT%'i dt)
The main walue of these composite f.revquenéies

~ however is that they can be used with either an inductance

I or capacitance € to obtain the equivalent impedance
under nonsinusoidal conditiens. Thus for an inductance

i‘ql = %,fv dt = V/L

and I, = V/L = V/m,ﬁ L (Since wy = v/ V¥ and

- JEPeTY Sy S ST B |



similarly for a capacitance

I eV = V,C ( Z equivalent = 1/u,.C)

qe =
| The instantaneous RESIDUAL REACTIVE CURRENT either
INDUCTIVE or CAPACITIVE, is obtained by subtracting the

corresponding lineayr regctive currents g1 OF 1., from

q¢

the total reactive current iqg

i‘q@r ] i;»q, - iqﬁ N ip - iq¢

= ¥{1 zp . ql )

w2 2 . 2

x@&r
xqﬁr

v (52 p2up? 1767/ 3)
Qe = ¥ (57 = 7%= Q) ¢ R, LFROY 1T R

v A A A
Application of this technique i.0s power factor
improvement ¢an be illustrated by consid exing the effect
of adding capacitance C in ﬁawallel with an inductance L
under nonsinusoidal voltage cﬂnditians. Fox such &
¢ireuit, the follnmﬁng relationships derived as shown

b@ioWQ‘.

The inductive reactive component of the total current
is given by

Iqlumr VY#&L ~ ViyC



=) §

where V/u,L  1s the inductive reactive component of
the current through the induclance L and

Vi,C 16 the inductive reactive component of the
curront through capacitance C

Vi, C can be derived from equation (72)
iy= $/Vat /T andi-c$ =
L™ Ty .
o T ETVI A Ve (§ [T v/ ¥

The remaining component of the current through C,

which is the residual inductive reactive component I gt 48

_ q},
orthogonal to the inductive reactive component and can be
obtalned from the total current Vo C through C by the

equation

Lie = VHWRD)? = (v0y0%] = verlug)? = (a)?)

The equations for the capaditive reactive and residual
.capacitive reactive current can be dorived similarly

Le

Tger = VI Gi? = G )% = ) VIGH2 - b2

- Ve £ =~ VoL

Iel, = V(Iy%e zq;ﬁ; = V(2% ¢ Tey?)
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Plots of these five currents ( 1*a¢ Iql* Igir’ chﬁ Iq@
and I(I )) against voriable ¢ for the varleus sombinations
of fundammntai and harmonic voltages are shown in Fige (8}.

To plot the five currents following quantities should be

calculated as below ¢

. . o A
Voltage v v v Wy o,

(Sin wt + Sin 208)/Y2 2 14581 2.2650 1,580

(Sin ot + Sin 3 wE)AV2 1 0.745/w 242360 1.342¢ 2424w
{5in wt + Sin 5 et)/V2 I 0.72}/w  3,606w 1+387w 3461w

(Sin wt + Sin wt | ) , :
. X 0+619/00 34160 1.6140 3.420
+ Sin 5 wt)/V3

For comparing purposes, these plots have been normalized

by setting w = 1 and L = ) and varying C from O ¢o 1, It

is present, in each that at C = O, a negative I . is present,

therefore compensation by adding C is pgssiblgfc The

optimum value is achieved when the total current I 1¢ a
minimum aﬁd this occures when Iqé‘n Os» The .actual
reductions in total current I that are realized by adding the
optimum value of C are listed b@l@ﬂa Here resultant ¢urrent I

will be ﬁqnal to residual ﬁapacitive reactive current I qor®
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PERCENT CURRENT REDUCTION WITH OPTINMUM COMPENSATION 3

Figuro Voltage Percent reduction

i (Sin ¢t + Sin 2¢)/V2

2 (5in t + Sin 3t)/N2

3 (sin & + sin 5¢)/¥2

4 {5in t + Sin 3% + Sin 5t)/3

263 2232 5 100 = 12

80 that by choosing the optimum velue of capacitance C
we ¢can reduce total cuzrent I to minimum value as aleariv
shows in Fig.(8). Therefore, we can lmprove the power
factor and thus minimizos tho losses.

4,2,2 REACTIVE POWER MEBASUREMENT FOR NONSINU$@IQA&

SUPPLY SYSTEM ¢

A circuit measuring the varlous auﬁpanénﬁa of the
curieat under distorted waveform conditions according to the
proposed method of-anaiyéierie shown in Flge (9)s The
current  circuit accepts instantaneous values of the voltage
v and current L and geparates the current Inte its active

component 1. and raaativavaampanant.iq {at switch position 1)

P n
or into the active (ip), inductive (1q1) and residual
inductive (1qlr)vwxeactivu components {at switdh position 2)

or into its active (1p), capsgitive (ch) and residual



' . URRENT r ‘ '
. L . ¢ NT ) Vt'? = Q

: o~ DViglr = Qr -
V ANALYZER 3)\/?,0- = Qer

! | & \ | | D —
2) _.Vi’l = —Ql :
) 3) —-Vt"c = —QA

Fig - (lo) Modificaton 70 Current 'ﬂnalyzer' for

Measurement Of Reactive/fAchve Component
of power, | |
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capacitive (1 __ ) teactive component (at switch

cx
position 3). qrhe sign of tho active component ip is
determined by de polarity integrator connected to point a
and that af the inductive or capacitive reactive component
l and i xespectivaly; by a de¢ polarity 1ndxcat¢r at

point p.

At switch position %, multiplier 2 gives the output (vi
and it is integrated in intagration Sy« Output of the
intagratar'sz is multiplied With.§ bvﬁmuztiﬂliar 1 give
result with pblarity as ( -~ i } noting that multiplier 1
has gain of (1/v2;. At the same time + i, Ls obtained
using 0pexati@nﬁamplifiﬁs By a5 gsummer, at the output
terminal of operational amplifier By«

At switch position 2, « i, is obtained in similar
mannexr a6 above. Aftor operatlon of integrator S
maltiplier 4, integrator 3 and multiplier 3 of gain
(l/”?ﬂ) inductive resctive current with negative polarity
- iq& is obtaineds At the same time after using of operse
'qxr g (4 - 1 -1 1)
is obtalined at the output terminal of aperational amp1i~

tional amplifier B, as summer, i

fiey Bzv

At switch position 3, using differentiation D and
multiplier (3) of gain (A/v 3} and integrator and multk-
pliers as in ssme manner as at switch position 2 « ip, i

qe!
1qcx‘“ (1 u-ip‘uviqﬁ) are obtained.
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The circuit can be adapted to indieate the corrosw
ponding components af power by a simple modification at its
input as shown in Figs (10). Fig. (10) coneists of
arranging to multiply the input current & by the rms value V
of the voltage v. All outputs of current analyser are then
instantoneous currents components multiplied by V and ﬁh&b
indicate instantaneous power, Temminals are provided for
displaying the aaw:&apﬁn&ing inatahtaﬂeaua values on an

oscilloscope,
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EXAMPLES §I) ,
Suppose nonsinusoidal supply produces,

triangular wave as shown in Figs (11l). One cycle of
the wave ¢an be expressed méthematit:allv Botween ~x and 4. |

From Figs (11) we have f£(g) at an angle @ where tand m%

, e |
f{a) = —— : 0 < @ < =

P L
also f(a) ﬂ*;{it‘@ g <aco

(Since £f{a) will have a négative value in the
interval e~ u < & € 0)

(i) Constont toxm 3, ¥

3 = & é“-’-’”‘ f(a) da

From i"e‘ig.* {11) 1t is clear that in one cycle of the
wave between «n and 4n the positive areca is equgl to the

 negative areas Hence, 8, =0

(1) Coefficlent of Cosine terms 1
8, = % J?® £{a) Cos na da = .-}'j’” f(a)Cos na da

=4 /" ¥« 048 no du
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(11‘”, Coefficient of Sine terms ¢

b. = lll’ 2n f(a) Sin nz da
n A

L Vv :
= %[z f{a) Sin n;m do « %{; : o -Sin ne da

y N 4 "

= [ = M—-Q « Cos ne]® 4+ =% I ® Cos na de

nn -t mﬁ' -t
The integral vanishas since n &'a;

Henco simplying

A el
by = - ()™
nn
Thus the Pourier sexies

fla) = a, + n?n 9, Cos ne + :Z: by Sin ne
nel |
where,
a” = & constant
bor 8, = amplitude of different harmonics
& = indpendent variable

n = integer cuch as 1, 2, 3, etc.

Therefore, |
fle) o %?; {sin a « é 5in 2¢ + § Sin 3a - % 8in 40 444

ve S sina- &sin 204+ 5 5in 3x - § sin 4a +00,]

Graph giving emplitudes of different harmonice is shown
in Figs (12)s |
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Let V = 100 volts, o =uwt, ®w = 400 red/sec,

"y v = [63.66 Sin 400 t = 31483 Sin 800 t + 21,22 Sin 1200 ¢
| ~ 15,92 Sin 1600 ¢ + 12,73 5in 2000 t = 1061
o JO61 Sin 2900 t 4 wese )
Suppose
1= [642 Sin (400 t + 2646%) « 2,5(800 t + 9643%) +
1.2 Sin (1200 ¢ + 68:2°) = 0,5634n (1600 t + 72,4%)
+ 0.32 Sin (2000 ¢ + 78.3%) « 0418 5in (2400 t + 84.3)

2 2&%&05 ;

9-*'9 V = Y(v‘; 4 V2

s Vo= T [(63:66)2 4 (81.82)2 & (21.22)2 & (15.92)2
+ (12:73)2 4 (10.61)2)

= TT473 voltos
o V, 2V, 2

+ g ”*iw%-ﬂi

et Ve %5*{{{63@66)2 (:31,33/2)2 (21.22/3)2
4 (15,92/8)% 4+ (12473/5)2 + (10461/6)2)

&= @qxﬁﬁﬁ volts.
'Q: ” .
ee Vo= w24 (2v)% 4 (avp)? 4 (4vy?

X

+ (V)% + (6 vg)?)
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e Vo= 400 VI(63.66)2 + (2 x 31,832 4+ (3 x 21.22)2

e (4 x 15.92)% & (12,73 x 532 4 (6 x 10.61)%)

= 51131.58 voltss

Two composite frequencles wy, w, are determined as

041655

INDUCTIVE REACTIVE P@ﬁﬁiﬁ 2
‘Suppose

vy=¥2 % V, Sin (keot + ¢,
¥ oy Ve SY ( | ?,)
v - n ‘ .
and 1eV2 I I Sin (kut+ @)+ 8,) -
kel Y |
V = Jvdt= V2 [ :ch. Vi Sin (kot + g )dt
e X co (Kot + &)
ea Wil L e (08 {ket 4+ @)
K=t @ | I

| P _‘4‘n v, I,
- w..-&.&.«.[ -é.j:kil -%A{Co-fs(mut*ﬁk"ix

sin (kwt + B, + By))dt]
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i B, %,{‘ ) «--k--k ( stn(2eot 4 275;: v %’

4+ Sin (ﬁk})dt] :
n

o v
. Sin B, )
Q = QM(*EW k

CAPACITIVE REACTIVE POWER ¢ \

Q = Vige e/t [T :ri at)]

v = dv/dt = dfdt [y2 kxl Ve Sin (ket + ¢)]
v.g V2 %ﬁl kv, Cos (km * ¢k)
S0y Qg = 1w f1/T §T Ve at)
| ﬁ&.wr j‘ a ’i‘“ﬁkm"‘“ kwt + @)

sin (kwt + ?@3;&. + By))dt]

=8/t f*g ¥, I.{Sin{Zkot + 2 ¢ ‘s )
SRS e v, I(sin(2ket + 2 ¢, + By)
) o kst KK | k™R
+ Sin (8;))dt]

G, = %% z:l ““’u I, $in %3

X 4 _ Vsl, Sin B,
ity = w% [{vy, 1; sin ;) + { )

AR T (




61
e m o -ﬁggg—' [(176.73) + (33.10) + (7.86) + (232)

+ (0.80) + (0.32)]
B - 259'1:43 vavs

«» Q= ==f [(v, I, Sin 313 + 2V, zz S4n By) + eeses

W

v (6 V, 1 Sin Bg)]

. Q‘; = -zg% [(176:23) + {132.4) + (7‘:*92) 4 (33;92)

T
+{20.0) + (12452)
m 200,77 Vars
APPARENT POWER
5 = V1
where V = }f(vl +vg“"+v3 b sewen wvé)
= TT+73 volis,

i = V(xlz + 3:22 + 1‘32 d heeen P 162)

= 682 mPﬁ

S s 77473 2 682 = 530,49 watts.

ACTIVE POWER
P = %f’ vi dt
O

n
s £ WV, I, Cos B
el K *k k
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= (VyI; Coo By + VoI, Cos Py + saues + VgIg Cos B¢)
5 (35292 + 44,16 + 9446 4+ 2468 4 0483 + 0419)

P = 410+24 Watts.

RESIDUAL INDUCTIVE REACTIVE POVIER

2

' 2
- Q1>

0 = V(s2-p

Q;_# = 214,05 Vvars

RESIDUAL CAPACITIVE REACTIVE POWER ¢

G = TP =02

Alternatively, reactive power canbe celculated by
Fourler Analysis Tachnique as bolow 3

2 B 2D 2.2,

, n 2 . M2
or (V) (F 1,7 s1n® By

R AR R A R AL T

(1,2 sin® gy + 1% 540 By 4 oes 4 L2 si0? )
= 6041,95 x (13,69)
e S, = 28760 vars
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EXAMPLE (II) ¢

Suppose nonsinusoidal supply 16 source of square
wave as shown in Figs (13)s One cycle of the wave can be
expressed mathematically between « u/2 to 3n/2., From Fig,
(13) -~ #He) sVerewm/2<a<n/z

Cf(a) @ -V fm: /2 < a < 3n/2
Fourier series for this wave formc an be abtaineq as
below 3 |

(1) Censtant temm a& s |

It can be easlly secen that between limit O and 2x
the positive area of the curve is equal 0 negative ares
of curve, Hente

%'E /¥ fla)da = O
"o
(1i) Coefficient of Cosine terms aye ¥
a, = ;!;- Jon £(a) Cos na da
o

L2 () cos ne da e (32 (a¥) Cos na dal
giﬁﬂ /2 (V) Cos ne d@ + .1}: /2 (»V) Cos no da)

3 E.%mfi 7o + [ 2Ll ng13/2 4

%/2
= - [sin JF - stn(w 2) - sin 3B, sin BE)

vhero, ‘ |
n = 1@ 24 3p 4 TIER

Choosing different values of n

aﬁ = 0 forn s 21 4y 6 vees
4V _—_— o
a._ W““ for n = l; 5,, 9; 13:@1@»

an =" “‘g for n = 39 ?9 llg )} FRPN
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(441) Coefficient of Sine tems arc 1§

bnnﬂ{; f(a) sSin ne do

w/2 ' o
= &g [,V st oa o s ik ewgs;n na da)
o dorr =Cos nx “"/2 L r Cos na 3n/2 -

z wef [ ™ 3-»%:/2* [ === ]“/23 v

Hence the eupression for the squave wave with the origin
as indicated in Fig. (13) is |

v e f(g) = gx[%ﬁ % G‘oséa + é Cos 5u *\é Cos Ia
+ §cos 5aw Py Cos 11 ]l
Let V = 100 volts, «a ”- why © = 400 z;ad/aec’ﬁ .
v = [127.32 Cos 400 t - 42444 Cos 1200 t + .2%46-,@8 000 t
« 18,19 Cos 2600 ¢ + 14,15 Cos 3600 ¢ + 11,57 Cosdd00

Let L = [ 12,5 Cos (400 & + 20°) = 4:2 Cos (1200 t + 30°)
% 244 Cos (2000 t + 40%) - 1,1 Cos(2800 t + 50°)
+ 046 Cos (3600 t + 60°) + 042 Cos (4400 + 70°)]

Reactive Power c¢aon be calculated by current subdivision
technique as below §

X V= T(Vlz 4- V32 + VJ + V-,Q + ng + Vmg)

. o\t \ 2 PRy Al 2

oo Ve YI(127432)° & (4244405 + (25,46]° +(18419)
= 139,02 voltss



v Va V. v Vigoo

Ve Lyv2e (924 (024 (—02 4 (392 s(2h?)
V- %—,;, {(mmz)g ( 4248892 4 25%‘59)2

+ ( .1.%&9.)2 + ( 15 . ( .&ﬁl)’?}

= 04321 volis

<%
]

Cw ¥V (a4 (V2 e (V2 k (V)P s (11 vy )7

e Vo= 4007((127032)2 4 (3 x 42444)2 4 (5 x 25,46)2

+ (7 x 18192 4 (9 % 14,15)° ¢ (11,57 x 11)3)
m  124747,61 volts.

Two composite freaquencias are

: »
' Vv
Wy = 433,08 - w0, = 897.34

It 15 apparént that w & wy £ o,

INDUCTIVE REACTIVE POWER ¢
QlﬁVIlnwif%f Vi dt)
Lot v V2 2‘: v, Cos (kwt + ¢,.)
) M * ( K
i = ‘2?:5 L. Cos (ket + & + B,.)
b = V2L 4 K+ B

R ed

H
V = fudteV2 /2 V, Cos (kot + #, )dt
B / v fkal k : k.)

n Vv, ‘
= V2T -E}‘;- Sin (kut + dy)
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’ 2y Vily '
*eoQy em{%“u, - (stn (kt + g)

Cos (kot &+ @y + ﬂ&))-df]

= ""'?};"[ % .{, ! kil. "'?E?**“(Siﬂ (2kwt + 2% + ﬁk)

m~51n'§ﬁki )dt}

CAPACITIVE REACTIVE POWER 3

Q@ = Vi = g t% ﬂ' v dt)
v = 4 = i [V2 zx v, Cos (kut + #,)]

L}

= =¥2 @ 1:1 kvk sin (kwt + )

k:
P % i: BV, 1. (5in (kot + @) )Cos(kuted +8, ))dt]
n
= & |
Nm
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Q = --2308. [(544.33) + 29,71 4 2486 + 2,19 + 0.944042]
e « 633.63 vars

+ {5 Vs I ﬁiﬁ;ﬁg) + asses 4 (li'vil 111 Sin 311)3‘

e [ 546,33 + 267439 4 19645 4 10731 4 76,14 + 24,2]

= 541,99 vars

APPARENT POWER @ 8§ V1
. BT 2. 2., L2, L an o
where, V=¥ (V;"# Va© + wesn 4 Vyy") = 139,02 volts
_ 2 . 2 _ 2 _ . ,
g T (Il + 13 4 enes b Ill ) e 13446 ARpSe

v's 5 = 139402 x 13.46 »  1871.21 Watts.

ACTIVE POWER 1
P = &/Tvidte x Vi I Cos By
o Kesd
= (V) I, Cos By + Vg I3 Cos By + sesses + Vyy I,,C08 Byyq)

e (149592 + 154437 + 4681 4 12486 4 4420 4 0.79)
= 1714.6 Watts,
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RESIDUAL INDUCTIVE REACTIVE POWER s

Gy = V(s*=r2aq?

e 400,11 vars

BESIDUAL CAPACITIVE POWER ¢

Qge = V(5% = P? =02

nnnnn

m BL7.D vars

‘Alternatively Reactive Power ¢an be ‘nazqulaéed’
by Fuméew  Fourier Analysigs Technique as below
, n
ngm § ‘Vz

n
; 2 can?

n § .tn 8in ﬁk
n
&

» 1/2
D S - SIP
Iy 51“;.§R3

By = (v_ )¢
X = ’“‘"’{1

= (Vymg) [ ﬁiﬁ sin® ﬁza?.;32 5in° By + s -

+ ;ll? sin® By, ]1(2

e (139,02)[18:28 + 4441 + 2:38 + #7TL + 0427 + 003 }l/Q

= T09.9069 = 710 varss

‘ﬁaaﬁtiva'pnwax is c¢alculated from both techniques |
(euprent subdividion technique) and Fﬂﬁxiex5Anaiysia
Technique)s In current subdivision teehh&que maximum
realizable compensation of reactive power is pessible
than Fourier analysis technique, to improve the power
factor, In current subdivision technicque complete compen—
sation of inductive or capacitive reactive components
(Q; or Q,) is possible by means of capacitor or inductor
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of optimum value connected across supply terminals of
nonsinusoidal load, Here xesidual components (Qy, o7 Q,,)

are not compensated at all. Compensation in inductive ox
capacitive components minimize the supply current and

thus maximiss the power factorxrs In Fourler analysis tech-
nique reactive power (sx) can be minimized by ¢onnecting the
tapacitor of optimum value across supply terminal to a value
Symin® but will not be fully compensated, Therefore, we

can say that reactive power definition by current subdivision
technique 18 more adéquaﬁe than-defiﬂiﬁicn_by.Fuuwiér‘analyaia

technique in relation to power factor corrections



°

In readtive power anaiy&ié two techniques (Leos
Fourier Analysis Technique and Current Subdivision Technique)
aze adoaﬁ‘%%% To messure and confrol reactive power requires "
that itxpa aui&ébly defineds Above two techniques define th?
reactive power in different monnexs In Fourlexr analysis
technique thore are some farmidablé equations vhich are not _
only eper §§g§39g§§_§9_§g§g53@5§§Lbut.which are also of 1Ltt;é\
use to the utility operater. An aliern&tiva.tqﬁhnique fees
Current Subdivision Technique which is readily susceptable
4o being instrumented and which will provide the aparaioz- ‘\\
with direct indicator of whether reactive power ¢an be reduced
by what means and by how muche In:vi@w of the power factor
correction, reactive power definition by current subdivision
technique is more adwantageous because compensation of
xeactive power by using ekthor shunt reactors of capacitors
is maximum obtainable in this technique than other technique.

In each technique, structure of roactive power
'matera for nonsinusoidal supply system and measurement of
reactive power by these meters are oxplainad clearly. From
comparison of these two techniques, Current Subdivision
Tééhnique has relatively simple instrumentation rather than
other tochnique, In this technique various components can be
segregated and measured and the results can be readily
applied By power engineers to realize the maximum obtainable



71

compensation for reactive power. In such a metex,
terminals for displaying the corresponding values of
various component on an oscilloscopes Reactive power
meter based on Fourier analysis technique is effected by
accuracy of quadrazure oscillators and multipliers. Also
meter accuracy depends upon the filter pxbpeztiesw" |

Con&luding above discussion current subdivision
tochnique 1s better appreoatch than Fourier analysis teche
nique in all respect.
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