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detailed "analysis of inrush current for both single'“and

i1
ABSTRACT
4 - This thesis ‘presenta an ane‘lysis for . digi'té'l v
differential protection of transformers. For di»g'ital

differential protectign of transformer's‘, it is of.utmost

importance to test th algorithmé on simulated data of both
’ i . S e

fault and magnetizing inrush currents. For this purpose, a-

I

-three—pha.sed transformera are carried out. Computer software

-

\package programs. are developed to slmulate the 1nrush and

fault currents. - Measured waveﬁorms of the inrushea are .’
: 1

compared with ‘the si’mul'ated waveforms and the harmonic

AN

_contents/g_f both the meaaured and slmulated waveforms are

anafysed up to 4 cycles. There'exists a reaaonably good_
agreement between simulated and measured waves.

Three algorithms are analysed for the digital

differential protection purpose. Discrete F.ourier techhique

has been used as the reference algorithm. Rectanguler
transform and alsh function are analysed in detail for their

suitability in microprocessor applications for both 16 and 8

- samples/cyc_le basis. Their performances "are compared witl;

' Discrete Fourier on 16 samples/cycle basis. Rectangular - -

v

' transform and Walsh function are tested on simulated inrush

and fault current data under various switching conditions.

. | [ L
It is found that the Rectangular transform converges more

rapidly than the other transforms during a fault in the
. ')l
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CHAPTER 1

. L INTRODUCTION

1.1 The Role of Protective Relaxing and Digital
-Computers for P'ower .System Protection

, ~ The hlstory of electrlcal power technology
throughout the world is one of steady and "in recent years.
rapld‘proqress, which has|made it possible to design-and'
construct economic and relrable ., power systems,;capable of

satlsfylng the contlnulng growth in the demand for electrical

energy In thls, power system protectlon and control play a

I

signlflcant part, and progress in des;gn<and development in

S : . - :
“these’ flleg has necessarily had to keep pace with advances

in the design of prinary plant, such as generators,

transformers, switchgears, overhead lines and underground ‘'

. .p_’, o -
cables. Indeed, progress in the field of protection and

—_—

_control is a vital prerequisite.for the efficient operation

and continuing development: of power supply !ystems as a

whole.’

. L. .
Thus, with the expansion of power system networks

-and with the increasing urge to go for larger‘power grids .to. -

u

increase the flexibility of power transmission, the

. complexity.of tne'system increased more and'more. The

stability of the system becomes more sensitive as the power
] L L . . . .

“flow in the system becomes more'complieated and the severity'

BN
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with such w1de appllcatlon of digital

-system It became a field of 1nteres

5

of power swings‘increase in cases of abndrmal conditions of a
system " The role'of‘on—line and off—l&ne djgital computers
became more prominent to handle normal operatlon of vast
networks. The first successful melementatlon of digital
computer for on-line power system operation.and cOntrol is =
the Superv1sory Control ‘and Data Acqulsltlon (SCADA) system.

Sance then, there has been a contlnulng trend to extend the

development of appllcatlon programs for real—tlme control

: y
,systems)to encompass all phases’ of operations inc udlng

’

forcastlng, schedullng, mpnltorlng,.control, sec rity .
, e ; B :
assessment, economic dispatch and stability analysis of a

system. Apart fram installiné a masteracomputer for a

central contrcl station, digital computers also started being.

installed in;renote gubstations with"data_exchange facilities
with_computers Qf‘other gselected substations and the master .
computer. .The.concept-of.protectinq'tﬁe substation
'equipmente by combuters instead of cogventional relays came

omputers in power

‘to see that apart

from the on-line supervisory and rela' functlons of'a

sub-statlon computer, whether 1t is: pOSSlble to employ it for'

protectlon purpose. Knd naturally, the early researches were
carrled out on . the protectlon of. 1ncom1ng and outhLng <

.feeders of\a substatlon, rather than the protection of .

individual. elements of the power system,‘like generators,l

RS . e g L s A s et e m A g e AT S PEAN—Ta ey o ey e s+
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transformers and transmission and distribution lines etc. It

is worthWhile to:comment briefly on the scope’ of early'

a

researches. . : o3

The deégiled scheme of féult:pro£éction by using a'
q}ored—prograﬁ digital compuﬁer Qaszfifst intrdéuced by
Rockefeller in a’ vefy wgll—written paper [iéj. 'Thpugh not
muéh attention was given ﬁo hardware or'prdgramming HSpectsi
‘the feagibility of protectigg ail the equiphe?ts‘in4§,EﬁY-
substation and the transmission lines coming out beit.haé
been dealt with in detail. The éaper.géeg infolﬁgbétantia% )

}

detail of the relaying program organizatibns.and clearly

recognizes the problems associated with such a protective . .~

V' :
scheme uging process control computers available at that’

time. In two papers [20,21], Mann and Morrisdn,presented
algorithms for the protecﬁion of transmission lines with a
digital computer. They proposed complete computer programs

and the need of the specific hardware for the implementation

égf those program. A feasibility study for both priﬁary and-

bl

""back up protection using digital computer was presented by .

Cheetham [6,7]. ' !

The first‘digital computer reiay that Qas'in
practice &asnagain for distance protéction 6f transﬁission '
linés and was devqloPed as a joint project of Pacific Gas and
Electric Corpo;ation~[l4,30]. The system, called 3?6dar-70,

was used to monitor a 230 KV line. A Westinghouse P-2000

»
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. . : ' 4 -
digital .éomps-.i:er was _the beart of this system which performed

phage and ground distance protections. Considerable field

experience was gainéd in that project.

2

. 9ince then,  the topic of computer relaying, in

' © M o 0] ‘ 3 N )
general,h;has been the” subject of extensive research and a

' -p_i‘ptecf;ion is the algorithm that is béipg ugsed.’ The e

" algorithm's butput forms.a Basis for the relaying decisions;
. L4 - ~ . o

~

13
transformer.

number -6f-dithal computer relaying systems were proposed

.

£81.. The heart of computer relaying .for any tifpe of

In the case of a distance relay, the algorithm determines. the

o :@pp'arent impe'd;i'nce of the transmission line from the ‘relay o

. , \ .
location. 1In case of transformer protection, which is the
fsubject of this thesis, the algorithm distinguishes the
magnetizing inrush’ £rom the actual fault current of a

An overview on the digital protection of,

transformers will be discussed in section 1.4. The essence
of the computef relaying is that, its approach being highly
mathematilc‘al, new ideas and approaches arefi' evolviﬁg 'f;o éolve

6

the relaying problems. The algqrithhs for the transformer

protection are . reviewed in detail later on.

4

1 .2] Microprocessor Based Protection

- Computer relaying started in the era of

. minicomputers. Some early works mentioned above considered
’ I L . ‘ i

subatation computer that would handle

b e cermten e

the use of a central



b

= microprocessor and ,Large Scale Integratlon(LSI) technology, '.l-':
- special attention ‘is dlrected towiards development trends 1n

'the protection fleld where deoentrallzed mlcroprocessor

reliabllity. with"‘this approach the central substatlon

decreas®e in costs of various chips and more-deveIOping

_microprotessors of present day. Apart fran the advantage of

A - R
- [ - 5
. . ) .
i oo . "
.

g | : .
all the station relaying. " Based on the hardware available at

that time, it was logical tq .consider this as one possible

c e

approach. . Now,’ however, with 1ncrea31ngly developing

-

13

applications seem to be the v1able solutlon to cope with- the.

1ncreasmgly strlngent requirements for electrlc power supply

1

' computer would be relegated mostly to ‘non- relaylng functlons

_and ‘an mtermediate link between microprocessors and the _"w_-... T

central system operatlon comp_uter .compl__ex._ W1th steady

technology, the micrdprocessors are beconi:ing more. popular

now-a—days. The distinciton between mini and micro -computers
. ) 9

-

seems to become less. obvious as' time goes on. The protection

concept has also changed rapidly to utilize the

-

cost, - the relaying operations can be carried out more' -

-
independently by several processors. The ba31c disadvantage

" of. the microprocessor based protectlon scheme is the

b

: J_nabillty to take high computational burden. ' Sometlmeé,.,to _'

simle.fy computatlon by arithmetic shift operatlon, t‘he
microprdcessor takes more time to calculate the fault and

gives delayed signal to <ircuit-breaker to trip. T it ‘is
¢ . . ' - . . . ! J

e tmsmmmmrean c L s s A e vemewe e e s e e L STl ey

R



g In_ contrast w:.th thJ.s, the cost of.most, of t.‘he cpnventiongl

so, then the main objective to computer relaying is lost. To
reduce tl'ne'computational burden, new algorithms are

3 ) ) ' .
formulated for-~fast‘_er ‘computations, Also, hlerarchical '
methods are prOposed/so that ma]or calculatlons are belng
'carrxeﬁ out by on~line or off-t-;Li,ne digital computers and

. . \.’ s .. » 'y .
microprocessors utilize those ‘'off-line data with a minimum

calculations. Also, developments in micro computer

" ! technology permit. one to use co-processors and

'multi-processors to reduce the. computational -burden.

1 3 E@ected Benefxts of a Digltal P‘rotectlon System

Consxderlng the amount of research goxng on in the C s
- field d_f digltal relsying, it is worth !consllderlng t‘ne

" benefits that one can.expect by swi;_ghiﬁg to digital. relaying:

- techniques fram conventional relaying. The most important.

\ad.\}antages of a digital re:_l.ajing gystem can be summarized as

. follows:
(l) "Economics‘- In the-long run, econor;xy will be-
Tne o!:‘ the important conslderatlons. " The cost of digital

ardware has been steadlly decreasing. The. cost of

) conventlonal relaying has increased steadlly dur:.ng the same

"perl_od. A relaylng task that required a 3100, 000

- minicemputer ln 1970, ~can now be handled by a mlcrocomputer,

‘the coat of which is 10 t:Lmes lesser than the earl:.er one..

-
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protectlon system has increased. the: amount of increase

: _belng dependent on- the soph:.st:.cation 'involved in any

. computer, belng a programmable device, can be used to perform-

.‘computer relay is definitely in comparlson _to’ the . I T

-

part,;icular relayin’g‘ system. E‘urthermore, the digital’

multiple functions. '. -

« ’ | - 1 .
(2) 'Performance- The complexity of elecgtric power

systens reun.res 1mproved performance in protectlve x‘elaylng

schemes. It is naturally expected, that in all cases, the

'performance ‘of ‘a digltal relay w:Lll be at least equal ‘to that.

of its- conventlonal counterpart. The highly accuracy of a

-'._ con_ventlonal _relays. As : fa_r as, the _speed' of the -relay l‘J‘.‘S g

' concerned, software and hardware technology in compui:et

research, offers even better speed response than the parlier
: , o

versions.. On the other hand, certain features such as memory

‘action, come more naturally to a digital relay vhich keeps a

digital-relay “a| couple’ of. steps -ahead of the coi‘re.spondingl'

‘conventional relay.

’(3) 'R'e'l'iabilityv: One of .the most signifi’cant

) advantages of a digital relay is t‘ne fact that the digital -

co,mputer is continuously active. Consequen 1y, large numbeqs

of self-diagnosis arxe’ going on continously within a dlgltal

relay. Addltlonal diagnostic features. such as-.mox_'xitorlng of -

many of it's other pe_ripherals, ' can be easily done. It is,

T {herefore, possible to detect Ian'y' accidental failure 'wichin a

se
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digital relaying system immediately and necessary corrective'

o

measures can be taken.

o (4) Flex1b111ty _ Digital .relay is a 'progranunable .

device.” Hence, necessary modiflcatlon required for & certa:Ln

. change in operating conditions ‘can _-‘be'made rather_ easily

-

through a change in the original program. It is also

possible to develop a common hardware  system that-..' will serve

-for several relays -i:hrough different-pre-prograinmed_ memory

[

- modu'les.' This will 'to some extent reduce the repair and ’

l

maintenance tasks. Like a reserve ‘busbar of any substation,
4

:different channels for t‘he 1nput ‘slgnals can be reserved for

“fram the source. o T . v .

the digital relay, whlch ehall reman.n unused under normal )
-

operating .conditlons and can be actlvated_only under program

control .when trouble developS' inwth'e normal input pa}:hs.

'I‘hls flexlbllity in the routing of 1nput data can be achieved

 in a digital relay only.

(5) BY producte: " In a ‘computer based relaying'
\ : : s

syetem, several features can be achieved as a- natural

byproduct qf a digital relay which is not. possible othermse.

A thorough sequence of event analys:.s can be furnlshed by -

exchanging the post ;transient data{ .l?Y' several’ relaying .

- f

computers. ‘In case of 'transm‘ission line prote'ction,' a o

digital relay can furnish the computed distance to a fault’

il

ol
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©in the field of digital protection of transmiss:.on lines and-

. dig:.te.l computer. aé’ 'did not approach the problem from the-
' vlewpoint of individual microproces‘slor based protection.- _ . C

) ‘Sykes and Morrison [37] used recursive digital fi].ters in the

relay, They tested the proposed scheme on digitized'

- isimulated data from magnetizing- inrush and fault currentsﬁ

“Hz waveform. Malik. Pash and Hope [19] also proposed a.
_harmonic restraint transform_er differential relay but‘they-
used a c_ross-—eorrelation ‘technique to .determin'e the

'fundamental and second harmonic quantities from the current

components r'especti,vely. 'Their' approach was tested on

1.4 Transformer Protection by Dig:.tal Relay " o . T

Most of the research carried out 80 far has been

not muchs attention has been paid for digltal protéction of

trans formers. o ' S - : T .
' Rockefeller [29] suggeated a procedure for-
prov.idlng transformer d1fferentia1 protection as an . integral ) '

part of an overall approach to substation protec.tion witn a.

e

i

P e e TR .

ot

des:.gn of a harmonic restraint transformer differential

R VY S e R T
. P P T

Here. the fault detection time _was_ more than 3 cycles on a 60

4

[ L

waveforms .whi'ch'.'tl-xey u_eed as "operating" ‘and '."restraining'_' 3

simulated data. k This algorit‘nm requires the multipliéa'tion

of incoming current. samples by sine and cosine weightlng

S U B

fac_tors.' 'I‘,.hus i};_ Irequires hardWare mu_ltiplying capabilities

in the processor fo'r fast computation. Anot]_\er recent 3
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algorithm for transformer protection has been presented by
Schweitzer, Larson and Flechsig [32] where they used finite
impulse response [FIR] filters' for. differentiating between

basicall
l

.correlation suggested by Malik et. al. [19] except that the

transforjer faults and magnetizing inrush. The approach was

similar to the method of odd ‘and even square wave

criterion for discriminating magnetizing 1nrush cond:l.tlons
frcm internal faults is differe t, - the FIR algorithm was
implemented by Larson et. ai [,1 J on a Motorola MC 6800
microprgcessor for protection of a" SOOVA transformer. : This
. algorithm has yielded fault detection times varying from 1. 25 .
to l 5 cycles based on- a. 60 Hz. waveform.' Rahman, Dash . and
Downtown [24] suggested a least square estimation to
establish the - model coefficients Erom post fault differential
current samples. It. yielded fault time detectior[ in about one
cycle based on 12 . samples per cycle on a 60 Hz waveform. All

the algorithms stated above, use the’ current differential
!

technique and a software program in a digital]computing
N |

device. ' By comparing t‘ne algori‘thms it. was found that o4
.correlation with a pair of sine and coslne waveform yields ar
faster fault detection time. o A

' The major problem in testing any particular
algorithm for transformer protection is simulation of data._

Unlike distance protection, transformer protection has to

deal with single input constraint:," i e current. It is well

-~ - \-,-
S . . R
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_ two succeeeive peaks being 7.5 to 10 ms- apart. Also,,a.'-'

requirement was imposed that a peak be 75 to 125 percent of

ey . . A

L . .4’?1-
_ . - :.}1

)

. known that it has to differentiate between magnetizing inrush"

current during energizing of a transformer and fault current.
Rockefeller [29] suggested that the nagnetizing inrush .
current can be identified by monitoring the time deviations
between succeSSive peaks of the differential curent.v In a 60~d

Hz eyetem, successive current peaks are 8. ms - -apart for ‘an

. external fault and thia ia true beﬁore cr saturation. On the‘

‘other hand, two types of waveforms are experienced due to
'magnetizing inrush the SuCCESSlVe peaka are either 4 ms or.-'
' 16 ms apart. If the waveforms are 16 ms- apart, again the . °

'.'successive peaks aremunidirectional It was, therefore,

) prOposed that appropriate fault currents may be . recognized by

preVious peak and of oppOSite sign. This ‘means that if two ‘
eucceBSive current peaks are monitored in a 7.5 ms to 10 ms

interval Wlth oppoaite aign, it will be interpreted as a

.:fault current. Sykes and MonrisoW [37] used a 100 Hz

bandpass filter to obtain the’ eecond harmonic component of

‘ the current waveform and utilized it as "restraining”. signal._ .

B A 20 ms delay was included in’ the "operate"” path to prevent

falee tripping on transient filter outputs associated with .

_ magnetizing inrush. I% this sense, the relay is 1ess

efficient and allowa'moré;than a cycle time in case ofnan
actual fa?lt.?QMalik'et_al. [18]: also used the second

.
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T --harmbnic rest'raint princ'ipie by cross-corr'elating the input-

currents w1th sJ.ne-cosine functions as well as with’ odd and

. even square waveforms. Internal faults and magnetizving

currents were simulated numerlcally assummg that the ratio;x'

P

.. of saturation to magnetizing flux denSities (B /B ),
’ residual to magnetiz:l.ng flux den91ties (B /B ) are 2. 0 and
o 0.,5 p.u. reepectively.. T}& saturated reactance is assumed of.

. the order .of 0.25 p.u. The dec'ay,' rate is cnosen with both

i

time’ _conetants £ 48 ms .and 320 ms. Schweitzer et. |al. [32].

'diatinguishe'd bet\'veen~the' magnetizing eurre‘nt inrush .and

'fault current by taking ‘the ratio of max:.mum vélues of each :

»pair of four filter outputs. _ They found that x;at:.o lies

‘

Tep

- between 0 and O 146 during internal faults and between 0. 334

and 0. 586 duri’ng magnetizing inrush They have also tested.

'their proposed algorit‘hm on s:.mulated data of both

magnetizing as well as fault currents. Hence, it is

_ impo_rtant to sxm_ulate both _types of data correctly ‘before

implem‘enting-dme entire scheme in any' mi.croprocessor system,'
Fault. current is basicelly- ‘a sinusoid. T It's ?offeet and‘
decaying time are dependent on the nature of the fault.
I-ience, ) the <‘si_rnulation of a fault‘aneforln is relatively

straightforward. However, the magnetizing inrushes have

typical characteristics which depend on several factors.

The ‘shape of the magnetizing' waveform will vary depending on
\ : .

the. point of switching on the voltage waveform. In

. -

e e i
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case ‘of single phase transformers, these waveforms.are

.
v

unidirectional, the successive peaks occur usually ~Lms&‘_. .
apart. Again, ‘for'thr;e'e iohase transformers, mgnetiz'irig‘

| . ’ . . U
‘waveforms occ¢ur ‘under different conditions. Successive peaks

are 4 ms apart in staggard form.. Thusg, ‘it is important to

"simulate . accurately the 'macjnetizing inrush waveforms. f‘I'f any

A

algorithm works on a almulated data-train, it ig sure -

enough to say that’ the algorlthm should work ‘in real—life e »

alaorqobvs.ously considez\‘:.ng all the J.deal conditions . such as

. no'Crt .aaturatlon, 'proper'. lnterfacing _etween the

.mlcroprocessor and’ t'he transformer etc. ", co ~'. Lo

Though numerous researches El 5 11, 18r33 34 35]

,".have been carr:.ed out on the magnetiz:.ng inrush phenomena of

trans-fdrmers, not muc work has been done to slmulate

)

magnetizing inrush currents for digital protection gurpose.,
' i

Blume et. al. [5] eiplained magnetizing inrush phenomena for

" mainly single—phase transformers in 1944. His explenat'ion '

~was mainly physical 'qn'd he provided dn analysis to determine

the average magnetizing inrq_ﬁh_cui‘rent 'dependi-ng on ‘physi.cal

dimension and flux densities in the: associated parts of a

. transformer body Not much of the analyt‘ica'l: treatment was
present in the paper. Finzi et. al. [11] presented in 195l°3 °

short analysis for'i::i:edicting the 'irirtjsh 'cult:'rent' Where the

ti,lpe lntegral was solved by expansion of an exponential

.serxes. - An AIEE committee report [1] wae presented in the

Ta e s s -l e i g e T
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- ‘same year which is mainly a survey on"inrus'h currents and

subsequent behav1our of the system experienCing the inrush. :

N -

Malfunctlon of the relays and fuses whic'h protect the

transuformers, was reported. Means of r.emedies_were suggested'

in the report. No anali‘ytical treatment was covered. Specht

i

[34] presented an analysis of inrush phenomena for. s:.ngle

phase transformers and gave an analytical approach to find

calculated the inrush .of certain transformers and compared

those .results with 'actual':waveforms.' The paper presented:an -

approximate method f:'or solv1ng the problem and 1ater on, in

' i 1969, Specht [35] presented an. improved analytical method for

predicting the’ inrush current. Although. his work suffered-

from the fact that he always considered energizing the

transformer at voltage zero 1nit1al condition. He did not

find out a generalized expression for magnetiz:.ng inrush,

—eonsidering switching- at any p01nt of . the voltage waveform.

~

Also, to derive the expr ssion of magnetizing current, he has'

chosen the axes offse : y 180° from the voltage zero w’hich

L was not necessary Rockefeller et al. [33] also. explained
:'the inrush pheno .

different analys:is for - predicting magnetizing inrush curren}:/s
- in three phase transformer banks, In a recent paper [18], /
i Macfadyen presented a method of calculating the inrush

" o - currents of a three phase transformer by solving' ‘nine basic

- 0

[ . - LV e e e m— a1 o

out the _'magnetiz:Lng inruah current of trans_former. He also |

na in 1958 .and presented a somewhat |



: ' - .‘differential_ and five algetraig-e equations. - No subvst'antial_'-
researqh hlas" t;'een carried-out so ’far to'simulate numericﬂlly
: magnetizmg 1nrush ntillzn.ng any of the methods stated above.
'Rahman et al. [24] used a relation to: generate magnet1z1ng

inrush data whlch was derived- from an. erpre531on given by
'Specht {35] ‘with certain Fractlcal assumptions.- They
generated ;mrush current data w‘kjuch might .be sultable for '
L : ' test purposes of an algorithm, but it 13- an’ approximate

_method and did not generate a true waveform of. the inrush

. T current. . The harmon:.c contents of these waveforms were not

waveform tfrm a test tLanaformer Hence,.to summarize this; -
sectl.on, the two follow1ng bas:Lc p01nts may be hlghlighted
whlch are important for digital- protection of transformers,

1) The accurate simulation of the magnetizing

inrush current data for the'offeline' testing of 'any'propoéed-,_

' algorithm, ‘ ' - ' .

P ————

Fl t. - -

: 2“) ‘The development of an algorithm th.ch is fa.st’
.enough to detect any fault condition of a transformer as wall
. as restrain t‘he relaylfrom maloperatxon, dur:. g a magnetlzing
B surge due to energization; ‘The-,avlgorlthm mus also be 51mlple
'enougn .'s_'o that-,mit canbe im;ﬁle'mented. on modern. - |

micro'pro_cessors without sacrificing,inueh 0of the _comp'utation '

. time.

. e reem————
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analysed to . show their a.ctual resemblance with any partlcular ;
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1.5 Objective of This Thesis

.The proposed work of this thesis is the analysis;
: : [

- development and comparison of algorithms for trans former

protectioh.. 'i‘he; work can be |divided in two major .parts,
L . . ' ' ) KRN

l'l) .The magnetizing current phenomena is analyzed. .

This has been done both for single phase and three phase

transformers. Numerical methods’ for simulating these

‘waveforms are presented.

2} To search foij an algorithm which is fast

. oo

‘enough but simple enough to implement in the .mi'cro'pr'oéessor-

system
Three different algorithms }?ave Jpeen analyzed and o

compared to find- their relative suital%ilityl. walsh functions

have been tried for the first time for transformer:

\

protection.! Rectangular transform and Discrete Fourier

Transform have been combared with Walsh Furictién, All these

algorithms have been tried considering that the fault has .

ocurred in one of the three-rphases. !
. a B . .J

In all t_he'algorithms, Fourier coefficients wvere

derived for the waveforms. Finally, the fundamental and

'.second- harmonic quantities were extracted out of these
coefficients. All the proposed algorithms have been tested on
j PDP-11/60 minicomputer on off-line basis. To test the

* algorithms on ﬁxagnetizing inrush, this phenémena has “been

thoroughly investigated for an accurate 'simulation. The

I

{




harmonic contents of both the actual and, simulated waveforms

have ‘been aﬁélyzed on a Hewlett-Packard Fourier Analyzer
System. An analysis to find out an expression for inrush
current for switching at any point of a voltage 'wa.vefom has
been carried out. As was stated in Sect:.on 1. 4 most of the
earller work on magnetlzn.ng :Lnrush suffered frcm lack of

analysm, partlcularly for sw1tchlng ?t any arb::.trary poxnt

on the voltage »waveform. Flnally, all these three algonthms-'

L

have been ;unplemented on an off-line basis, on an IBM
Personal micro-computer with Intel-8088 microprdcéssor and

Intel-8087 co-processor to find out the suitability of.

‘algorithms' in fault-detection time. The last section of work

was carried out in gro‘up—work.

|
|

1.6 oOutline of this Thesis : -

Chapter 2 describés the background of conventional

'
~—

di-fferqntia'l relays and p‘rinciples of ;:he'ir-operati_on. It )
illustrates the basic operations o}- d_igitIal rel-ays.' It IallSO'
givesl_a brief sketch of the ‘func‘tiion .of variious accéss{aries
needed with the ‘dpé'ration of d;‘.gité]_. 'rela-ys .- Chapter 3
describes the magnetizing cﬁrrent phanomena for both s_ihgle
phase and three phase transformers . A."d“etai_led analysis and,
the methods of numerical simulation of ma’gnetizing inrushes

are presented.

The algorithms for digital differential relays are
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for future research..
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-described in Chapter 4., Three different algorithms are

‘
'

‘considered and are tested on simulated inrush. and fault

o o .

currents. Various conditions of inrush and faults are

cohsidergd.

i

5 -

‘'Chapter 5 contains the conclusion and sdggestions
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— I S 'CHAPTER 2 .

PRINCIPLES OF DIFFERENTIAL RELAYING

2.1 Conventional Current Balance Relays

-

When it is desired to distinguish between two'
currents I, and I, in a circuit, the normal precﬁioe is to
use one current as operatlng and the other one as a. |
restralnlng quantity. Dependlng on, the varlatlon on -the’
,~magn1tude oédone over the other, the operatlng or the

restralnlng elements are actuated., An early developed

_“balanced—beam electromagnetlc attractxon type relay
N
£y

S “

overcurrent element arranged to produce torque in oposxtlon

to another overcurrent element, both elements aetlng on the
'same moving structure. -
If the negative—-torque effect of the control

spring is'neglected,.the ;orqne equation of the relay is

_given by,

T o=KL - Ky I,7. _ - o (2'.1.-)

When the relay'is on’ the-verge of opeération, the net -torque’

[ 4

‘is zero, and

KyI;” = KLy (2.2)
Therefore, the operating characteristic is,’
I, K, . g o
= = Y (E_) = constant. T o (2.3)
UK ’ -

stfucture is schematlcally shown 1n Flg. 2. l(a) - It has one'
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Fig. 2.1 (a) A balanced-beam type of current-balance ‘relay - .
(b) Operating characteristic of a cufignt-balance
; relay (22): ' S e ’
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The operating characteristic of the relay, including the
. effect Of the control spring is shown in Fig. 2:1(b). Here,
“Iljis.called the "operating" chrent, since if-produées
pbsitiée or. pick up tdrqué; I, is called the'fréstfaining"
chrrent._ .

. ;ShOQid'it be desired to.close a contact. circuit
when either of thé two currenﬁs exceeds the'éther by a given;'
'percentage, two eleéments” are uéed, as illustfated o
_écﬁemgtigally in Fig. 2.2. For some applications, the
qontaéés of the two'eleméﬁts,dpy bé'ar;anged to trip .
 different circuit breakers,. depehdihg oﬁ yﬁidh élemgﬁﬁl
oéerates:. | . | o

o

v - .

2.2f‘Differentia1 Prdtection'df Transformeré

- A{)'.’
A transformer can be protected by a differential

arranéenent thdﬁ_also.operates on a current balance " -
pprinciplﬁy . The principle of cu:rent'coﬁparaﬁor for a
'differ;ntiél scheme is.similar to that of én electroﬁagentic'
felay type as described in'section'2.i. It also operates‘on
the.basis of “operating" and “restraining" qﬁantitieé. !

The resfraininé and operating.prihciples_of the
diffeéential relay-are illustrated*in‘Fig.l2;3(a) and (b) for
internal and external or through faults requctively. Fof
external faults, the differe&ce of "the C;T. secgndary

currents 1,~-1; is idedlly zero. - Hence ideally, no current

. : 1
e mamragew et s cere = AN AANeCTo A emy g e . P, I
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;* flows through the operating c011 of the relay, as shown in

o Flg. 2 3(b) . For an internal fault, the dlfferenee IlrIzérOA

’

~and the relay operates;'
. One of the most extensively used‘form of
differential.relay-is the'"percentage'differential" type;
The advantage of thls type of relay is that it is less 11ke1y

to operate 1ncorrectly due . to a C.T. mlsmatdh .or C T.

-saturatlon durlng a through—fault. A bias feature is

obtalned by circ latlng the fault or external fault current
‘in an addltlona ,winding whlch exerts a restrainlng force on
the relay armaj 're.' The basic circuit connectlons aremshown

1n-F1g. 2.4(a)

. Usuaily; no'qurrent.flows in the operating'

“coil during through—fault conditions, but due to imperfect

l,matchlng .of the current transformers, some‘spiil current may

‘be present.i This spill current will flow in the relay (
operating circuit but will not cause operation unless the ;7 '
relay operat;ng bias setting ratio is exceeded. Thus from
-Flg. 2. 4(a), negiecting controlaspring effect, |

Relay operating force = K(I1 -1 )N

Relay restralning rorce = K(-—'f---)Nr 2.3(a)
where | o .
K = a constant
Ny =10perating,coil turns
N =.restraining.eoil turne.

~

A Tt s & e ek e P e e 4 ) e tameeeeyes an 4 e b
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When\the‘relay is on the verge of'operation

i g 4T R
K,(Iu'-Iz) N = K 2-_,-)b3r : (2.4) .
- or
I, - I, - N .
TSR oo 2es)
E 1 —g- fo) . , .
Zz

The Equation (2.5) shows that the characteristic has a slope

'i,determined by the ratio N /N - and the relay bias' is defined -

‘as the-difference current-(Il—IZ) divided by the mean

circulating current, which is ndamentally;a,constant ratio .
- for all qurrent magnitudes. This.characteristic isfshOWn‘in

Flg. 2.4(Db).

2.3 Differential Scheme for Three Phase—Transformers

J

In order to apply this princ1ple to a typical

',three-phase,transformer, a number of onditions have to beyv

satisfied.

transformer on the primary and secondary 31des usually differ

L

in inverse ratio of the corresponding voltages. The current

transformers should, therefore, have primary ratings to match

"the rated currents.of the transformer windings to which they
. are applied. . S A,' - ) | .

(2) Transformer Connections-' If the transformer__=

is connected in star/delta, balanced ‘three phase .-

)

o . . . . . . . .
L i o et mae s f e e S s g e - S SN Uy VU UUIEY SO
. . fl . . .

(1) Transformer Ratio-' The rated currents of . the
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through-current suffers a phase-change of 30' .which must be.

corrected in the C.T.. secondary by . approprlate connection of

the C.T. secondary w1ndings.

. a .
' v

. Furthermore, . zero sequence current flowing on the

1 o . . L .

'.star‘side of the power transformer will not produce current:

outside  the delta on the other side. ~'Thé zero sequence

connecting the current transformers in delta;ffrom which it

follows that the current transformers on the delta side'of

the transformer must be connected in star,'ln order to glve'

'thef30° phase shift. ThlB is a general rule,_lf the

- transformer are connected star/star, the.current‘transformers

on both sides would need to Be connected in delta. When
current transformers are connected in delta, their secondary
ratlngs must..be reduced to 1/Y3 times the secondary ratlng of
star connected current transformers. Thls.ls done  so that

-

the currents out51de the delta may balance with the secondary

currents of the’ star connected current transformers.

(3) Tap Changing Facility- If the tranaforiier has

a tapplng range enabling its ratio to be varied, thls must be
taken care in the differential relay system. This 1s"

because, if the current transformers aré chosen to balance

.for the mean ratio of the power trans former, a variation in .

ratio from the mean will create an unbalance proportional to

: theyratio chénge; Differentiai protection snouid be provided

"iui»'l

R T R i ctnae ket e s h ) aren e nes r,..“...i,_-_-..b ST RN

B

. current must, therefore, be eliminated fram the star side,‘by-_"



"current on the supply side.

aF2y SO

with ajproportional biasiof an’ amount which 9Xceeds in effect
the maximum ratio deviation. This stabilizes the protection

under through-fault conditions while still permitting the

'system to have good basic sensitivity.

Fig. 2.5(a) shows percentage bias differential
protection for a two w1nding~transformer. When . the power

transformer'has.only one of its ‘three windings connected'to a

' source.of supply, with the other two windings feeding loads
-at different voltages, a relay of the same design as that

‘used for a two—w1nd1ng transformer can be connected as shown

-

;in Fig. 2.5(p). The separate load currents are summed in the

!"u

.C.T. secondary c1rcu1ts, and Wlll balance with the infeed

2.4 Differential Relays With Haxmonic Restraint -

The magnetizing inrush phenomenon-produces current '

input to the primary winding which has no equivalent on the,

~ .

secondary side. . The whole of the 1nrush current appears,
therefore, as unbalance and superfic1ally is not

dist nguishable from internal ‘fault current., The:normal bias'
is. not, therefore, effective and increase of the'protéction
setting to a value wnich would avoid operation would make the

protection of little value. The magnetizing inrush.current

has a high harmonic content, particularly the second .

-harmonic. This second harmonic_can'be used for restraint. Y

g Nm s ey s Ve e ee—— e
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_designs

filters are

' céilg This type is being used by the Generhl.ﬁlecgric

é . ' ' - 30

‘It thus desensiﬁizes a relay during ‘energization.

Various static circuits are available w;th

’

“different L~C filtering arrangements for the restraining

urpose. Filters are designed either to pass or to block

. , , .
"certain harmoniecs during faults or inrushes. Most of the

n be classified under tw0'catégoqies. In one type,

ned to the fundameﬂtal and other harmbnics

=

apaft from 2nd harmonic. Thus it blocks the 2nd harmonié

,during inrush and setting-is so done that the restraint’ is
- available by afithmetic sum of other harmonics. During

.+, fault, mainly the fundamental passesvthrough the,operatiﬁgf

Company. The other type, used. by Westinghouse Electric ™

Corp.,. uses are L-C filters which are designed to pass

fundamental and 2nd harmocnic quantities separately. During

_inruSh,.2nd'harmonichuantity is fed to the restraining coil

-

. and during the fault, fundamental quantities are fed to the
jopérating'coil. There are some ‘-more harmonic restraint

'fpfinéipleq,such as double harmonic restraint principle used

by ASEA and three winding harmonic restraint feature used by

GE, but those are mainly for special purposés. For general
applications, the above two principles are being used all

over  the world. Tfo'stahdard circuit designs ark

'incorporated in Appendix—A to illustrat®. the above two

*.principles of harmonic¢ restraint differential rélay.

A
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’.2 5 Concepts of Dlgital Relaying .

‘ Until recently,°conventlonal relays were serving
the need‘of'power system protection. The use of digit‘al‘““]B
computers for protectlon of power system elements is an idea
of quite recent origin. I gost .of .the cases the digital
relays are faster in operation than their conventional
counterpart relays. They-are more reliable +in operation and

S : o
have 'quite a number of.specific advantages described in

T Sectlon l 3.

The concept of dlgital protection is different From. - |

]

'i, that of'conventlonal'relaylng in many -ways. The conventlona& “

. relaylng is pr1mar11y dependent on the level of analog sxgnal

1nput to, the relay and 1ts effect on the operatlng or
-restralnlng coil of the relay. The behaviour ‘of the- relay
..depenasuen the circuit-pgrameters of the relay and the

'electro;mechanical response according to the analog’

' electrical output. However, digital relay is more concerned

with the input signal processing_and the interaction of these .

b

‘processed~signals with.the_softwaré program of the ,relay to
determine a trip or no-trip decision of the relay. Unlike
conventional relay, so tware part plays a significant role in

digital relay. Development: of algorithms for faster -action

is important in this case. Also an interface is required-

with the'analog system to ‘correctly match and feed the ‘input .

‘data to the digital system of the;eomputer relay. This'.

at o
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* additional requirement of interfacing is absent-in . e,

I3

{ conventional relaying. .A fuhctional block diagram of a
digita{ relay 'is shown in Fiq. 2.6. ' .
The inputs to the computef relay which.are‘bdth the
analog and digitaL signals, consist of ‘System currents and
voltages - primarily 60 Hz quaﬁ#itiesmin steady state. The
f primary- analog signals arefméasured.in KA and KV. Thé
" conventional current and voltage transducers, like CT ‘and PT,
reduce thgée'signals to 5A andllzovvievéls. These signglg'
© from the secondary side of the transducers must b;’further
attenuated po'the aécgptable‘combuterTinput levels - usué}ii
$10_volts maximum. This level reduction must be accompliéhed
o by.circuits which shield the computer from the transient N
voltéges that éxiét_on the secondary sides. The attenuated
signa{? afe then convérted to digital'form-by Analog to
_Dibit&l (a/D) convertérs. All of these functions are
- performed by the anaipg input subsystem shown in Fig. 2.6.

The digital input subsystem handles the contact or voltage

LAY . ‘ .
- "gsense information needed by the relays. As in the case of

analog wiring, there are transient voltages on therdigital
. ,

input sides also. Sﬂielding of the computer input pofts from -,
.these voltages is Eheifuncfion of lhe digital input
subsystem. > '

- " The output of a digitalirelay is processed thfouéh

its digital input subsystem. Digital outputs are usua

4

N
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| ¥ \
: R Y
%A -
; K (T's " Anal(;g " “Filters |
" S}gna_ls_-Q - PT's Multiplexer Attcnuators,
‘S'a.mplé A N '[')ig'ital :
.~ . Hold /y Multiplexer:
Digital Computer
Filter Relay
' Fig. 2.6 ‘Functional block diagram of a d’igitalV rela);-.
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from .its parallel output port, and in most cases these are

Transistor fransistét 'L'ogi'c (ITL) level ‘signals. Suitable
voltage level 1is derived from these signals to fire thyristor
gatings to finally operate the circuit-breakers.

The analog data is sampled continuo.u.sly. The

sampling rate depends on the Nyquist;' S ampling Theorem, the

" principlg of which have been described bfiefl)}- in Section_

2.6. The other factors on which the sampling rate depends

are’ the cabability of A/D, the speed Of the processor itself -

And the suitability of the alf;orithmA used for: the relaying.'. :

program. The continuously genérated sample set is- entered .

into the computer memory. The data is maintained in-a
scratch paal'Réndom Access Memory (RAM).
In most digital relay applications, the raw data -

samples are also stored in a secondary data file for

historical recording of significant transient events on the

pﬁwer 'sy's-tem. The oi:ganiza.tion "and length of t}iis historical
data file depe;md upon i:he specific needs o,f. t-_he user and ﬁhe
available RAM. ‘ T

It is understood that this data is n;oved as .soon as
possible to a secondary storage, thereby makinc:; roam for' the
next occurfence of a _trar_'xsierit. A suitable spah of pfefaulﬁ

data as well as appropriate time périods are also saved in

this historical data file. The final disposition of these

.7
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i

The digital filtér_p‘rogram is essential-to all the

relaying applications. The analog data ..samples are corrupted

by noise from many sources. In order to obtain accurate

results, the digital filter must separate the desired

components of the analog signals from the noise components.

" This function is handled by the dlgital fllterlng program.

-
.

In rnost apphcat:.ons, the £ilter - equat:.ons are recursive.

Researches are going on to produce fast digital f:.lter

-

_ algorithms. "

- behaviour of the relay. For example, the harmonic restraint

The relay logic program determmes the functional

differential relay fequires the computation of weighted sum
of certain harmonics. In most of the cases, the relay logic

program is_combin'ed with the filtering program which requireé

. the- computation of weighted sum of certain hérmonics Thé

relay loglc program is comb:.ned w1th the fxltering program 50

.'that the A‘rocessor computat:.on t:l.me is evaluated on -the basis

-

of the.~mole program from_samp_le to sample.

The derived -quantﬁi'ties fran algorithm are compared

with preset relay characteristics. The size and shape df

' _theéé characteristics are fed into the computer by the relay

setting'brégram. The relay coinparea'contiriuously the value
of the derived quantities fram data on sample- to-sample basls

and . makes the trip or no-trip decision.

'i]i‘:

-

.-
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2.6 Sampiing Rate o _ ;.*,_ ~ . " . N

Fig. 2.7 will serve as an illustration of how an

Y .

. arlxalog~§ignal is converted to a. digitél signal. ' Fig. 2.7(a)

shows the anélog signal which is to be converted. The train
. ' i N ’ ’_ n
of pulses in Fig. 2.7(b) represents a fast-acting switch
.- N . . S a )

whi’ch connects the data acquisition system to the analog
. . ’

signal ‘for a very short time and remains open for the rest of -

._t.t-xe“per'iod. The result of E:’,\i" oberatioﬁ is identical - to

multiplying the very short on-time of the sampling switch and
the -signal, The resultant modulated .pulse train is shown in

Fig. 2.7(c)." Here, the amplitude Yof the analog signal 'is

~ preserved within the signal envelope at discrete times._

Replacing the sampling switch with a switch-capacitor

combination enables the signal to be stored or held until the

2

nex'tfaqmp‘l'e pulse arrives.. This type of signal acquisition,

as illustrated in Fig. 2.7(d), is known as a sample and hold

= - . - . - v -

To determine, how often the "sampiing pulses shou'ld__

- occur; that is, to determine the "sampling rate" for a given
' .sy'stem,.' one must qxai’r_tine the analog signal charagteristics.'

.Obviousl'y, the sample rate must be faster than any

significant changes -in the analog signal in ordg'r to retain

'_611 the useful information.. The Nyquist Sampling Theorem

~defines a minimum allowable sample rate to be used. It

states: If a continuous ‘band width limited signal contains

B
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no .frequenty co'mponents highe’r than 'fc.',_ then the_ori_ginal
signal can be completely recovered without distortion if it

- is sampled. at the rate of at least '2fc samples pe-r second,

. Fig. 2.8 illu’strates"the sampling theorem. Fig. 2.8(a) shows, L

the frequency apectrum of the desired signal. Iflthe sample

rate is chosen as 'fB', then the sampled slgnal w111 be
-
modulated by .the frequencies in the analog signal, as lS

'shown 1n Flg 2. 8(b)- Should 'f ! be leas than '2f Yy 'the
-'high frequencies of the signals cannot be distlngu:.shed frOm

.the low frequencies-of the sampled s:.gnal- thus distortlon

_Ierror exists which is termed as "frequency foldlng
Anot‘ner error related to ‘a. léw sample rate is -
“aliasing"”. Aliasxng error occirs due to the fact that the

sampled s:.gnal may contain low frequencies that actually dp

not exist in the original signal. This is shown in Fig. 2.9.

) 2.7 Digital ‘bifferentia.l 'Protection of Transformers

A schematlc diagram of digltal dxfferential
1
'protection of a single-phase transforme\r 13 shown in

Fig. 2 10. As seen from the flgure, C.T. ‘s are connected in_

.both the primary and secondary sides o&f the transformer.
‘_Each C.T. secondary is connected in series with a shunt. -"l‘he
'values of the shunta are small to avoid unnecessary C. T.
secondary burden. This is unlxke to the normal current .

balance connection -of conventional differential ‘relays.

o .

)r..



'. '.(b“‘)-

:kaé)

PN

'ZCont1nuous S1gna1 .
: ' Spectrum

Samp1ed Signa]
. Spectrum

— 1> .
fs-fc fc . f5 . fstfc
Fig.;2}8 - Illustration of Freéuency Folding-'

-

S:A]1as Frequency | Signél

'-‘

Pig; 2.9 Il_lustraion of Aliasing Effect

Sample |
Pulses -



.
Inleq
1aZeq
LOAD
Fig. 2.10

Schematic*diagram of digital différential
protection of qingle—phaae‘trdhsfo;mer.

-~

c

’

LP

Filter _

.-

ld1feq

Ty

oy



’:l

"

41
Dropa across each shunt which are bropo;‘tional to each C.T.
6utput are fgd into “amplifier A and B. ’I‘ﬁe c;ﬁtput of the
amplifer C represents the differential current. The low pas‘s
filters prevent aliasing and fregquency foiding effect
descrit;ed in ?revi;)u;; section. Separate Sample & Hold"is not

necessary for a single-phase transformer protection as in- °

built S/H of the recent A/D serves that purpose. After

J

. processing of each sample by MPU, it gives signal to A/D ‘for_

’
! )

.a -start-conversion of signal.

For steady state operation and aliso for through-

fault, theoretically 'I '.will be zero. In practice,

dif feq

C.T. mismatch and saturation effect do not make 'I _, '
diffeq

exactly equal to zero. -A threshold value is incorporated in
the relay logic program to avoid undue tripp:@ng in such a
case. For a fault in the protected zone of the transformer,

”

substantial amount of 'I _, ' is produced. When it exceeds

, diffeq
the threshold value of the present relay logic, a trip =
decision by the relay 1is initiated. -

The magnetizing inrush also causes a substantial

L] ' 3 : :

flqw of Idiffeq , but tripping is prevepted by comparison of
the second harmonic cjuantity with the fundamental component

provided in the relay program.

A scheme for three-phase protection of transformer

" is shown in Fig. 2.11. The C.T. connections are the same as

conventional 3-phase transformer protection, i.e., C-T's on
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’ ﬂqejeter-side 6f the transformer ai‘,e connected in delta' and -

delta eide. CT. 's are con‘nec'tec'lmie st-ar.\ Bias -and .operating
wlndmgs of a conventlonal protectmn scheme 1is absent here. '
Instead of, drops ‘across each shunt whn.ch are . proportional to
the differentlal currents _1n each phese", are fed ‘to. the

individual amplifiers A, B, C. " Each of the outputs of A, B,

"c are fed to individual S/H. A signal from MPU through a -

common - bus system enabllee ell the a'nelog s‘ampies' of rthree

~‘pl"xases',t0‘be held by each S/H.at the same instant. _ The .

. mult‘iplexet,, upon getting 'signal fron MPU next, selects" one |

of the 51gnals “from its’ three J.nput channels- Thus one’

smgnal from one of the phases is selected at a tlme by
multiplexer and passed to the A/D. Upon receiving a slgnal
frczn MPU, A/D converts the’ signal and sends it to MPU for

proce931ng. W'hen process:.ng is completed, MPU sends its next

: s:x.gnal to- select sample fraom the next phase by multlplexer

and the process is repq_ated Trlp or no—tnp dec:.s:.on tgy the
relay as well as preventlon of trlpplng due to inrush 1.8
followed by a preset relay logJ.c ln the gsame way as described

for single—phase case.
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' CHAPTER 3 )

»

MAGNETIZ ING INRUSH PHENOMENA FOR SINGLE AND
THREE PHASE TRANSFORMERS

3.1 Magnetizing I'nrush Current in S-in‘gle'P'nase Transformers

3 1.1 Inrush Phenomena

4

When a single phase transformer is energized ' o

)

"from the YLine, at every instant, the applied voltage is

~ideally balanced by induced voltage due to the magnetizing.
' ' ’ o A

 cufrent.’ . The.magnetizing current is produced by the flux
: as'socia.ted in the core. The nature of the flux produced
“depends .on . the magnitude, polarity arnd rate of change of the

applied voltagé at the_instant of switching. Assume first‘,

that the core is- initially unmagnetized and that the switch

- &
is closed at voltage peak. The condition is shown in Fig.
TR

3.1(a) where ') is the switching instant. The balancing
e.m,f. demands a flux having maximum rate of change, so that

the flux starts fram zero in the required diréction, as also
: : s - -
does the magnetizing current. As observed from Fig. 3.l(a),

-

if the switch is closed at 90° of the voltage waveform, flux
-will start growing. from zero at that point. The flux will

grow up as long as  the vJoltage is positive and starts

, decreasing when the véltage is negative. Thus the positive

half-cycle -of ‘the flux will correspond to the positive'’
half-cycle of the voltage waveform but with a 90 ° phase

s_h'ift.A Hence, the flux is ideally 90° lagging the
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. ‘voltage waveform, -if the transformer is switched on at 20°,

1f, however, the switch is.closed at a voltage zero ;s.in
Fig. 3.1(b), the volta;e is positive during the firsti
-half—perioé, throughtout which the flux must, therefore,
increase, with a total change corresponding to that of a

"normal' half-period. 'It, therefore, reaches a maximum of

twice the normal peak, i.e faqm', a phenomenon called the

-

. 'doubling effect', ' ' ' )

In subsequent halfeperiéds, the effect of losses

~

rapi@ly're@ucés the flux waveform to symmetry about the time

axis. The residual flux in the core can aggravate the -

'condition. The residual flux is the flux in the core prior

: o ' - | .
to energization of the transformer. If the primary voltage
. l .

.~ . ' X . i !, . .
is applied at a zero instant and in such a direction that the .

rislné field augments the existing residual flux‘\¢é', as in

Fig. 3.i(c){ the sinusoid of flux variation has still the

amplitude ‘2¢,'+ but is entirely offset from zero and rises
: ] ) )
to a peak value 2¢m toog' . .

, .
I ' Fig. 3.2(a) illustrates the effect of positive

residual fluxes on inrush currents due to the switching 6f a
'tranéformer on -two sucessive cycies of applied voltdge
‘waveform throﬁgh thyristors. In Fig. 3.2(b) the'applied
voltage-wave?orm is shown as ;hvertéd. The switching is done

at 90° of the positive voltage waveform.

. So, the inrush will be maximum if the transformer .
s ,
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is switched on at voltage zero. It will be minimum if
switching is done at 90° of any half of the voltage waveform,
Thé phenomenon of the inrush is physicaliy explainable moré
ea#ily with the help of 't;ahsient flux'. ”fig. 3.3 shows the
fluxes for maximum inrush c&nditién,'wherein; the total flux
is the acéual flux for the first cycle. N
B The total flux of Fig. 3. 3,,may be viewed as -

-conslsting of two components,

. A) Steady State Flux:. the normal flux

,:equirgﬁents corresponding to the steady-state magnitude of
the existing voltage.

B) Transient Flux: the flux required to be added A

to the steady-state flux to make the total flux equal te. the
residual flux at the instant 6f circuit closure.

In Fig. 3.3( the residual flux is shown in the

positive direction and is presumed to be maximum on the
assumption that the existing current has been extinguished by
circuit-breaker operation at a normal current zero following

a posltlve half-cycle.

-

The maximum transient flux is produced by

.

energizing the transformer at the zero point on the voltage

wave when the voltage is rising in positive direction to go

with the assumed positlve residual flux. wit".egat.lve”

regidual, closing the circuit 180° later, would produce

maximum transienﬁlflux of.opppsite.polarity. If the breaker
. |
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closes ‘90 ® later at point 'X' of Fig. 3.3, the insfagtaneous
value éf the'steady"state flﬁx is zero, and ﬁheitransiéng

'flux, tﬁerefore; is équal to the residual flux. If the,
%ransformer is energized at point 'Y’ of(Fig..3;3, where tﬁe
zéteady state flpx value equals the residual flux value, no

_:tiansient flux is present. Under ihis condition, ﬁhere would B

be.no magnetizing inrush current.

| In Fig. 3.4(a5, the formétion of inrush c#rtent is
illustrated Qith.the helﬁ Sﬁ exéitglipﬁ cqrve. A simplified

excitation curve has been assumed as two straight lines, f;om'

"t
]

"0-to0 S, and from S to P.  The inrdsh cdrfent 'I' for the
> ; . -~

condition of maximum transient;flux'was~détermined
graphically by enfeiing-ﬁhe excitation Cuﬁve OSP with the
instantaneous. flux values. For example; a value of flux
'¢x', haﬁ been'de;ermined at 90° of the £lux wéveform 'é'.
By pr§jecting thig . value on the left-hand side of excitation
curvé, Fhe instantaneous value 'Ix' is obtained on thé
figure. Simiiarly; other points of iniusﬁ current waveform
can bé_determined. However, as egplained_latef on, the
digital simulation of these_waveforns are simplér'and less
\'difficult.
. If the.actual ekcitation rve is used, as shpwﬁ by
the_hysteresis 150p. legs will be produced near'zéro on the.
cﬁrrent'wave, as shown by the dashed portion'of the waQe.'

These .legs result from the bend in the excitation curve near

By
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- ~the saturation poiht. 123% aasuming,’that the 9icitatioh curve
consists of two straight' ines, inteféecting on the flux axis
at a gpint S, called "sag@ration density”, the iqrusﬁ currént
legs are eliminated and éhe inrushlcurrent becomes an off-set
sine wave with the negative portign of the current cut off.
If residual flux could ever be equal to saturation
déngity, the inrush current would become a pure sine'waQe,
'fdlly pffsét as shown in Fig, 3.4(b). In fact, the :gé}dual
"is élways leSS'than.the-satura;ion‘deqsitf.- Heﬁce, it i; no 7
. longer an exact sine wave but close to it éslshown in gigy

3.4(c). The inrush damps out in subsequent cycles and hence,

- <

the similarity of its with sine wave gets more and more
distorted as its base becomes narrower.
The who%e process has been illustrated in Fig.

3.4(d), where, % ¢ are the fegidual fluxes, 8 are

R1’ 'R2 sl’ e52

the saturation angles, i.e. where the inrush currents start

‘rising from zero and are measured from t=0; ?1, Y,

and v, are
the conduction angles, i.e. the time-period in terms of ‘

. angles, during which'thelinrush current occurs.. It is found,
fraom the Fig. 3.4(d) that the magnitude of the inrush current
is more if the residual flux due tq<previous turn off. is
more. If the transformer is switched on at an angle of 90°
of the voltage wave, the inrush current I3 is smalLef than

Iq and I ,. Here, '0_,' is measured from 90° of the voltage

ml

waveform. -Here \EX is also smaller compared to Y, and Y,

1



—v’ggt -
-Steady State Flux
Steady Stote Voltoge

Fig. 3.4 (4) . Inrush.phenomena with different residual flux
levels and switching angles

e —e—

S



56

’

If switching is done later than 180° of the voltage waveform,
. T | :
‘the inrush will occur in the negative direction.
3.1.2 Analysis of.MagnetizingiInrdsh For
Single-Phase Transformers B

It is well known that when a single pﬂaqe

transformer is energized at no-load, the stéady'state no load

current 'I0 , has two components,

(1) 'Im', which is responsible for producing the
main flux"¢' and is in phase with '¢'.

(2) Ih+e,.which éupplies the hysteresis and eddy

current losses and in phase with Vj.
Thus, - . S o ‘.

Ip = 3L f I L : _ - (3.1)

-

The phasor diagram representation of Eqn. 3.1 is shown in
Fig. 3.5(a) and the equivalent circuit at no-1load is shown in

Fig. 3.5(b). The component I is very small in comparison

h+te
to I. and steéag state value of I_ is small in comparison to
o m ) -~ , -4 m .

the normal full load current of the transformer. From a
simplified equivalent circuit, the value of Im is given as,

I_=E (g - b ) : (3.2)

where, In is the conductance, bm is the susceptance.
Hence, 1t can be written as

= = +
.El Im Zm Im(rm 3 xm)

.‘ (73) '
. ) ~~

‘e
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Fig. 3.5 (a) Phasor diagram of magnetizing] current
. (assuming it.to be a vector , uantity)

(b) Equivalent d1agram of single phase transformer
' under no load condition

(c) Magnetxzing current ‘circuit under coﬁé
saturated condxton



In Eqn. 3.3, Zm'is‘the core impedance, r is the core

resistance. and Xﬁ is the magnetizing reactance, -so that
Pd

r = ....2_—-———- ) X = === — ’ (3.4)

The above equations are valid under steady state condition,
i.e. when the flux is below the saturﬁtion level of the
transformer. But during switching on of a transformer, the

flux is driven well-above the knee on magnetizing inrush.-

So, the watt component of the éurrent can be  disregarded on "

: .

the, basis that it is small compared to the magnetizing inrush
. current. When the flux is above saturation, the inrush

current is no longer confined in ‘the core, but flows through

the series impedénce between the transformer and the source

as shown in Fig. 3.5(c).. Then the effective inductance of

“-the coil is the leakage inductance and not the inductance ‘of

the core.. It 'is designated as 'Lt‘ and, the source inductance.

.can be.added to it so that effective inductance of the flux

‘path is

= T + - - - o . 3.5
L LS Lt . e . (3 )
i o A ' ’
Also, the circuit resistance and transformer r?sistance can
: i o

be combined to give a total resistance of

»

R=R + R, ' (3.6)
8 t . .

e

‘The inductance of Eqn.!(3.5) is also not a constant parameter

and depends on the behaviour of the circuit on a particular

i~z5m



59

. 3

switching position on the voltage waveform. It's value also
varies from cycle to JYcle as the .inrush current damps out

. subsequently.
. : N ) .
To obtain suitable expressions of inrush current in

case of a single phase transformer, following three cases are

’ 8

" considered.

(A)"Switching is done at switching angle A=0°

(B) Switching is done at switching angle A=180°"

N

(e) ‘Switching is doqe at arbitrary angle’/i=ut. .
Case A: Switching at A=0° - o .
Let the applied voltage be giveh by
. : e = Y2 E sin wt_ " ) . (3.7) -
From Fig. 3.5(é),”;he voltage eqhation of the circuit can be
w;itéen as, ) . o .

1 . 6‘ di ' * .
- e=/2Esinmt=Ri+La—— (3.8)~
t
! ¢ N - .
Where, E is the R.M.S¢ value of the applied voltage. ‘The

solution of Eqn. (3.8) is obtained as,
. ¥

R/X(0 ) - wt)

1%2 [sin(wt-¢) - e ‘sin(eél—q)l

g

(3.9)

where,

X R

o ' . eslﬂ saturation angle in the first gcycle. .

WL, 7 = /(R + X%), ¢ = tan (%), ana

! Egn. (3.9) can be expanded and finallj epresented in the

following form,
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&Ex ' “ R/X(B ) -ut) o

i—Z— [— sin wt - cos ut - e (x Sin 8, -
cos esl)] | ; (3.10)

T'he. detail derivation of Egn. (3.9) a'nd" ('3.10) are shown in-
Appe;mdix B. '
. ',E,qns. (3.9) and (3.10) relpresént the’ f;.rst cycle of
Iinrizsh turrent which. change's.'f,ron'\ cycle to cycle depending on
the variation of the values of Z, X and le. The'equatibns s
are valid as long as the flux is above the saturation region.
This is shown in Fig, 3.6 (a) where the instantaneous values
of "i' are deqignat_ed as Iml and Im2'

. - From Fig. 3.6(a),the current becomes zero at wt=a,

Substltutlng in Eqgn. (3 10), yi‘.’elds,

. R/X(8 _—ua) ,
3sincz—cosu--e sl (—81n6-cose)=0
X : » - . sl sl? .
(3.11)
Let
esl =Y.
where’
'Y =-conduction angle of the inrush current
Substituting in, Eqn. 3.11 gives, .
(R/X)Y
. e -)—(-.sinY-cosY oo
tan a = - R7X)Y (3.12)
] X+ e -)—{-cosY+sinY,
If the value of 'Y' 1is known, corresponding 'a' and 6

gl

}.
\

Y

-
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values can be cor’nputed.fro.m Eqn. 3.12_; ‘and 3,11 respectively.
The peak value of the current does not occur at the -same
angle as that of the £lux waveform but ‘occurs at an angle
'8'. These are shown for two successi\.r.e cycles in Fig.

3.6(a). ‘This is found by differentiating Eqn. 3.1Q with

respect to time, and equating it tb zero. Thus,

di _ /2 BX R . oo
¥l 2 [w...x cos wt + w sin wt +
R | eR/X'(esl-mt)' B oine - cos o ) L
X : X . - sl
) (3.13)
- . ' di . . i - :
For maximum current, 3 = O, and the current 1is maximum at-an

angle wt=8. Using éqn. (3.10), the expression for maximum
current can be found in a convenient form as,:

2B X ging (3.14)

'Ip max © X * 'R

~ -

Detail deri;/ations are included in 'Apéend'ix B "
Case B: Switching at A=180° ‘

If tl"xe switcﬁ‘ is cic;sed at . A=180°, the
instantaneous value of the'applied voltagé_ in the interval '
n<wt<2n is given by, |

/2 E sin (7 + wt) -

e

-v/2 E sin wt ' o (3.15)'
So, it is the same thing as saying that the s_w,iﬁching Ws ‘done:
at A=0°, of the negative half of the voltage wave. This is

shown in Fig. 2.6(b) where the axis has been shifted énd all

¢ the angles are measured from t=0 as shown. Thus, the}voltagé
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equation can be ‘written .aS-
e=—-Y2E sin ut = R, + Lﬂ 4(3.-16)
i dt’ .

-
:Following the same procedure, as in Case A, the solution of

,Eqn'. (3.16) is obtained as,
RAC961798) | sin(e j-9)]

ie - {2ZE[sin (wt—-9) - e

' ! BT (3.17)

¥ The Eqn. (3.17) can be rewritten in the form,

\( > v —Y2 EX .R .. ) R/X(Qsl - wt)
: i=——2—-—[3(-31nwt—cos_wt-e.

Z .

9

L - cos 6,)] (3:18)

R ..
| - (f sin Bs
-As the current i=0 at wt=a, from Eqn. (3.18), it is found

"R/X(O l-a)

T s : :
. [isin 6 - cos.8_,1=0

R
N -isin_a.- cCos a - e

| A ‘o (39

If 'Y' is the conduction angle, .‘the value of 'a’ can be found

i terms of 'Y' as before

2 ? '
| R/X Y |
: e - x 8in ¥y - cos ¥ ' | ‘
tan a = - (3020)
- .- R RXY R .. 4
B e e’ g Cos v+ sin Y .
"The expression for 'a' in Eqn. (3.20) is the same as that in

'Eqn. (3.12), but all the angles in
. 'J = -

. " frébm the new reference as shown in Fig. 3.6(b).’

~

T Si\mi'l,arly/l the -expression of maxiinum current can  be

. ¥ ' '
] M .
f] . ‘ !

~
s v
]

Bqn. (3.20) are measured

1



: . . . -
iy \ /
| /o 65
obtained by different}a:ing Eqn}‘(3.18) and setting it to
zero as in Case A. Thus, -if the current is maximum at. an

angle 'B8', the expression for maximum current is obtained as,

Ty max = = %) - %) . sins ) (3.21)
Case C: Switching ag‘an Arbitrary angle';;wtf‘ |

~This ig shown in Fig. 3-6(c), wherergﬁitching is
dqne.at an arbitrary angle 'A' of 4he positive half cycle of

the voltage waveform. . If the time of inception on the

: ‘ - . [
-voltage waveform is taken as X=wt and set ‘the new time axis

as t'=0, so that ' _ _ o et
t'=t - VA™S | :'f . : kj.zla)
then the transformgd‘volfage equation is: S -
e = /.2’ E sin (wt' + 1) - .' N (3.22)
where, | “ ‘ :
. wt' = wt ~ A : . o -_(3.'223)

" Hence, the voltage equﬁtion can be written as before in terms
of neﬁ reference frame,

di -

dae’

The solution of Egn. (3.23) in terms of 't' can be found as
. -

e = /2°E sin (wt' + A) = Ri + L (3.23)

-R/X( m—.—esl-ﬁ) o
..sin(esl+§—¢)3

i= 53275 [sin(it-¢)- e
| iR (3.24)
Expanding Eqn. (3.24), it can be written as l

T

- .,
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"expression for peak current is obtained as

67

« _-R/X(6t- es

' . fi)
{%—§4¥ [g sin wt'- cos wt - e 1
?‘f. . R o
] . sin (8,42) = cos(8_ +))] (3.25),

5

The detailed derivapion.of EQn. 3.25 is included in Appendix

B." When the current is zero at wt'=aq,

[N

‘ R/X(0 -a) -
% sin (ot }) - cos (ot+r) - e sl
. . L]
. R _, : S L
{sin ¥ sin (631+A) - cos (esl+x)} =0 (3.?6)
If Y= a- 951, where Y is the conduction angle,

if cah be shown from Eqn. 3.26 that the value of a as

KX Y R
tan( ok A) = (s—mmmzrodem e m e m e —  (3.27)

hY
The right hand side expression of Egqn. (3.27) is similar to
w . :

~
1

that of Case A when switching is done at i=0°. The only ;
“ 4

1

difference is that, in Eqn._(3.27), 'y! ‘and 'a' are measured

Py

from t'=0 and not from t=0. The peak.'current expression can

be found using the same érocedure as in case A and the

-

2 E X

Z2E &

'Ip max - X - (R sin (B + X)) | (3.28)

Again, the detailed derivations are included in Appendix B.

3.2 Magnetizing Inriush Current in 3-Phase Transf&rmer Banks

3.2.1 Inrush Phenomena _ . B

~ ) \ -

N ,,l!‘\‘ .

. i . .
/ ' . : 'ota
. . .

1 e

~ Inrush current phenomena are more complicated in -

/

e e e e~
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the case of a 3-phase transformer bank. It is difficult to

switch on all three phases at one time due to the inherent
ohase angle differehces between the pheseé,\,thus ‘without
producing 'inrixsh. currents in two 'phases at least. Agaio, the
ins'tantaneous values of the inrush ourfente in different
phases w111 be dlfferent depending on the electrical
connectlons of the energized windings’ and by magnetic .
coupling with any other closed windings which are present.
Residual fluxes in the core also is not as. eimple ‘as in .a
single phase case. As mentioned previously, t‘ne‘ :amount of
x‘esldual flux left in - the core"of -a f:ranSformer .depencls upon
the poiot 'in the cycle at whiclx the exciting current was

¢ _

interrupted at the time of bank de-energization. It is most

likely, that one phase will be interrupted before the other

A ] - . ~

two because of the phase difference between the total

.currents. Again, with a star-delta connected bank,

~

| interrupting the flrst-phaae on the. star side does not

extinguish the excitation for the first phase core because of

an electrical connection -on the delta side. When these
contingenc1es are taken into acount, it- follows that the

amount of the resldual to be expected in the three phase
L4
cores is rather unpredictable.
As the inrush chr;‘ent phenomena and subsequent -

analysis are different depending on whether the transformer

is ‘switched on from Y-side or from A-side of the transformer,
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both the cases are explained here as follows. First, a
transformer with no closed winding is considered. -

(A) Core-type transformer with primary winding

grounded in star héving no closed winding present: Let the

. . Y
switching of the transformer be done at such an instant when

the phase 'a' voltage is maximum. For simplicity of

énalysié, it is also assumed that there is no residual flux S
in the corq; In such a b;se, the transient aésymetry of the
fluxes in each core, will be the saﬁe as separate single
!EEEE?' Fig( 3.7(a)_shqws the flux condition in phése_'a',__“
As switching of phase 'a' is at 9Q° of the voltage waveform,

. “
practically the inrush- will' be negligible. The transient : -

“ - »
flux swing in phase 'b' will start from zero and the inrush
-will occur when the flux crosses the saturation level. As

shown in Fig. 3.7(b), the inrush will take place in positive . '

- direction of voltage wave, For phase 'c', the relevant

\ .
diagram is shown in Fig. 3.?(c) where the inrush takes place

AP s

" in the negative. direction of voltage wave. It is also to be

noted that the inrush in phase 'b'-and 'c' occur in two

~different times in cycle. These-cur;ents have a return path

to supply through the grounded neutral. - ,

(B) Core-type Y-A transformer with neutral ‘(

grounded: If the switching condition is same aslin"Af, the .
exciting ampere turns reqﬁired by the core will remain the

same, ainig‘it“is of né-importance wﬁether the core of the

0
v . - - B 3
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o~ phase conditions
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Transient fluxes and inrush currents in a

,3-phase transformer energized at 90° of v,



‘phase 'a

" because phases 'b' and

t4

-
transformer obtains its existing ampere— turns from the
primary winding capable of supplying ampere-turns or from any

other ‘linked winding capable of supplying ampere-turns. So

.

currents may show up in all three phases while only one phase
.is experiencing the inrush. In this case; any core— limb
demanding innjxsh amper'e'-turns during a certain éart of ‘a
cycle is provided by the othe;:'two phases with .an auxiliary
source by \girtue of the magnetic coupling of the closed deita

r .
winding., This is explained in Fig. 3.8, where it \is presumed

that phase 'a' is experiencing an inrush. 1In this| case,

[}
, needs an excess amount of exciting curfent for the

-

duration ‘of the inrush and an auxiliary source of. supply 1is

available through ‘its secondary winding energized from the

delta connected windings of phases 'b' and 'c'. The
direction arrows for the currents flowing in the windings of

phaseS'.'b' ancﬁ '_c"are in opposite direction. This is
]

¢' are helping the inrush in phase

'a', Hence the incoming current in phase'a' is being
neutralized by outgoing current in the other two phases. 1If
the connection to the ground 'yere open, the magnitudes of

phase 'b’ and phase 'c' currents would each be equal to

~one-half the magnitude of phase 'a' current. With the 'g;‘ound

.connection compléte as shown, the magnitudes of phase 'b' and

phase 'c' currents will be something less than half the'

magnitude of phase 'a' -current, depending upon the amount of

[T S
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current 3I0 flowing in the ground. ' . i ,

Typical star currents with ungrounded neutral are ..
shown in Fig. 3.9. The helping effect of "two phases 'tc_> the
third phase is evident in the traces for the thriee star

" currents I ‘and)Ic. Inspection of these traces indicates

I
, a’ b
. that the inrush current starts in phase 'a' first. For the -
1

first portion of the cycle,’ phases 'b' and. 'c Iai‘e' helping

phase 'a'' as indicated by.the wavé—trace from the starting

time up to the point 'x' on the wave trace - for IC. At point\

x' on IC, phase 'c' begins to experience its own inrush, as’ vl
the current begins to increase rapidly in magnitude. This
\ i .

[

e

. o

presents a’' nevw problem in phase 'b', in ‘that it is now calléq

. : \ . ..

on to. help supply the demands of both phase
r L

'p'. Since the two.demands are in opposite directions, the

a' and phase

current from phase 'b': flows in the direction of maximum
. , .

" instantaneous demand. From point 'p' to pdint 'q', phase 'a' o

requirements are greater than phase 'c': therefc_)re, the

instantaneous value of I_ remains with a negative polarity

b

but rising towards zero. From point 'q' to point 'R', the

i

requireme'nts'of phase c' exceed pt‘nat of phase
L .

a's Phase

P

'b' curfent therefore increases with a positive polarity to ‘..
help supply the demand. At the peak of phase 'b',
current 'R', coincidental with point 'Y' on the -trace for Ia’

the inrush for phase 'a' Mas temporarily subsided, and phase

‘a' and phase 'b' help phase 'c' until the peak of current
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S S | e A
in phase ‘e subkides /to zero' . 'I‘he w‘hole process is repeabed
in the next half cycle. S . . t .-_ L =3

» o

(C)' Core—type A-—Y transformer When a A-connected

. primary is energized. no helping effect is found as the

'sec‘ondary is Y-connected. The cur_re_nt -in.each:phase is

RS . ¢

"i-independent of the other phases, and . t-he"' inrush phenomene'of_.

' feacb phase take place 1nd1v1dually ona- single phase baeis.

'typicq.]: delta connected primary 1nrush is. shaown - 1n r‘ig.
B 3 100 . , R o ¢

-_As far as’ the li‘ne currents are concerned" they W1ll be the

o -

g Af-f..-instantaneous differences of . the respective phases. '-'A o

’

. o
- . . e o N ' ._'-.'-...’

3. 2 2 Anal}rsn.s of 3—P‘nas,e Inrushes . -.',-.,;:i:; '

-. .". - -
Ag explained ‘in’ Section 8 2,»1, the analysis of
' [

-~

inrush qurrent. for ;{-connected prlmary is more . compl.xcated '

N “

than that of a. A-—connected\prima.ry transformer. Alsoﬂt‘be '

.~,1.nrush waveform contams a number of harmonica. ‘Hence, the

.

~3equence J.mpedance values w1ll change “in actual cases whereas

: -'-the ana]!y:us ‘is restricted only ‘to fundamental quantities.

Due to- these limitations, a~qua\mtitat1ve analysm is done

- ) ) \

‘ -which can be aple.ed later on for simulation purposes.

. .
- currents are designated as I

(a) Y-Connected ' Primary It is first pre'sumed that

\

current required for the core

the total amount of magnetizing

of each of the ph;ses will be a kpown quantity which can be

_analysed as destribed in Section 3.1.2. These inrush

na’ Imb and Imc' for phesea a’, -

-
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. 77
'b! and 'c', respectively. Fig. 3-11 (a) shows the equivalent -
‘circulfT ‘for the phase 'a’ transformer, where I is the

.current flow1ng through the magnetiz:.ng branch of the

transformer.; The total leakage lmpedance of the transformer

\ -

is -split into two.par'ts, Z and Z__. 7 _represents the
. p 88 p

-primary leakage impedance-ami~2Z as represents the secondary

ieéxkage impedance refe}.'red tq the primary side. . 'Xm' is the
magnetizing branch reaf;tance and 'Em' represents th_é';’
excitation voltage. Similarly,. for each of the phases,
,eqhivalenti c;.rcui"ts can be drawn. ' .

Fig. 3,11 (b) shows the circuit used. for fhe' .
analys is.. The generatéd vol "a‘ges at the ultimate 'aoudz?;e‘ are
shown ae|; B, Ey and B, The!total systen im?edance up to the

transfoi‘fner input terminals are shown ™ as zs and Z
k B

0s’ zs

|
tepreserlxts both the positive and negative sequence impedance

f the system, while zos represents the zero-seguence
mpedance of the system. The A—temlnals A, B and C on the

secondary side is disconnected from the: rest of the system.

- The only reflected _current . that can flow in the délta winding

d d is negatlve because

it flows in opposite direction to that of the primary as

shown in Fig. 3.11 (b). All the input currents in Fig.
, ‘

3.11(b) are unidirectional, 'This is done so as to facilitate

having general form of -equations which will allow for the

possibility of any -two phases helping the third, regardleqé

i e e o -

"
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of which one ‘is involved. Now, from

71}: . Fig. 3 .11(a), one .obtains: -

i~ — e e s

SRS A S o (3.29)

-1, =I " . o | (3.30)

Frcm Fig. 3. 11 (b),

S L T S )

e o Al T BT S S
.

T B Eb:+ B, = 0. SRR S XY
| N The individual voltage eguations can be written as

¢ .
E _=E - I Z- _1(z..

Ols 8 .arp s3,

EEC-—-_Ebf 1,2, I5(2p~ 2 ) - Ibzp- Ibzss (3.36) .

'ECA=EC_ IchT IO(ZO Z ) - I Zp - IDzss'. (3.37)2'
-Solvir'\g the Efqns. (3.29) to (3. 37) the phaae inrush currents ,
- can be found as (the detailed solutiona are giv)@n in

' Appendix-—p),

N : Flag 8
' ' . =7+ e s5—) . - (3.38)
_\-\ o . r_a ma .6zsa'_"+_32,‘a - ' oL

[

) .-.;{".”".'.(3539,)'_'

, '5z.58 + 23, NS A B
1 =Y (3—‘————) - I (3'——'3'—) " (3.40)
‘ (G meblggt 3205 ma zsaf 208 _

" The above equations w‘efe 'déveldpgd ‘on the ‘assuﬁptioh'-that

N
N

A R E .
- PR R . . s .
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the inrush.oocurred in phase 'a' and in phaae"c', whereas

L]

the inrush in phase 'b' is zero. For other conditions,

aimilér_aet‘of*equatiohé can be developéd. ] ' =
..Eqn.. (3. 39) ylelds an oscillatory-type wave ﬁ
. f'_ . bheﬂever 1 ma and I mcare of opposite polarity and are shiftad
. ~in the time—phase with respect to each other.
The’ boundary ‘value of Eqns. (3 38) to (3.40) will
depend upothhe values of the sequence\impedancea- o]
extreme c nditions which yielded 8implified results- are
cdnsidered. - t
"I. When zero sequence’ impedance is zero - ./
: = .
, wiu.x tﬁheﬂ limit, IzOB + 0, ,
5., 1
|
R D
I, & Tna = & Ime | (3.42) \
* —i - ]: ’
Te & Inc ™ 6 Ima ‘ [ (3.43)
II. When zero-sequence impedance is 1nfinitx'
~ With the limit, Pos * ~
=' 2— v - L "“" :
Ia 3 Ima 3 Imc . (3.44)_,
L, T R AP
' Ib ) Ima T3 IH)C_ . Lo . _(3'4.5)_,
. 2 1 . . '-A‘-. S " ’ .
Ic =--§- Imc~- 3-Imd . L ._j"' .(3.4.6) .
Hence,‘the accurQ}y of the predicting inrdsh chrronts will
.\ i
: " .

o el o —— e

B P Y R Vo SR
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laccount in the case’ of analysis of a 3-phase, _3—'limb

'_different cetegoriee as follwsx

8l

: depend on ‘the correct choice of sequence impedance values.

(B) A-connepted Primary: The inrush phenomena of

each phase of the delta-—side will take place individually on
a single—phase basis. :So, the currents in- eech phase will be

the instant-aneous difference of the respective currents as

r

shown in the Figure 3. 10./ Hence,' the inrush currente’,in the )

three. phases ,are as follows,

'-I,A = Ima”_ _Imc’ ' Tt h R (3.47)

I el a1 S LT (auad)

B mb - - " ma

Tl t i 0 e

3.2.3 Analysis Taking Into Account 'I‘he
. : Mutual Inductive Couplings

The analysis of three-phase transformers carried

out in the earlier subsections did not take into account the .

. .effect of nutuel magnetic couplings between the various limbs

phesee are electrically connected but magnetically isoleted.,

This is true if three isolated single—phase transformers are .

_- electrically connected for three—phese representation. Tha

accuracy will ‘be impz:oved if mutual couplings are taken into'

core— type trens former.

R

"

Figure 3. 12, where t‘he magnetic flux essociated wit.h the.

.-treneformer can ﬁ subdivided for enelysis into three

-

A configuration of a 3—limb ‘traneformer is ehown in

..@

,of trensforme’rs. In other words, it was done as if the three .. i

LR AR P AT Vet )

T
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Fig. 3.12 Diagram of a 3- -phase, 3-1limb transformer ‘
- showing assumed flux paths and: refeérence
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(a) Magnetic flux which links mainly the co:l.ls ‘of

the same phaee and has qy-magnetic path which is mainly |

~ v v,

7 / . 4

h' confined to the core material.

(b) Leakage flux which links with only one coil

and has a magnetic path which 15 mainly in. the air.

b
(c) Interphaae leakage flux which couples “the

colils of the same phaae and path of this flux is mainly

t.hrough yoke sedtions of the transformer. _ o ' - . .

can be written as

. : o .
referred to the primary side, th_e voltage equ_ation of phase A
L . - . dfl ’ . : .
VA_'= Rpdpg + 4y pig# N = o (3.50)
. . . _

. ‘,accordingiy, l”

, - .
The fluxes can be split as ahown in Pig.- 3.12, . -

Q.

VS 41.',2. ¢ o fluxes a'ssb'ciated with lim'bs"

by 05, ¢s - fluxea associated with p‘nase—-leakage

a - _ paths :

07. ) -'-\ fluxes associated \'with yokes

' Now, if the secondary“quantities of t‘he tranaformer are .

wheré V.. R, : & are. tlﬁ applied voltage, résisrance of-<th'e

coil and leakage inductance of  phase-A respectively ‘and '_N;';._'i. s

A"

A% A
ey

is the number of turns in the primary. N ‘p'- isft'.he

. where '

—ea—

&l

. » : . : .
. . - ”
. B o [
. .
- .
v
S .
] . . . N P . .
g ."-\.'-,-.--.-Nmun—*w' p—&-—-—-—m—- lT-I:"M'»‘.--"-:V"“' R iR
>
1 Yl .

: differ.entialy operator ‘g—E" . _Now, : ...'.A_" L
- FBXA:I uNiXA ﬂ’m. ' ,(/ (3.51)

is '. tﬁe: length." '_'!-Iencer"‘Eqn. 3.50 ‘can be ‘rewritten -

ke e,
r- wE

A



. The reslstance and 1nductance of the source can be added to R

‘ and. t'in the primary equatlons.

. S :
Cdnthe formy o AU R
__yA“é'RAiA":T»—pi + NAiul p Y _' R (:3.,5_2')‘ )
If the magnetizing gurrent for t(e lJ.mb of c01l Al is B
defined as’ J.l /N, then by aubst;tutlng this value in ;
Egn. (3.52) gives: | ' '

. .5VA=RA lA',+'£A pi, +Ml pll, (3.53) ST

It is to be noted t‘nat Eqn. (3.53) is nqw imodified with the

} mutual coupllng term’ Ml here. _ . .
. Slmilarly, for the other phases 1n the primary and . i .'l
T all phaaei 1ri the secondary s:\.de, t‘ne equatn.ons can be ' '
.written as, = . . " LT e -. . .« . ."' {

' Vg _=..R-'B:LB + ' p‘ia_-'i-,.Ml.pié B ° .-  (3'54).
: ,"ch ='RC'1C, +'-xc;:1_>_},c + 133' éj.a : :'_ . "(3‘.-_55) .
: v; = éaia';"a; pi_ + M,lz'plil e "(,.3-.56).
R :Vb = f_;bib + !Ilbpip + sziz .' . i3.§7). .
o - E Ve = Reig M ch_ic tMgpl, .' o ;{.(3;58)"-' A o

In the "above equations, the subscripts A, B, 'c and a, b, c-
" refer to 'i.he "primary and secondary respectively and subscript

‘1, 2;,'3 refer to t'he respeotive limb section of F:.g. 3.12..

,h !

By applying the magnetic c:.rcuit equation, EM at Lo 0

-any junction, and express:.ng the reaulting equations in terms’ - o u ,
" of inductance and branch magnetn.sing currents. _ the ' followings , "
. are obtaineds .- . _ . _:

~ . ‘ ..:.E‘
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3 P

.',_‘/\,Thef' above Egns.

- equations apd-Eqns. (3 62) to (3 66) consist of f1ve

o]
1

L B o W
. 0 =M3pi; - Mg

" ‘Applyihg the magneétic ci

+ gives, i

1 N AN

14

R .
Algebraic equations.-

M5 plg

bHdL,

(3 53 to. (3 61) consist

Ply — My Piy. -
+ M, pi7-f: Mgpl
’p16 - Mep:l.8 st

rouit daw,.

i = 4 = 4 44

B~ b7 i t2

"-'"i — i - i -+ .:i‘z

O v -

l

l
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.
Ll .
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, The derivaiton of Eqns. -

.'lbad cohdi tion. .

_‘.:generalized matrix equation -can be found as.

[HpI] = a.‘z:m- vzl ,,,'

for no load cond:l.tion ‘are as follows, h

‘v

8 .

-Solvmg theSe 'four'teen equations._'a

85

(31.5'9')' o
(3.60) "

(3.61) -

(3.62)
(3.63)
. (.34.64").: N .
C(a6s)

- ('3.66‘);,, .

“of nine differential

. (3.67).
(3.67) is shown in Appendix B, fOr no- -

The d::.fferent mat.rix eléments of Eqn. ‘3'_.‘6'7 ,

A B T -
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! .87
Ry 0 0] o .0 0‘
0 R 0 o .0 0
d 0] 0 R 0 0 0
vyl = :
. 0 0 o -0 .0 0
S 0 0 ) o o o '
0 0 o 0 0 0
"Eqn, ,(3.67) can be written in the ‘following form,
-1 -1 . .
[prl = (1] "[z21v] -~ [x] "CyI1l - - (3.68) )
If the right hand side matrices are known in the above '
equation, then magenetizing currents can be found.
For a system, where the secondary is connected to'a
loéd,‘. the system Egn. .(3.9_7) is valid but the dimension of
the matrices change as follows,
i.
N
. A ¥ . .
. ‘ € N * -("‘h ‘
. ]
b Ve
= - l . '- L} ’ri
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: ' r9l i
R, 0 _o:' a 0 0 ;_) o o
0 Ry 0 0 o "0 0 0 0-
oo 0 R, O 0o o 0 o - o
o 0o "o __ R 0. 0 0 o o
Bt B 0~'§'j‘/70/_ 0 Ry . 0. 0 0 700 -
o .0 ' o o o R 0 0 0 k
o .0 0.0 0 o o 0 0 )
oo o 0 0 0% 0 . 0 0
lo o 0 0. o 0 ."o_~ 00 o
-5}3- E;périemeptél ﬁéaults Bnd.Computer Siqﬁlatiohé*;
3.3.1 Single-Phase Caaé - RN &
For modelling -the inrgsh.curreﬁh waveform, ﬁllxﬁh,;“ :
120/1io.volts, 60T, transfo}her is-gélec;gd.f'gﬁg é%réﬁéﬁérsf
have been determiped from standard 6.0 and S-Cq~t88£53l'Thé}r
'tragaformer_ana@eﬁers'afe as followes: _¥. : R ; o é'
" Pull load current’ in Ptiﬁary, . IA;'= d.39n _ ?
Full load current in sécondﬁry, AIa =“8.§3A s
. Maghetizin§ current (stéédy gta;q)} 16'= l,lsA-
.Corg_Résistahce. R ’ .. = 6007 T
_Cére Reacta;ce,.xm | - i o= 10%}4£h . _ ;;.
~ Equivalent Winding Resistance . ‘ : "ﬁ - L !ﬁ ':ﬂ
referred to primary R, = 0.31740 t. '
?g;uivalgnt winding,Reéqtancé; . ' - : i
- % r;ferfed to primary X01 e 4 .j; 6.43?40 '
R N o : o
. i
n
| iy
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For modelling the current.for a'particular valne‘of '%'. a.
"pointTOn-wave switch is reguired.. Such ajsﬁitch_using'a-mi
:simple circuit consisting'of a single—phase~thyristor~hridge

and.a'contactor arrangement is shown in-Figf 3.13. ‘1f a
:‘particdlar switching angle }X' is desired, eitherfin'the
'positive or in the'negative direction, 1t can "be set in the

bridge circuit accordingly As soon as the thyrlstors fire

at the specified angle on the voltage waveform, thef

transformer primary gets energized...Alao,.the.coil‘;i' gete
' energized and changes corntact x—l=from NO to.NC and-contact

X-2 from ~NC to NO." The conduction’ through thyristors stop'

and the current is bypass through the shorted path via x-l.

_Fig. 3. 14(a) shows “the switdhing of the transformer

at X=O°._'Fig. 3 14(b) "’ shows the corresponding inrush for the

first five cycles..' The applied voltage ‘waveform 1s to be : “
| seen actually inverted because of necessa:y oscilloscope } ..

arrangement to keep a common: grounding-. The. first inrush

peak is 24 60A. Fig. 3.15° shows the inrush at the~same

sw1tching,angle, a=0°, whereas the peaks can be seen as
o different from those of Fig 3. l4(b) Here, the first peak

is 36.40A and it shows that-even the transﬁormen'is switched
on“at the same angle,- the inrush may vary due to the
h'variation'in re81dual nagnetism.' Fig. 3 16 (a) shows

switching at an angle A-180° (tha applied voltage to be seen-

as inverted) and the correSponding inrush in Fig. 3. 16(b)

Yy
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Fig: 3.13 Circuit Adiagram of single-phase point-on-wave I
' switch = . T 45;
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Fig. 3.16 (a) Switching at A-180°
(applied voltage inverted)
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which is obviously in negatiVe diréction. The magnitude of

the first peak is -44.3A;

It is 1mportant that 1nrush values to be simulated //’N\\

digitally stay w1thin a. given accuracy, 80 that algorithms

forAdigital relay can be'tested first on these-simulated"

"

data- For any cycle of . experimental 1nrush waveform, the » fow

‘current can be calculated using either Eqn. (3ﬁ?) or '

.Eqn: 3. 24 depending on.. the value -of. the sw1tching angle "A'. __:~L-
:_In a generalized way, . Eqn.-(3.24),may be used so that in case
of_}=o°; itureduces toqun;:(Q;Q).l The vaiuelo} 'R'Jis,the
resistance‘of the windingito thch the source resistance can
:be added depending ‘on the particular system. If the KVA of
the transformer is small 1n comparison to the KVA' of the.
system frcm which'it is energized, the source resistancefAnd
.induc}ance nﬁy—be assumed as zero E?31. In'equationh3.24

'*' is not the normal leakage reactance of'the transformer.:
:During'each of the inrush cycle, the excursion of the  flux
fpath is not through the core beyond saturation region. Also.
4n subsequent cycles, the current.damps_out.' It is difﬁicult
to find out the value of the ‘saturation angle,e which : ~:" -
depends upon the amount of residual flux due to previous

turn-off of the transformer. An attempt has been made to’
. ascertain these values theoretigally using the derived

~ equations. An iterative program is developed accordingly

with different values of R/X ratio. The flow chart of the

s
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program is shown in Fig. 3.17, where it ie seen that the only

parameters to be known are ‘A' and ‘7', from which the
0.. .. l I} .
program generates different sets of values' for I . 9, X,
pmax’ s

a and’ B. These sets of values for dlfferent parameters are
' utilized to simulate the 1nrush currents for various cycles.

lNormally, the first four ‘to flVe cycles of 91mulat10n for

,_ﬂinrush current is suff1c1ent as the- 1nrush decaYs down to a

jconeiderable lower value after-that, .0bv1ously,,it dependsfj

upon the rating of a'transformer. Aleo the chbice'ie left«’”
§
while de&igning a particular -system and ‘the limiting values

(

for Ipmax .BB, X, a, and 8 are being calculated accordingly.

7

Fig. 3.18 shows the flow chart of the programming for
51mulation ‘where the subroutlne calculates the transcendental

function for current using Eqn. (3.24). This program __

Pt

- calculates the poslt1vetvalue of inrush. For negative

: inrushfcurrents, the—expreeeion for the negative current is

. to he used. ‘ ' : |
//For aimulation purposee, a typical waveform from:

_the test transformer was recorded on a magnetic tape and the

-

'trace was reproduced from a Hewlett Packard Fourier Analyzer a

L.

- 54SlB system. This is shown in Fig. 3.19(a)." The trace is
. for a posxtive inrush at k=0° The relative magnitudes can

be comparai fram the left’ hand side scale,_where the first '
/;Qeak is 1.38v. , It corresponds to 24.60A.= The simulation of

" the respective current cycles are shown ih Fig. 3519(b1;' The

N N ' . Lon ' R . . . . . ", . . D .o . ”
- ot JR N T R “‘ N PR ATETRSE S RR U S T I L) o,
. s . B h - . .. . .. .
N ° N N ARY A3 . N B . ! N . . . . ’
N \ i " 0



, " [cnange A oL , ‘
G e

YES

E=120.0
| P1=3.141519270 S
R=0.36240 - SR Co

r - w1 p=(p-0.0501%.) 190‘J o
Set R/X=0.0050 /18

P

. N , R

i \ _ 9
_ N=0 - * Calculate e ;
, ‘| the expression . |i{ :

R A , ' (FF) of Eqn. 3.45A.|' -

Change o .
Y.\ to radian '

t

Calculate ., | : : T
1 by Egn. 3.44 ] " X=R/X - : }

h e : g . ’ . .

.]Change : _': : Oalculdte; 3-'.’“
Y, 2 to degrees|. - .- Ipmax ,

e

N=N+1

_ﬁritg‘
8,8, x I

! i ' 1s

1 NO YES
: >0.150 -

§=5+0.0050 R e

t.
»

STOP

‘Fig.. 3.17 .Flow. chart o;\program for calculating various
- . parameters oOf transformer under tuitching

ttansient KA
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(jsgart )

Read
R,N, )

Pl=
E =

3.1415297].

120.0 .

I' L] x(l)l

|

] -Calculate

!

Te(1), z(Y]

W.

Determine

Step

-4

DO

r

Call

to compute

\

subroutine

.i.

Y

,J

X(J)=t
Y(J)=i

Fig. 3.18

W.i.,?%iﬁ -

Set for 1lst ‘cyclgl
6g (1) -

2 j Continuel.

1 = 0]

Iel+]]

K=1+1]"

Set

X(K),®© (K)
& compute
¢(K), z(K)

100

)

Call Subroutine‘;

to compute
‘i’ :

.izo.ol

| X(3)=t |
Y(J)=4i

of szngle-phase inrush

9

Continue

DO J=1,M2

1 Write i, t

Ii-O;OFo-

'Flow ‘chart of program for dxgital s;mulation
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- ':1";.‘.: cycles- are @mpared in Table 3.1. e

i ’ . .

magnltudes of the respectlve current peaks for the first 4

es' and: Y Vary from cycle to cycle accordlng to t‘he

change in other parameters. The program' for which the 5

-0
)

/ﬁlowchart is shown ‘in Fig. 3.18, . determines 8 apd Y frpm

cycle to cycle. A typical case is smulated here. : Fig.

) 3.-'2Q(a) shows the reproduced trace of the mrus‘n' curren;_' at

"A=0° from Fourler Analyzer. ’ 'I‘he time scale is . dlfferent from

that of Fig. 3. l9(a) The first peak is 1.08 V which
,correaponds to 19 22A. Flg. 3. 20(“b) shows its simulatlon,-

with the respectlve conduction angles. Table 3.2° comparea

=

-the peak magnitudes and t'he conductlon angles of both the

actual and simulated waves. . SR sy

However, keeping the\ conduction angle ‘co'n'staht at’

. the value. for the first cycle, does not affect the operation
- . . » ) :

' el T

'..of the reldy as will be seen in a later chapter. In such a

. Y . R H
~case, the program also becomes simplified-to certain extent

as 'BS is also can be taken as constant.

6

Similarly, a negative 1nrush is recorded for which

)\=180°‘ and reproduced in Flg. 3. 21(a) Flg. 3,21(b) shows

_ the simulation of the same waveform for 4- cycles in bigger

(

scale./Table 3.3 compares the peak magnitudes and conductiOn

angles of the meagured and "simulated waveforms. The

+ ¢conduction a.ngle_s of the measured waveforms are found from

the amplified lobes of the lst,,2nd, 3rd and-4th cycles of

R ikl SRR RN N

>

[ st

————————— =

e Btzssesmmmnne R




_trace of. Flg 3.21 (b)', ‘this time 'reproduced from Fourier

) . 102 .

RN

the inrush which are shéwn ‘in Figs. 3. 21’ (c) to 3.21(f) _'
respectively. ' '

One will be most interested in the harmohic

’

componeht's of the waveforms, because the’allc_;orithns 'blodc_ the ’

relay from operatlon durlng 1nrush on the 2nd haranlc '
l i

restraint pr1nc1ple. An attempt was made to analyze the .

" ‘harmonics of the’ J.ndlvidual cycles for bot‘h the measured as .

»

well as the s:.mulated waveforms For an, example. the_

harmonlc components of the first four oycles of ‘the

1nd1v1dua1 peaks. s‘hQWn in Flgs. 3. 21(c) to 3. 21(f) are ° ,

' compared 1n Table 3 4 with the correspond:.ng SJ.mulated :

: cycles\‘{he 1nd1v1dua1 peaks are agaln amplif:.ed in Flgs. o

3.22 (b) _to 3.22(e). Fig. 3.22 (a) shows the same output

o

Analyzer. The left hand scales of Fig. 3. 2l(a) and Fig. .

.3.22(b) are not -compatlb,le as the input to the Fourier system .

for the measured and the simula{:ed data are different. Figs.

3.23(a) to 3,.23(b) show the contintious and disorete frequency

- ' . [ .
spectrums from the 1lst to the 4th cycle of the measured data .

reepectively.' Similarly Figs. 3;'24 (a) to 3.,24(h) show the

a

continuous and discrete frequency spectrums of the
correspondlng slmulated cycles respectively.

The discrepency in the -respective harmonic cont:_epts

of the measuréd and thée simulated waveforrr's' can’ be explained

due to two reasons. The ﬂrime reason. for the discrebéncy is

—
— "o



LI T
. . —_—————————
R -_' : P
) P .
. B .
" - & - .
e
AR
-
1 “
. _
|-
SN

=g~

B - I
187 SEC

k] ] I

Fig. 3.19 (a).

'Recorded waveform of a positive inrush

~ in a single-phase transformer -

| -
- 1408

current

. €0T -



w o

'20.00

18.88

’ S

o |
" "
( .

]

K
¥
A
*
'

- loa

l. ma

FaN

:é‘a 84 : 128, 280

TIMECJmé),-. 3

Fzg. 3. 19 (b) ngxtal umulation of poaltiVe inrush current

l - shown in (a)

e e e ey

~
PRSP A

R e it R L e e




Gonversion Factor: ' 1.0V.= 17.8 A

Cr = | T
R AV I o] . " ©
': - ,. . cr

—
T

—
R KR

i
b
o

[
p .
i'Ta: ) ..‘
] .

[y

-

50

¥ L IEE

SEC

-~ Fig. 3.20 (a)..

1968 1566

I

_Recorded wavefo

(A=0"°)

2003

-

T T
2506 - 3008 . 3506

’ lA | | S
4900 4500 5200

rm ‘of a positive inrush at

i




e

e

ICAY

0.0 &
L

132 J s

e.ee . 14ee- - 2088,  42.e8

'i& ..iloé.- 

/
[P SV

15.88
]
3

18,80
-

- asnes

5.08

ot S a TN P‘Yz -l; R A Sk

7@.80 .

"'TIME(msj

pig, 3 20 (b) s.xmulat.ion of 1nrush cutrent shown in (g) for..'.A

t.he fxtst four Cycles

PSSR . g < e it e iR RIS R N ESE R

. - . ! o T o . y
Y - . . S e Ty S - T S DF SR TO
i ;-‘W_, R T TR R B P TR R e S . .o R A



061 ~ ) s .
_ @ L . L
':; ". .81 'l. _-: : S -

L 'e,~ . sea . 1eee 15@9-_., P -2990,~ e, 2980~

Lo e : ng. 3 21 {a). Recorded wavefonn of a negatiVe lnrush e . _
“"“ . o ». ' (x_lao ) 3 o ] -‘__'..,‘."..—_‘_.———' PV "_'.'_A ,."_’

LT e
.

o ; . it le e R T e e ma s T L e e e e e e b e T & e s s

Lot -



;- Q0
L=
.

L e e et a2 18 ata e e s s i iy e e

oL
e

od

" .r42.00

'128,96

SRR I N -

2l eetel- -

T s LT

. BegI=. "

1

EE N e

L -eerezt .

',lza;aéf :

© TIMECms)

B T s

isihpiaﬁion.6ffihru§h.cﬁrréﬁt:shoﬁﬁkin (b) for .

. ~the first four cycles '

:3Léilfp)'

et
o

Y.

g

1 vt en e




;2"'_8-’, .'_— —_— —y—— r— — Y r— '“'_;T'J |
IR 200 490 €00 300 1600 1260 1400 {689 -

R e b .

Fig. 3.71 (c) Amplified lst cycle of inrush current shown in

~

. Vo
o S

TR T s T

60T’



by amemeemntl et L o
X . S, B . mr e e RN O e R At e s 1L

£
i
3

=

. . Lo e
P i . ) . [

. e - g et -
m——ty AT i e et b e
L 2

- Coiwersion Factor: 1.0V =17.8 A = -
£
1
[ 3]

! 1

o N D
) 0.
[

l L i N “- . ) T
/

. Ay N L o | AL L NN : B . LI
- b 208 400 60 800 . 1008 1260 - 1460  160Q
e o Pig. 3.21 (._d)'..?mpl.;tfipd’aznd‘cycle-'-of inrush curents shown in’. - -

- oTr

ey e e e

- ," -
S TR, '
» s i . :
B ~«



. . - :
] et T VA, - L L e et e P e e e [T Sos ;
) . : . - R - e e W h
. .y - .
. P

P adhadat L T TN T R

. - . ®
R

-—'_ R TR TP S T

Conversion Factor: 1.0V =17.8 A
. ’ . . o
N
[}

o
o
H

=

- -
'k

R ; -
— ]
. L 3

1 ) B‘

=10 T T
R .. e REE -1 C R - - P
o UFig. 3.21 (e)’ _

R st

1600 . 1260

Aiﬁpiified '3rd cycle of,.-i'n_rﬁ.aﬁ.‘_ corrent shown in

%0 1400 1600

..



[

. Oonmrs:.onFa.ct:or 1.0v-=17.8 A o
<

PR RPN

.
A
1

. 'l-_

Lo
1

£

Li

41121 N L-sGE1 - 800

.‘_ ’ ;
B- R
1973 cEC e
U o oo Fxg. 3.2) (f) }\mpllfzed 4th cycle of inr sh current shown in :

L !.u...-a-—,‘..,—wi‘_—-' P a e e g s Do e e : e T Lo o
. T ST T, : . .. . .



Conversion Factor: i.UV- 17.8 a .
O . E
®
1 3

1 ]
— —
- SR N

[ { )

o

1674

L ?
. -58@ 1@ . _ - 1568 2000
EC - | o
Fig. 3.22 (é) Simulation of negative inrush reproduced‘from'
: ““Fourier Analyzer )

130



et R g s be e W Ll e e o

.M..
i
)

LRV N . -

parsnaiers =

o

éOI'NeI‘S.LOnFaCtOI l.W =.3.7.'8 A

»

=

RN

|
(w8

I
(Q]

[N
A

~5.

I

o4 .

' .
W

1_'U‘

- L .
1

P I

3l &

G—ﬁ_—— _

3]

1675

. 2A 40
SEC B
"Fig. 3.22 (b)"

¢ 660

" Amplified
(a) |

15t cycle of inrush current.shown 1n

g5 - l0e 1208 1400 1600

=
p
-
=
b.

e



g

. E . .
L3 .
T U SN PUNESUITY

L E eraveie

e Pz e s e v B L ett ee e e s

a2

-
N
(5

R
vt
3

Conversion Factor: 1.0v =17.8 A
| _
KN
1

—_— o v
. - ¥

. T T T T T T T Ll
0 200 400 600 300 140 1260 1400 16099
166 7AEEC - U
Fig. 3.22 (c) Amplified 2nd cycle of inrush current shown in .

. (a) ’ '

0

2.0

1 ~T o= S
h o .' ‘I:
mé

PRR

ST



..Conversion Factor: 1.0V =17.8 A

- 26

)

{
n
[T )
m
[y

Fig. 3.22 (a)

: Y — | g T — — T .
- 400 . 6‘35 8‘3*.7’ '12136. - 'lzwe 1400 C1ene . -

| S
i .' . . I . - 3 .
Amplified 3rd cycle of ihrush,curréntfshéwn in®

'(a')

911



L S LRI N A S — S

" Conversion Factor: 1.0V =17.8 A

-z‘-’# i .' j ——  ——
- e ) e 459& 300 © lese .‘12ae_' 14’66"
.17 sEc_:'._--. | - T

B Fig." 3.22- (e)

(a) A LA

-
\

LT1

Ampllfled 4th cycle of J.nrush current shown in | e



o~ . .. . . :
L A N L Lk O MU T

[PRSORY ¥ Y

- 3.5- - o

aed

, Z-E?ﬁ'
1.5+

1971 v

.S, g.r.___“.w._-_.______v____ IS Y -

’4ﬁ5

4.0

-5+

g™

E‘ L L '.:'- '.'_.:_. . l‘ h G . r — ' . '
@ 16ow OGO 2008 . 40p0 | FOUD:. 6068
~ 17l HZLIN . S O

Fig. 3.23 (a) ContlnuOus frequency spect{un/of ~lst-cyéle
T : ‘nrush shown in F1g. '3.21 (<) -

/’ e
Lo

7000

.of

. 811



384

S -
R 3

o

M

-8 '"1@_2‘}_3_: ' abag Seog- - 4000 . SeeB - £88a- - ?_BQQ -‘
o 1e7h HZ LN S R R
7 pig, 3.23 .(5).}. Discrete f,réguencyf _-sﬁéct‘riim'-."of ".l'ét_-c'y.cle 'éf o B
1 " . ¢ . inrush shown in Fig. 3:2)(e) "¢ o0 et on ‘

..0-

-

C 611



[T S

ol

1.2

2. 0-1

7}1}9-"

R i

R e A o

. -

. Wy

I 195@ ~'25@a.‘~-3aea-;_ 4060 ;TSBQQ;_*:SGGG_ 1_?999

1971 HZ LIN |

. Fig. 3 23" (c) COntxnuous frequency spectrum of 2nd cycle of

" mrush shown in Fxg 3 21(d)

-

YA OO



1@-1 v co DT T T e
2—97—-—_-—--——"1*‘"‘“‘ L ~"—“‘."-  R ¢ “..-'_A l 2 S

Caed EENEEEURE " .’ R

'

144 -

| _"1.'0.-7 e

B .
NV eyl b s

.84

. B
Rt T IR P LA Y

167l HZ LIN .|

_Fig. 3 23 {a) Dzscrete frequency spectrum of 2nd- cycle of
i © inrush ahown in Fig.::i 2,1(d) ’ . :

e

@ lews - 2009 1-3aeﬂ*a-_4@adgfa'saaa* "fseeéLf;f?eeati*-f~5*'
] ' ‘



IV S PP PR

2 ‘g q{_.._.‘ . .;,.'.. T - —-. teleTe I ."'--."."_." - wee ,r___ .,j.,... .'_....-'.‘...-:.'..‘ .- _._-_.‘_ - '. . 5 — ”‘ - '-J —

et s
. .

- - .

. : e S e - T 7 — v
: ",:.. "9 . leead Z00e - 3009 48@9 o668 6B = 7900
Coetl HZ LIN S e
o '_ Fig. 3.23 (e) Cotinuous fr'equen}.fy' .ﬁ'p;ectrmn of .3:}d'-'cyc1e of .
_ inrush shown if Fig. 3.21(e) o

4



R i IR TR T U -

2 £ _r ..........._.___...I‘.‘._-.. > emermnnengem -....- e b : ..l ."‘ : ' _.....;'_..1-._ __, : - - L
N 1 . _’..

17t Wz LN - |
bijFié.'3.23 {f) Discrete frequency spectrum of 3rd cycle of

h3

L L §

1 —
8 . leow. zoop 390»3, o

1nrush shown - in Fxg 3 21(e)

4000 - 5600 j sa'eéf,-”??a_'eal;_f-

£2%



rs.

[\Y
Ty

4 e - ° ! : . . . T e -t : . . : :

. .T. ...‘ ,‘. . - - ~ '. ' ' : , ' . A '..
9 100@ ' 2000 . 3900 - 4000 - 5000 6000 . 7000
gl HZUIN S L
o Fig. 3.23 (g) Continuous frequency epectrum of 4th cycle of

. inrush ahounwr 3.21(f) e

74 SR



ol u

2.0 T T - L IS T _l‘_.- ——1

300 4wk Seen  eden . 7000

B 1068 600

1971 HZ LIN |
'Fig. 3.23 (h) Dpi

rete frequency spectrum of 4th cycle of
sh shown in Fig. 3. 21(f)

- N .

szT .



~
s

v .
P T

A mmmm——— -
v

O »e
-
q

@ . iee - zpEw  30p0 - . 4000 | 5008 6080 ;;..-?eée-_'
19"1 HZLIN - s T o

K F.\g. 3.24 (a) ContmuOus Frequency Spectrum of 1st Cycle of
:m;:ush shown in Fxg. 3 22 (b) p : :

.g.z‘.[



e leamiea el fan sa e aee
. P

I f N . .
e N L T TR A

Er

CX
q

1 _ A | A IA o | A # e 14
9 1099  Zo69 2009 4089 - SB88 ©  60u8 7000
16l HZ LIN - S
‘ 'Fig.' 3.24 (b) Discx;ete' frequency- %pectrum of 1st cycle of
. - inrush shown in Kig. 3.22(b)

(e)ozt



« >
At PRy e,
‘

S WP

i m——— v e e :

-

% B 1% 1% 17 26419 ey - 4000  © Sowd - A00Q . . 7000

‘1671 - HZ LIN R . |

» Fig. 3.24 (c')' continuous frequenéy' spectrum qf 2nd cycle of
. . inrush shown in Fig. 3.22 -[c’

R T

LT T F I TP et tey

errtvdreracise

setgeticocaTaay

oS s uIN NSRS PIA

CgzT



jo 1y )

.94 S

-

| - ;A

A A
T

9  lepa 2
1e”l oWz LIy

or 3000 45%9 |

inrush shown in. Fzg

3. 22(c)

’

sebaﬂ

Fig..3.24 (4d). Discrete frequency spectrum of 2nd. cycle of

7000

8¢l



o . L T T T I e

4.5- !
4.0- |

T 3.5 — N y
B S e . L N !
'_'a.‘a; |
1.5+

e

. '., . .l . y . - . . .'v . .
T8 oo o zone 3080 4800 Hop -'seee.__._';?eea
 1e71 HZ LIN o L ] S o
. Plg 3. 24 (e) Continuous frequency apectrum of 3rd cycle of '

62T

inrush ahown in Fig. 3.22(d). T _ - . )



e [ T e e

S

oAt A, A A S ISETE S
. B . 1pB@. . 2009: 3008 4008 58@9 . 6008 - 7008
1ol HZ LIN: - e
- Fig. 3.24 (f£) Discret.e frequency spect_rum of 3rd. cycle of .

v a Lnrush shown in- Fxg 3 22(d) ' S :

0€T-



- ’ Mm8

e I IS

€t - L

. : . T " " - -y , LI : i o
.8 1ems = ze@e 3068 - 46a0. - 5060 . 6800 .. 7000

_ _Pig.-‘3.2¢; (g) Continuous frequency apectrum of - 4th cycle of v
- .~ inrush shown in Fig. 3 22 (e) - -



<

45
o @

4.0-

354
3.8

2.5+ -

XS
1.5+

1.0+

-16~! HZ LIN

g

i
- L . .

A A-..’;" S

b tepp . zO0G . 3009

Fié. 3.24 (h) Discrete frequency sepectrum of 4th cycle of
~ ' inrush shown in Fig.’3.22(e) L

abbe 5809 . 6008

7000

1“4, .

Rr Yy >

ZET



PO

133 :
"“the shape of the'l.(ueveflorn\e.o...When ‘amplified, the individual
;peaké are }ound to have_irregular trace_while thehqimuiated a
lwaveforms are'duite:regular, These essymetfies between
- measureo and simuleted wave forms change.the respective
o harmonic components of each cycle. Another reason LS the . :
“dlstortlon of . the actual Waveforms due to the n01se
xntroduced whlle recordxng the waveforms on.a tape recotder.
It lS not much prominent in’ the results for lower harmonlcs,
but whlle goxng towards hlgher harmon;cs, the effect is qulte‘
}f(%/j . promlnent due to’ the fairly high signal to noise ratio. As
- h it is seen from Table~3 4, percentile dlscrepency ;s higher
- as one goesifor the hlgher harmonics.
However, practically, -after the-5th harmonic, the
. effect of the other harhonics in ogotection.élgofitth'are
| insignifioant. All the algorithms described . in the next
chaptet operate on the 2nd harﬁonic restraint principle. In
'snch'a.case.jif the-algopithm;testrains the relay during;
inrush with simulated data, it will surely restrain in case
of actual inrush as, those will:contain more 2nd harmonic
‘content.:-NUmeroue tests were made for recoratng inrush and
‘corresponding computer gsimulation of inrush were carried out.
."Suhseqnent successful tests of the algorithms on these
simuilated data proved the usefulness of accurate modelling of

the inrush waveforms.

\ﬂ'
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1] .

. 3.3.2 Three-phase Cases

Three-phase inrush currents can be simﬁla_ted in two

'.wayé foildwing the exprl'essions ;iescrii;ed in the text. If it

is chosen to.sinlmlate_'inrush following equations 3.44 to 3.46

" or Eqn. 3.47 to 3.49 depending ,Qn whether the transformerl‘is
conneéted in Y/A or 4/Y, it is impo;:ta'nt to calculate the

: .indlividual phase inrush as is done in singl% phase case. -But-:
the choice of'parametgrs in simulating '?the individual .'pi-\ases

o

is not as simple as in the single phase case. 'As. the

« (\n_./ '

étf:eédy—-'state fiu)g wave varigs in the three limbs with 120°
phaée differences, the apparent reactance of the c'or:e seen by
the magnetizing currept is aulso different in.different |
phases. Also, " those are different in different c.onr;ectioﬁs.
This pﬁenomena has been described in Appel"ld‘ix c, .and the
various pa.rar-neters in Table 3.5 have been determined by 0.C
and S8.C tests of the phases as described therein. -

It was described in earlier gection'that the. .im':u_sh
phenomena of the Y/A transformer is comllnlicat.ed rlatﬁer' than
in 0Ys's trans former whiJ.e‘ energiéled from the érimarx. ‘Tests
we.r,e' garried - out on a 3—pﬁase, '1'20_'/120 v -i:r.a.nsfofmer with
' . full load cufrent rating of 4.55A both in the pr'imé_r'y and .
- secondary. The parmeters of this transformer are shown in
T.able 3.5.. 'A'particullaf case of a Y/A trnasformer 'Qnergized'-‘ :
from primary is 'Acénsider.e-d 1.1er."e. ; A -3—-p'h-ase p.oint—on—wave

switch usihg a Iil—phaSe.thyristof ‘bridge is designed as was

kY



"~ constants related to Egn. 3.46 to 3.48 are changed !

135,

done in single~phase case. The parameters used for the

,sihulation, taken from Table 3.5, are

Equivalent resistance

referred to Primary side = 1.376 Q

l

Equivalent resistance ‘.

for Phase-A

referred to Primary'side’= 0.857 Q

- for Phase-C' T

"The indiv;dual aimulation of A-phase and C-phase depends on RS

the determination of the conduction angles: of the individual o

cycles of respective phases. The simulation of B—phase is

dependent,on the inrush of the A and C phases.respectively, -
if the 'X' for A-phase is 0°. The accuracy of simulatiGn, .

however, depends on choice of the value of the zero seguance'

impedance of the system. Rockefefler [33]'arbitrarily

suggested a zero sequence’ 1mpedance equal to 10 times the

'value'of Zss. However, this value is not ‘a fixed one and the )

accordingly for simulation of a particular waveform.

' The program developed for a numerical solution 13

_much alike to that of theISingle-phase case. A flow-chart is

'shown in Fig. 3.25 which is a generalized version for the

l 3-phase programming. The major difference is that it calls

u

‘uko7different'subroutines for‘the_ihdividual-phaée inrush

calculatiohs. It also finds out the .resultant inrush for
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any - of the three phas'.es.. \

' Hiowever,-for protecltion"'purpOSe,' the 'A' and 'C'’
phase currents for 'A'~phase sthchlng belng done at A=0°
~can also be . simulated usmg smgle-p’naae programming w1th the. .
.apprOprlate values of the parameters. ‘For the’ B-phase °
. simulation using the single phase ‘programming app:roach .i's '
.comparatlvely dlfflCUlt to achieve. result up to the desired
'perfectlon. E‘:.gs. 3. 26(a) ,'_ (b) and (c) show the measured
. wave—traces of -inrush currents in phases A B and c
.respectively.. 'I‘he sw:.tchmg angle .\ for phase 'A' is 0.‘.' _
'Figs.. 3..2-7-(a'), (b),._'ahd I(c) sho;v..th,e ,s'imulatio.n for the '.first-._:l
. fbu'r eycies 'of- inz:usi; ‘in A, .B‘ and C phase respectively. '. .
Figg_." 3.28(a), (b) and (é) show the same simulated data‘ _
‘reproduced from the Fourier Analy'ze'r. _Figs. 3.29(a), (b) and
(6) show the discrete 'frezf(xeriey spectra of the first cycles.
for the measured waveforms of A, B and C phases réspectlvely..
: Figs. 3 30(a), (b) and (c) show t‘he dlscrete frequency .
spectra of the same for the s:Lmulated waveforms. Table 3 6 -
'compares, the respectlve current peaks for both the measured 3

and- simalated data waveforma .lfor four ‘cycles.
. The ﬁarmonic contents of the respective cycles are
shown in Table 3.7. The diacrepencies in the harmon’icl .
contents are ev1dent as can be found from the ampllfled flrst
cycles for both the measured and the simulated waveforms

shown in Figs. 3.31(a), (b) and (c) and Figs. 3.32(a), (b)

A_ar'ld (c) respectively. As explained earlier, the main reason .
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for the discre:pency a.x;ises ou.t';. of the fact’that siinulat.ed'
wavef.orms are more regular thus containing lesser amount of
harmdnics than measured ones. The irregularities in the
méasureq waveforms are difficult to achieve in th;-:' gimulaﬁion'

r

as is reflected in Figs. 3.32(a), (b) and (c) for phases A, B
aﬁd c re;ts.pecti.vély.. | L / .
.Si';.qula.tion of the. magnetizing cur_fent for
tlhree—p.}'\ase .trgms;formers can also be carried.dut using Eqn.

3.68, provided that the parameters ‘pertaining to the
different matrix elements are known. A flow chart of the
programming -using Runge-Kutta-IV method is shown in Fig.
3.33. The advantage of this method is all the ‘three-phase
magnetizing 'inrush currents can be obtained by this method.’
A particular case, while switching is done on a

120/120 v, A/Y transformer is considered here. The angle of

switching X is 0°. The parameters used are as folloys,

lA = 0.00620 H, lB = 0,0060 H, lc =. 0.0060H. .

¢ )
RA = 0.8650 Q, RB = 0.‘48910 a, Rc = 0.60’28{0Q .
Mlg= 1.360 H, M2 = 1.790 H, M3"= 1,120 H

M, =M. = M

4= M5 = Mg =0 18], S

. @ ' M 2.1760 H, Mg = 1.7920 H.

The values of M, and Mg are taken as .6 times M, and M,
respectively from the design consideration. The measured

waveforms are shown in Figs. 3.34(a), (b), (c) for!the phase

¥
»
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A, B and C- respectively. Correspondint; simulations for the
phase A, B and C are shown in Figs. 3.35(a), (b) and (c)
respectively. The magniﬁudes are compared up to 4th cycles
in Table 3'.‘8. | ) "
As it is clear f;é_)m the table, the simulated peaks
a"re' not ag accurate as the previo.us method. The 'réason for.
this is, the values of the-self as well as ¢he mutual
inductances éo not remain constant from cycle to cycle and to
as?ertain the values of mutual inductance above satu‘ration
levels is a very difficult task. An exponentially decaying
~constant ‘has been used for this reason in tho; programming.
The accuracy obviéusly wil} depehd on selecting the torrect
valueé' of these paraméters- Whereas, in the other r'nre;thod,
all the param_gtric values can be determin_ed numerically
-before hand, and the flexibility is more in simu_latiné inrush
in different’ cohditions. However,. for protecltion purpose, as

shown in the next chapter, the algorithms. are tested on both

type of simulations to find out their suitabilities.

v

34 | Discussion on Application of Simulated Results
| As it was indicated in Sectc;n ‘1.4 earlier, the’
simulation of magnetizing inrush’ current is very imi)ortant
from protection poinf of view. For designing a d%gital |
differential protection system of power transformers using
microcomputers, it is absolutely necessary to tegt the relay

»




161 (a)
‘ !

on digitally simulated data for both the fault and

magnetizing inrush currents. To test the restraining

cha?éq_terisi:ics of sy algorithm during inrush’ current of a-
‘tr'ahst;c;rmer, accurate simulation of tll'\e. inrus:h'éurrents for
diffe.ren;:'condi:tiona are necessary. Hence, for accurate
s-imui\a,tilona, proper understanding of the magnetizing inrﬁs,l}
phendmenon and their mathematical formujlations are required.
These have been carried out in sections 3.1 and 3.2 of this .-
chapter. Perfor:'mance' of va;—ious algorithms on these simulated
data will be shown in the next chapter. ~Obvi'ously\c. T.
saturation effect distq;t the original signals to a iarge

- extent. This is to be taken into consideration while

designing a practical protective scheme and is not considered
here. . ) 4 ' .
2 ' . .
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Table 3.1 Comparison of Measured and Simulated Positive -
C ' Inrush Current Peaks In A Single-Phase Transformer
. oy y S '
Current I (A) LI (A) 1n3(A) - I4(A)
Peaks ; :
Measured 24,60 14.62 9.98 7.84
Simulated | 23.80 15.65 10.30 .| 6.79°
s , \ A
N o .
.
4
- “.“"-" '

=~



Table 3.2

’

Comparison 6f Peaks and Conduction Angles of
Measured And Simulated Positive Inrush Currents

"in & ‘Single-Phase Transformer

1]

Current | I, (A) Ip(A) Ina(d) | Igg(R)
Peaks - o . .
|Measured - | .19.22 9 4.2 2.61
: [simulated | 18.84 9.97 5.72 3,62
Conduction Yl Y2 73. Y4
Angles . .
Measured 167.89° 160.04° 154.14° 148,25°
Simulated | 172.77° _164° 155° 151°
N

SIES ~
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'F = ° ' : \
K . - )
N '~ - . *Table 3.3 Comparison of Peaks and Conduction A}xgles of . °*
L® o ©  Measured and Simulated Negative Inrush Currents In .
. v A Single—Phase Transformer . L
; Current Ig(R) Ipp(A) 1,3TA) T (A)
Peaks Co - ‘
x;.' ‘ K . ] 4
|Measured .| -19.56 -11.82° |  -8.15 . =6.11
: K 'si' ated -20,18 -12.79 ~10.54" -7.71
.'{ . . . L .| . . e "i.
2
Conduction Yl 72 . . Y3 Y4
Angles : v
. / .
‘ Measured 147.33° 148.25° 137.37° 150.22°
: Simulated 138.77° 151.78° 147.44° 157,11°*
! P "
i : 3
Kol ’
L
i
¢
£
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Table 3.4 Coﬁparison of Harmonics in Measured and Simulated
Inrush Waveforms in a Single-Phase Transformer

Harmonics |
(3) Fund, - nd ird 4th ‘| 5th
1st Measured |[100.00 75.42 39,15 | 16.30 4.37
Cycle : 2
2nd Measured [100.00 | 71.49 | 39.91 | 17.02 | s5.11
Cycle - ~ .
Simulated|100.00 54.58 12.00. 7.77 6.29
Measured [100.00 70.09 38.08 17.76 5.84
3rd :
qule Simulated|100.00 56,21 14.00 7.06 7.02
‘ Measgured |100.00 69.42 37.33 16.79 6.30
4th 2 - '
Cycle Simulated|100.00 | 52.15 9.24 8.53 5.12
: /
I
0 .




IS

Table 3.5: A three-phase traneformer parameters under different mode of connections .

-, -
: ‘ >
Mode of Connections X v+ =Core R ' sCore c sEquivalent Roia,B,C sEquivalent
(not according to . B.C Reactance SN B.C Resistance 501 tA.8, Redctance raferred(s ' Reactance referred
vector group) anB.BC.CA /Phase RpAB,BC.CA /Phasae X011 1A8,.BC,CA  to primary/phass ROIAB.BC,CD to primary/phase 157
» B Xpa=5330 Rpp=7810 Xgy gp=2-1284 T JRgpa=l-1 ’
A \4 A x,m-so':n ’ Bnp=378010 © Xoy1g™2-2430 Rgyp~0.9170 ¢
-~ c
c Xpe=3050 Rpo=36060 Xg1 1c=2-368 . Rg1c=0:762
A B a x“-s790 . '. Rn-853ﬂ xm u-l.9170 ROlA-l-e"Gn
b \I/ A X,p=8402 Rnp=22001 X1 1a=2-179 "om'l.{}n '
. < 7
c Xoc=4810 Rpc=4846u Xy gc=2-1130 Rg)c=0.8570 |l
A B a X a=57B0 R A=8530 Xgy ea=2-1221 Roya=1.1150
c Y \!:/ Xpg=7788 Rnp=22000 X1 gg=2-3322 Rgyu=0.8701 ?
~ ¢ X 4810 " Rpoe44000 Xop1c°2-178 Rgyc=0.7389 .
B a<_ _-b Xpa=5102 ’  Rpa=7550 * Xo1 ea=2-1489 Roya=1.112 (
0 \f[- Xpg=8608 Ryp=46610 Xg] 4p=2- 2490 Ry)p=0.9299 , i
= c S
¢ : X, =5320 Rpe=30350 Xg) 1c™2-1307 Rgyc=0.75054
C A a. Xpap=5120 Reap=6728 . X0y tAg=3-64889 "‘oi'Aa""?“ :
1 Aa ' X myc=6768 Ropc=22450 X0y ¢pc=4-54170 Ry) pc=0.97894 ;
c c " Ko p=4240 Rpcp 100918 X01 eca™4-53850 Royca=0.7815g I
. . RS
Y a Xppg=3408 Rmag~6828 - Xp) ap"4+70910 Roipp=l-20560
v fi o T= Xppc=6765" Rpnc=-2240u Xg) epc=4-51320 ‘ Rg) pc=0.966070 -
c B «© Xppip=4230° Rpca=100820 Xp1 sca™4- 53850 Rg) ca=0-78150 N
b ~

’ ::,:..h,- [P R
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" Table 3.6 COy'\par'iaon" of Measured and Simulated Inrush

Current Peaks In All Three-<Phases of a Y-A
Transformer Energized From Y-side

Current
Peaks

Iy ()

Inaf(p)

I3 (A)

.Imd(p‘)

~

A 17.81 | 12.10 9.39 7.58
ot Measured - :

A T— A, W o S 8, = ey o .

.68

'c | -14.26

~10.41

'-a.aa

.

-

Simulated

' 12.58

7.39

B 5.97

4.26

2.72

-11.12

-7060

Ye

. « -
LXud win

e

Sl

v
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Table 3.7 ' Comparigson of Harmonics in Measured and
. Simulated Inrush Waveforms in all
Three Phases of a Y—A Transformer Energized
From Y-side. '
Harmonics N ' o
L8 Fund 2nd | 3rd 4th 5th
Measured | A [100.00 | 58.71 | 31.03 [16.31 | 5.63
B [100.00 | 89.92 | 47.37 19.96 | 11,09
g c [100.00 | 62.73 | 32,93 | 18.33°| 7.40
A [100.00 | 18.28 | ‘7.49 | 0.37 | 2.74
simulated| B [100.00 [ 21,28 | 11.05 | 1.09 2.18
N c (100.00 | 32.24. | 4.81 | 5:60 | 2,73
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- Table 3. 8 Comparison of Measured - and Simulated Inru;% . ‘

Current Peaks In All Three Phases of A A=Y L '
Tranaformer Energized From A-side

. Cﬁrrent

Peaks

Im (R)

Inp(A)

Ing(A)

11

.8.56

7.13

6.06

Measgured

-4.08

.:’..50 ’

-13%19

-1.34

P

. Simulated

9.52

7.10

5.16

-5-59

-4.71

~3.38
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CHAPTER 4

/ - ALGORITHMS FOR_TRANSFORMER PROTECT ION R

4.1 Classification of };lgorit'hms

L

!

transformer. . - ' |

i As ‘was stated in ;m earlier section, the algorithm

“to 1">e»used for transfdrmer, protection must have two basic

characteristics, namelyx .
“ (L) they should be able to clearly distinguish
between the magnetizing inrush and fault currents of a
- (2) they should be simple enough 8o that
computational burdens on the microcomputer is less and.a fast
detection of fault is. achieved. . |
Three different algorithms are described here,
(l) Discrete ]?ourier Transform
(2) Rectangular Transform B : «
(3) wWalsh Transform |

All the above three algorithms distinguish between the

-magnetizing inrush and fault currents, using t‘he second

harmonic restraint principle. . Fourier coefficients generated
!

in the—Discrete-Fourier Transform (D.F.T.) algorithm are -

utilized in the fault classification routine. Rectang’ular‘
!
and Walsh ’I‘ransform Algorithms generate the Rectangular -and

Walsh COefficients respectively, from which ultimately,

" Fourler coefficients are extracted. These coeffioients are @

\
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' rate of 16 samples/cycle to show its performance in

vcomparison to the other .two algprithms.

'-16_and 8 aamples/cycle.

|
|
\ | S

—
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then used in the fault classification routin?.
The algorithmé_. are tested on simul'al{.ed 'fault -data

of a laboratory transformer. -Their performances are compared

for both inrush and internal fault conditions. Discrete;

Fourier Transform. is the basis  of major protection algorithms

its ’hig I

and discussed here- as reference. However,

computational burden makes it incop\petent for microprocessor )

4
applications without special arrangements. That is why, thls

. algorithm is tested here on simulated data with a samplingn

i

The Rectangular. and

Walah transform have ‘been tested with sampling rates of both

[
!

4.2 "Discrete Fourier Transform Technique .

Ramamoorty [264 was one of the first authors to \
propose that the desired fundamental voltage or current can \

¥

- be extracted from the }aul’tfdtransients by correlating one \

cycle of data samples with the stored samples of reference

me—

"fundamental sine and cosine”waves.

" Theory:

It is known that any tontinuous waveform-g(t),
having a finite ener%y in the interval (0,T) can be expressed

in 'this interval as a Fourier' series,

ar
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i

X :
a'o L , - _ ;
g(t) = ==+ I [C, cos kot + S, s8in kwt)
2 k , A
. - K=1 i
. EE )
”a: where . ’ - ‘; | .
o a. T -
j ©
; T
Ck' = ,.F" v g(t) cos kwt_ dt
- i O t
{
!
o 2 T o !
CUSye=gF _g(tl:) sin kwt dt
“ , P O
ag ‘ ' g ' , '
Here >5— is t.he{ avérage value and C, amd S, are t:he

k.
'respective cosine and sine- components of the F’ourier

178

(4.1)

coefficients. ;In a_discrete mode, if the Awaveform is sampled .’
at-"ecpispaéed intervals of 'time_tj‘, spaced At ,apart,' s0 that l

“there are n=T/IT samples, then the expression for C becomes, .

\ K
2 01 2ﬂj_k '
//-——'*_’.ck =5 = X(t. ) cos ( ) At
C “ §=0 3
¢ n-1 i )
=% 1 x(e;) cos EI5 (4.3)
. j==0 B ) . - .

j=0 L,2. .. 00

where«)((t'j) are the discrete samples at the times tj S

- ISEL ilarly, %he sine coeffici_ents Sk are given by ,
- X . \ . = R L . . N A .. '-.- -. w.‘
, n=1 : : : .
s, =% & Xty ) sin ALk © (4.4)
b . . J—o * 3=0 l 2,...!)-1 '
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For traanbi'mer protqpti’on, .x(tj) are curreht samples. For SRR,
; samples 1 to—n, the coéf£icients will be extracted afi:ér, R
correlation as ' v |
) : . Cx =;21' {x(1) cos (2"1 k)*' x(2) C’OE(H“‘:’{“k . B
P N . ' : o - ’
R ' ' + ...+ x(n) cos (m-k)}
; : ! -
]i ’ and -
- : 2 L. 2w 1x Co2m.2 K,
-,. ‘ Sy = 5 (x(1) ad (—==22)+x(2) 51n(——nt—.—) S
. _ oo+ e ¥+ x(n)- sin (21'“n k) } N
! ':-": S : , o . " (4.5) |
» ‘\ . .. ‘Hence, for a full cycle data window with 16 samples/cycle, 16
AN Fourier - coefficienta will ‘be an artay of dimension 16x 1.0 - U e
Pt C L c
The syateﬁ matrix iF represented by Egns. 4.6a and 4.6b. .. . .
G . : | ',{. .o . |
Co ' . ' : P ‘
. L ‘ 1
by - ‘
- t o !
1
1
5 -
{ i -
1 . ; ' .
I ' - ,i '
| 3 : | .’
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c, cos (
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s, sin(¥L=2)
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.The closed matrix'-form of Eqn. (4 6) enables .one to utllize

*

,it in the fault classlglcation routJ.ne. The constants of

"

s:.ne and cosine matrix are stored in the memory and the

sequengr bandllmted fault s:Lgnal is correlated w1th

correspond:x.ng sxne and cosine coefflcients. The coefflcients

Sk and Ck thus generated will give"an amplltude value of

-\".., . - . * :2 2 . ' -
- P =8+ ) C (,4.,7)
. N _ - o . ) ) T ‘ e
where ‘
; 15‘k %"_Four_ier coeffici’énts, k= 152,... ,n_.'.

3

Accordlng to Eqn. (4 7)., E‘1 and [‘2 represents the Fourler'
Coefflcients of Fundamental and 2nd ‘narmonic components of

. the waveform respectlvely.. In the case of magnetlzing “

’ v ’8' ar

1nrush, the value of E‘ is usually higher than the value of F

-for a failt. A welghtlng factor 1s needed to multlply with

. . -

3 ~ .
'E‘2, so that Fo remalns always higher than F, in case Of .

1

inrush. F2 will always be lower in case qf a fault. A

welghtlng factor of the order 4 is found. suitable. ThJ.s
value is not a f:Lxed one and depends oh the tra former .

equivalent circult parameters. Agaln thls also depends on

. t‘ne number of samples/cycle as well as the window aize. If

;

2

the value of this constant is increased, the algorithm used .

will prov1de good restraining feature dur:l.ng inrush but the'

operatlng t.ime during 1nternal fault may be affected. So,

th_e value of thlS constant ie to be chosen, based on the data

. - P . .
f . . s
BN e . . L.
- e B s e T TR (et T U e U UUpHRSPPISN SRS P N SUINPSPSY
. \ £ . o
. Lo . .
, : . .
v .
. .o K .



o

-~

LM
.

182 .

S . .

_ both.for;the inrush as wellnés internal fault for any
particular transformer. '
The nature of a transformer internal fault current
is usually an undamped sinugoid. Fault curfent data were

simulated on the basis of a current expression [24] is given

by:

i(t) = A sin (wt + X - ¢) =B e—Ct sin(A-¢-D)
\ . . . , ' (4a7a)
" where { : A
." . ) . _ —l.z(_' &
: $ = tan R i
and
A = switching angle .

A, B, C, D are consiants which depéhd upon the transformer
parameters and the type of fault.

.fhe curren “based on Eqn. 4.7 can be considered as the C.T.
seéondary output of the pos£ faulg_current by choosing the'
appropriate values bf the constants. ) ".

. Results:

A recursive programmingris carried out so that the
algorithm reads eqﬁally—spaceg data from data-file to select
16 Qamples/cycle and{calculate the fundamental and 2nd
harmonic componerts from the inrush or fault data. A’ trip or
no-trip decision iQ initiated by the relay from the generated

'Fokrierhcoefficients. A flow-chart Sf the programming for

c&%puting above is shown in Fig. 4.1. The flow-chart wili be

1 M A

R e e S AL TR T % e rmaeh S HAoE s YLy e . 3 re e e e - s R att R
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Start -

-
v,
(]

rero .

Initialize with all
current samples as |-

B

Set No. of
in a cycle

samples

(N)

) N=16 or 8

- . |

| Calculate
sin(2riX),
icos(zlgl—),

Jxk=16x16, or Bx8
-Call it - N
s(j,x),c(j.x)

4

Read current

<JUpdate
samples

-

bamples_(gk}

5kip necessary-
samples to select

cycle

correct- 'N' samples/

B

Corelate Ik with
8(3.%x),cl(3.x)

O

-
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. Culeulute>
Sk. Ck

.L: }

| Calculate - _
.ixl'.xz. x3.x4 ‘

Fund-.‘ znd Har.

Is
- and Harmoni
_ - »Fund.

‘?

1s _
all samples
read? ;

Stop

End .

|-

. 4.1 Flow chart of programming logic of digital
(Fig- 4.3 ! relay by Discrete Fourier algorithm

. differential

v

e
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jslightly different in a real-time processor'relay It is

shown in Fig. 4.1 that the progrmn stops after computing from

"a finite data file and there is no trip command The

. transform_performance is being computed from the programming.

The data-train is continuous once the' transformer is SWltChedd‘ -
on, unless an internal fault causes the relay.to trip. The
right hand column vector- of Eqn. (4.6) is the continuous data

train and the relay continuously monitors the system,

1rrespective of fault or steady gtate condition. A threshold

limit is also to be chosen 1n actual practice to distinguish

2

the faulty system with its-steady state condition, as F, will
M § . . . . .

‘be less than F. in both steady state and internal fault

1

conditions. . ' ) _ ‘
G“_ .

P

~ _ The performance characteristic of the, transform
with 16 samples/cycle is shown through Fio. 4,2 to'Fig. 4.4.
.Figs. 4.2(a) - 4. 2(c) show the comparison of the restraining
property of the algorithm with operating quantity during
magnetizing inrush in the three phases of a Y/A transformer
energized from-the Y-side. The simulation of tne'magnetiziné‘
inrush ‘is done for'l=0° switcning of A-phase. ‘The folldwing
_dats are use? for Phase-A and Phase-C, |

a
"

= ' ° f ..
Roia = 1-3760 8 6, =81.2° . .

1l

: ROIC = 0,857 0 BsC =178, 3
The B-phase inrush is due to the "helping effect" of A and C
phases. The figures show that ‘the algorithm develops enough

restraining force to block the relay from operation due to
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1
|

I O
inrush in all the three phases. '_ .'l l-. '.' ,_;“
'lib : ‘ - The transform is applied to'the case of _an 1nternal
fault at all the possidble angles of inception of fault at [
;

current waveform from 0° to 180 ° _at a step of 30°'1ntervals

The ,convergence time of the transform varies from 11. 8 msec

"0 13.8 msec depending on the angle of the current waveform

: \ where the fault is initfated..  The time is minimum if the ' .

|
1

\ fault occurs at 90° of the current waveform. Figs. 4.3(a), .

(b) ‘and (c) _show the.performancevof the'algorithm'during'an'
internal fault at fault initiation angle.. of 0°' 90°

and 180'

respectively. The tranefonn converges ‘at 13 8 ll 8 and'l3 8

l

the traneform\

\ msec respectively For a three phase fault,
! convergence in three phases will be different because of the )

\ 120* phase Shlft between phases. But whichever phase the

traneform convergee earlier, ‘the tripping will be 1nitiated.

An. aesymetrical fault current is considered in Fig.

/ .
! 4.4 where it is assumed that the fault initiation angle is

.A The performance -of the algorithm is showr in the same '

figure where, it is seen that the transform converges'in 8.8

meec .

.,In all cases,

the' performance_oﬁ the algorithm isa
ilese than a cycle in case of an internal fault and the

‘maximum time of convergence is a little over 3/ﬁth of.a
: 4 . ’ :

Ecycle.

./.

. . . ﬁl \
4
\ L e ot e Mttt 5132 AR 34 e e g = 18 e i -
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Fig. 4,4 Performance of Discrete Fourier algorithm with 16

samples/ cycle during an- auymetrical internal
fault (fault initiation angle -0 ) '
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. . e T o
"In this method, the sinusoidal waveforms used in

‘the Fourier |Techniqhe described in the previous section are
' replaced by equivalent rectangular waveforms. The fact that
ad . .

. these periodic.rectangular waveforms can be directly -

expressed as Fourier Series can then be used—to relate'the

coefficient of the Fourler geries of a block of data to the

.coefficients obtalned fram the rectangular wave transforms.

It turns out that the columnw

'generated by replacing sinusoidal functions with the

Y P

”‘rectangular waves, .can be equated %ota sparse inflnite matrlx -

multlplled by a vector containlng the\true Fourler

-

coefficients. Although, this equatlon contalns 1nf1n1te
matrfces, the Fourler coeff1c1ents aré negligible’ at hlgh

frequency, and it is permlsslble]to truncate the equations to“

a finite set. The infinite matrlx equatlon an be.lnverted
h N .
in a closed form [25] and the true Fourler coeff1c1ents -can

be extracted. '
heorx S , f

I.et.- the terms $_and C_ Of Eqh. 4.4.and 4.3 be

denoted as Sk and Ck and the rectangular coeff1c1ents will be:'

denoted as S d ck' lf the sine and cosine terms in Eqns.;

"4.4 and 4.3 are-replaced'with'the equivalent rectangular

o

-functlons-[lzl,‘

sinj?(r) = 8gn (sin x)}' ,3':" :' A' _'(4;8)

coajt(x) = sgn (cos x)

matrix defining the coeff1c1ents.

P <
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where, .
sgn (y) = y/|y|., for y#0, " w{/'
=0 - for y= (4.9)
r'//’ . . : ‘ l , .
Then the corresponding rectangular transform coefficients, Sk
and Cklafe defined as B B L
| . ‘ n-1 ' 27k . -
R s,=s(i) = L X (t.) sgn sin (2115 (4.10) .
. : ¥ 5=0 i, : n _ PRREE
. .  :n-1 ' - 2%k o o
Ck=c(mk)_= I X (tj? sgn cos (f—%~) (4.11) . RN

| j=0

LY

doefficients arerelated to the Fourier sine andcosine

lI * .
coefficients as, s = [A]S

S *.
(4.12) € = [Blc
where, o :
T .
k]

-8 =i[skjr, c = [c

T = transpose of a quantity' .

'For~éfband.limited signal X(tj),ﬂthese rectangular
. E _ (839 Sk : £ee Sy

: (4.13)'

'[A]_and [B] are infinite,éparse‘mhtfiééh.v The elements of
.« | .

;[AJ and .[B] 'are formed: by the following Fourier series’

expansibq.of«ainYt(¥) and cqs_;t(ﬁ): .
C[Ale [A;] = H8{(2me1), 3/133/5]

for (i,j > 0).'

' §(1, §) for (i=0,-or 3=0)

and . BN
R ¢ . - @

v k&

' .(_4.14)
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(B ]=[Bij ]=% [(-1 )“*1@5 {(2m=1), j/i'.}'i/'j']
K forv(i,j>0)
{=6(i,3) for (i or j=0) : (4.15) -

where m is any positive integer, 6(i,j) is the Kronecker

delta, such that 6(i,j)=l, if i=j and &(i,3)=0, if i%#j. The

M

matrices A and B are of the form,

i

' 0 o - - a}_ .
L o L o L oo L oo L o )
o L o o o' % 0 o 61' é 0
" 0 0 1 0 0 0 0 0 % o‘” -0
0 00 1 0 0 6o 0 0 0 0
S L0 0 o o \ i o o o0 o0 0 0
(a1=%
a o o ©o o0 .0 1 0o o0 o 0 .0
o o .0 o o o 1 © o ‘0o o
o 0 o 0 O o0 O0 1 0 0 0
©o o 0 ©0° 0 o0 o o0 -1 0 ‘o0
o 0 o o o o0 o0 o0 0o 1 o0
o o o ©o o0 o ©o0 0 0. 0 1

- W
a

S Smrepes e s e mea s A 1 e e A e ~n
. —— o . ey mea A ey b2 Ve e .-
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. 1 T 1 1 "1
- r o - 0 7 0 -5 0 5§ 0 =T
, - Y] -
1 : A
o A 0 0 0o -3 0 0 0t 5 0
' 0 g 1* 0 0 © 0 0o - 0 O
00 0. 1 0 0 .:0 0 0 0., 0
s |© 0. 0 0. 1 0O .0 0 0 o O
J B : - ;
‘ 0o 0 0 o 0 1 0 o 0 o o
K . T
' 0O o© 0 0 o] 0 1 0 0 0 0 R
. - |0 0. 0- 0o 0.0 O 1. 0.0 O |-
: 0 0 0 O 0. 0--°0 0 1 0 O
o 0o 0o 0o 0.0 ‘0 0 0 1 O |
o0 o o o 6 ‘0. 0 0 o0 1
— _ A . ST
v ' - * : '.‘ (4-17) :
- . ) -3

Both the matrices above are sparse matrices. In the absence
of aliasing, the inverse of these matrices can be readily .

©

obtained as,

SRS T U '
(Al =EAiju {j/i)] for i,3>0 -
=5(1, j) for i=0, .or j=0 _ (4.18)

(817 =84 (3/1) for 173>0
. '=6(1, j) for i=0, or j=0 . (4.19)
where ( 1) is fhe Moebius function, and 1 i$ any positive

!

' integer. The Ratrices [A]_-l and [B]™! are given by,

1 e et

<7
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" (4.20)
' (4.21)




4
¢
3

Again, both [AT" and (817"

rse' matrices. ‘Using ' these -

tn

.are spa

~
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o

inver;sés, the Fourier coefficients can 'r'eag‘iily be calculated.

from the rectangular coefficients as

"The above principle’ of

A1 s, )

8170c, ]

v

. (4.22).

Reétanguiar transfom can be applied

to a-differential pfot;ection‘of trans formers. ‘F.or._a samp_liﬁg

rake of 16 samplé_s/cycle. the‘ actual- system matrix is as.

follow’s,”

q9 .~
r;l S11
S» S21
S3 ‘Wsa' 1

. -

=2

[ ‘-16 []
S5 Sis01
S1e}  |Sier v
1631
Similarly;

l

'S

S22

S3r2, S3rg er S35 |

S50

"Sher2

' S‘ll 3 .'.,.

. S‘lz'la‘.-_-_on,

Sls'a » e

16x16 .

.S»I' 15 =

S-Z'”l5

Si16r1s

*

S1se1s S50 1) | X(15)]

. Syer gl [X(16)

i

siae )]
Saive | [x(2)°

Sap 1'5 . X(B)

R pu—

Py
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L les | Cyy C3s2  Cgg  +er €3095  Cye  |[x(3)
(2 ) . . _ S . e .

- 16 . . . o PR ' . -

Coyd  [Ciise s Cuusiz Colsea +ov Coysins Cipse pg[%(15)

Couf - |Cirgn Congrz Copgey e c, Leris G 16 1g|[x(16)
o | .. 1léxl - : T f-16xi6 L o ' 16x1 a

A\

k k

In Eqn. (4.23) -and (4.24) above, the S, and-C, are the -
re_ctangular'coefficiex.\ts which cori:espond to .theA sine and

| cosine ternms of.the' Fourier coefficients res'pecti'vel'y. Sk;!.( .
.and ék,k are the eiements of the rectanqular matrices and“are
‘, ; defiped a's;' o
. o S5 % =:'s'gn [ sin (ek'kn.
Cp x = 8am [cos(8, )] . - (4.25)
, ,\where, . .o
- ‘-. | ' o Bﬂk,k--—-z_uljfls ' | ' vlq . ‘-? ‘ |
The right ha.nd colum h\atrix'.[x] contains the different‘:j.al
qurrenﬁ samples which are correlated with the matrix ele'n;énts
Sk'k-land C)llk to form rectangular coefficients. For a
+ sampling rate of 8 samples/cyc‘le, the din’\ension of the
‘a . : ' s

. \ 4 . ;.
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matrices is given by ) .
=8x8, [X, 1=8x  (4.26)

'[sk]=[ck]=8x1,[s‘:k'k.]

The Fourier coefficients can be obtained using the matrix.

‘relationship of Eqn. 4.20 and 4.21 as, - S B \ .
* . 1 1 |
5151735755
* 1.1 | I
© =G tFS 58 S 27

2 N '.
S; = S,
. .
CC2 = S

[

The - fundamental and second harmonic tomponents.are £ound to

" be' .. | ov . . :I .
¥ v 2. :
R = /(524 8% L
' ' T _ (4.28)
* 2 ) : : L '
F,= ¥/(8," +¢C,7) . ‘ :

Results

A recursive programming is carried out to .compute

the Fourier coefficients from the Rectangular coefficients

using the Rectangular Transform -algorithm. The flpw—chért of
the programming ié shown in Fig. 4.5. The'flcw chart is

quite’ simi.lar to that of Digscrete 'Fourier Trahsform shown: in
Fig. 4.1 'except that the nece.asary constants <.)f_'t::he matrices

[A]-lanc"i_ [B,]'il is stored and the respective sine and cosine

‘terma of the Fourier series are -replaced with +1 and'—'l

-

dep'endilng on whether the values are positive o'r.ne'gative.

3

L.
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samples in a
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Calculate
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coa(25dK)

Call it
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Jxk=16x16 or 8x8 |

1
Read
. current'

‘samples(Iy)

+

skip 'necesaiy
samples toy

1

" | select correct
"r!l'. samples/cycle

Correlate Iy
with SGNS(L,K)|
- & SGNC(L,K)
. rr. o
Calculate

.| Rectangular
|coefficients”

Calculate Pourler
Coefficients using

. 1f
s{L,K)=positive .
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If
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O » H
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Zeros of the Fourier matrix are considered as zeros here

again. Thstead of correlating the samples with respective:

’

sine and cosine terms, they are correlated with +l, -1 and-0

The’ algorithm is tested on the same.sets of ]

simulated magnetizing inrush data first, with a sampling rate

~of 16 samples/cycle. Figs. 4.6(a), (b) and (c) show the

performance of the algorithm.on the. inrush for pnases A, B

and C respectively. It is observed that the restFaint during "“_
inrush is quite adequate such that the relay remains in tﬁe a ;n
blocking zone. . Figs. 4.7(a), (b) and (c) show the e
performance of the - algorithm during an internal fault at

fault initiation angles-of-O' “90° and 180° respectively.

Similar cases were treated in the case of Discrete Fourier =
Transform algorithm, so that the performance of Rectangular
Transform technique can be wompared to that of D.F.T.
Performance under similar'conditions.. ItJis seen that lhe
rectangular trans form converges to 12.8, 10.8 and 12.8 ‘msec,

if the fault is initiated at 0°, 90° and 180° resp ctiéely.

The inherent gain in tne time convergence for the rectangular

| : :
: Transform is 1 msec over that required for the Discrete

Fourier Transform under similar conditions. This is in
addition to the simplicity of the Rectangular Transform as
far as digital computation in a microprocessor is concerned.

An assymetrical fault is also treated to find out




T A . T R, oy et -

TR LI Sy

>Ry
Rt
-

1

N et g o e g o s e

203

"the performance OE-the'algorithm 1ike Fourier Transform.

'This is shown in Fig. 4.8, where it is observed that the
.transform converges at 8.8 msec which is the same with

_Fourier Transfonn shown in_Fig. 4.4 earlier.

The algorithm is tried on the same sets of

./. " . ..
‘simulated data but with a sampling ratel of 8 samples/cycle.
,pigs._4,9(a), (b) and (c) show the performance of the .

algorithm during an inrush. It is ob3erved that the

restraint is quite adequate'to,block the relay during inrush.

During the second cycle, the restraining-characteristic

- suddenly drops downbso that, the difference between the

restraining and .the operating quantity is lese.in comparison

: to those when tested with 16 samples/cycle. But the : )'”

characteristic ‘becomes stabilized in subsequent cycles if

' compared with Figs. 4.6(a),.(b) and (c). S '

Figs. 4.10(a), (b) and -(c) show the performance of

r;,-—-'_

the rectangular transforM'under the internal fault ' . .
conditions. These performances are similar to those of Figs.' l
4.7(a), (b) and {c). Convergen:e times of the transform are’ -
13.8, 11 8 and 13.8 msec for fault initiation angles of 0'

90° and 180° respectively. Fig. 4.11 ‘shows the per formance

of the algorithm on an assymetricai'fault. Thehtime of
conﬁergence is.9.8'msecr ‘ -§~- :‘J o

R L

o,
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" 4.4 Walsh Functon. Technique
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~In 1923, Joseph L. Wa15h introduced a new complete

Al

set of orthonormal functions for a variable.' t* in ‘the

-

W 3, .

/ -‘.' ,
, wal{K,t) = I ..sgn'(coexi 2
! S =0 . :

Lty oL Taa2e)

,'where the integer 'K' has tﬂe'binary expansion

0. 1., 520 k mo L
-IlK-K02 FE2 AR b 2t (4.30)

" and where the binary coefficieute K5 are eitﬁer'o or 1. 'The'

Walsh funations take only the values of il and they change' o

sign only when 't' is a multlple of a pOwer of 1/2.- The

- 1ndex 'KH, termed as the sequency of a Waleh Functlon, 15 co

-

. analogus to frequency in Fourler analy91a.-

v

heogy " ) Q:

A function_xxt) with Einite'euergy and a finite

-number of discbntiuuitiee,'n the interval (0,T) may be

expanded, in.ter@s of - the um of a series of Walsh functions,

-

~which is similar to .the expansion of a Fourier series,-

“a

X(t)—w Wal(O t)+ L W

Wal(K,T) T (4.31).
K=0 _ . S

k

where the coefficients are given by

A

"‘ig =z 7 "x(t) "Warl(\o,-‘g) at S
e ' : (4.32)
l W, =k 'IT. x('t-). Wa;. (X 5"-) dt
T T - Wal AR . .

-4
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shown in the expression of Eqn, (4}32)‘ebove is similar ‘t6 -

of Fourier series as given in Egqn. (4.12), |[It giQes the'" '

.mean value of the function.

A sequency bandlimited function, can be, however, -
exptessed as,

n-1

o
X(t) = L W, wallks %)
k=0 K R

. K4J33):'

The function' is determined by 'n’ independent signai,Sampies;'fu

iThe;first 8 Welsh functions are shown in Fig, 4.12..

The time consuming operationé, in the Foorier.,

analysxs algorithm used by Ramamoorty [26] can be entlrely

~eliminated if the functlon X(t) is analyzed into 1ts Walsh

.'functlons Wal(K t).

~ This. is possible because, Wal(k,t) has only two..'ﬁ

operations of addltlon and subtractxon routlne alone. ‘The -
flrst sixteen of these functions are shown (1n terms of 'gign) -

in Flg. 4. 13. These functlons qﬁa undefined at “the points at

- ‘where they change from 41 to Fl.

‘From Eqn. 4. 32, one can get the sample matrix with

WaISh functlons to fxnd out different Walsh coeffic1ents as

" follows, '

Wi

e s

T
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~ .uql(é,;i)

'wol [4,1)

. wal(5,1

"‘ -‘

-1
. ' . l‘ l
wol (7,1)
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Jp.
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-
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Fig. 4 12 The first eight Walsh functions of intergral
L 'k for 0<t<1 _

index .




" wal(o,t')
wal(l,t')
wal(2,t*)
w'al(3'l,lt')
’.Wal(4,;')
Wal(s,t')
 Wal(6,t')
Wwal(7,t')
ngl(e,..t'.)
".W::'xl'(9.,-t') .

Wal(io,t")

wal{ll,t')
Wall(l2,t') -

wWal(l3,t')

wal(l4,t')
© Wwal(l5,t')

4

Fig. 4.13

! e =

.\

The first sixteen Walsh Functions of

integral index kx . - -
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Wg LI R A R L I A A A x(1) |-

W, ++++++++—"-———'———'_'x'(2,) '

WZ I I R T 2 S i S x(3)

W S I 2 S R R B N e R x(4)

W, B e T T T e T s x(5) ;

W R I x(6)

We. .++-,-—+.+.—-———++——+.-+'.'x(7)

'WA-, . B T . + o+ -+ +"-,--f,, .x(8)

. 1 B T ' . T .- N )

W = 15 '+““;.++.,"++,‘."+-+,‘A"'_+' x(‘9)__ (4.34)

‘Wq B e I A i S e x(10)

Wil . |+ - - %=+ % - -+ -2+ [x(11)

Wil ‘-"+.-'—'_—+—f+«— R N I x(12)

w FE e - ..+'. (SR U '- (13 -

12 mh ok b - kot - 1 x(13)) :

Wil |+ F = =Tkem -+ -+ 2+ = | x(14)

Weg| | F e e m e —m k- g - w2+ | x(15)

wadl L I L T TR S -+ - x(16)

L . B . : . R T

Using a trapezoidal rule -of integration, the individual Walsh
coefficients can’be determined. As a rule of trapezoidal

i'ntegration, one extra term comes which is x{(17). The detail

derivation is ‘given in Appendix IV. The results for

different Walsh Coefficients in a general form are given as

follows,

| | A

- : - ) L
— ;



" where j=0,l,2,3 Weses N

. ‘coventional - forms as:

4

iswéxj{.- Fx(3) = Fx(3+1)+3x(5+16)

16w0‘g+l)
T L(317) | .
P o .
< 9

o

16W, (3+1) = 16W) (3)-5x(3)-3x(3+1 1+ x( 348 )+ x( 5+9)

1 cyq 1.,
- fx(Jﬁlﬁ)-Ex(3+l7)

-. 16wé(j+1) = %6w2(j?—%x(j)j%x(é+l)+*(3+4)

) : +x(j+5)—x(j+12)-X(j+13)+%x(j+16)

' 1.
_ +2—x( +17)

(4.35)

The expressions .of Eqn. (4.35) are uséd to update the

o

. -coefficients every time as a new -sample comes, with minimum

y

ladgition'and,subtracﬁfSh'routinés; But, it is clear from the

.expressions that the number of terms increase as higher order

coefficients are determined. And it does not very much help

in such updating. Hence, the other terms which will be

néedéd for -further computations, can be written in the

16w, (3)=3x( 3)+x(3+1 )+ x(3+2 )+ x( F+3)-x(3+5)

Cx(346)=x( 547 )+ x( §+9 ) x( §+20 14 x( 5411 )

[

'-g(j+135—x(j¥l4)-x(j+15)-%§(j+16)u

o -
.

R 1
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o A
1sw4(j>=%x(j)+x(j+1)-x(j13)-x(j+4)-x(j+sZ
- +x(j+7)+x(j+8)+x(j+9)-x(j+ll)—x(j+12)‘
\ -x(j+13)+x(j+15)+%x(j;16)

16Wg (3)=3x(3)#xT5+1) =x(3+3) =x (3+4)-x(3+5)
. | .

1

+x(j+7)—i(5+9)fx(j+11)+x(j+12)

+x(j+l3)—x(j+15)-£x(j+16)

| ‘ g f'f..  ' 16Wg(3>——x(3)+x(3+1) x(]+3)+x(j+5)-;(3+7) )
He Y —x(j+8)-x(j+9)—x(j+ll)-x(J+13)+x(j+15)
R R MERSTY |

| 16Mg (3)=Rx(3)=x($+2) +x(3+4)-x(3+6 +x(3+10)

| ~x(3+12)+x(3+14) —2x (3+16)

16w10(j)=%¥tj)—x(j+2)-x(j+6)-x(j+85+x£j+10)

-x(j+14)+%x(j+16)

16W, ) (3)=3x(3)=x(3+2) =x(3+10)+x ( 3+14)

; A . ) o v ,f%x(j+16). |
?4; v R 7 ;6ﬁ12(j)a%x(j)-x(j+4)+x(j+8)-x(j+12) .
~ | O wgx(3+1e) o, : o
» @
L6“13(j)%'x(j)—x(jt4)+x(j+12)-.-'%—x(j+16')
R -] { . '

1, 1, '
16w14(3)=Ex(3)—x(j+8)+§x(j+1§)

e 26 (3)=gx(9) x(3+26)

 whére 3=1,2,3 ..., L Li4.38)
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The set wK “form a vec'tor'min Hilbert space: like the Fourier

coefficients FK.' The two vectors are related' by the

orthogonal matrix A; thus ' N

‘ | ~ W=AF | —_— P (4.37)
' . -1_.T T o S

since A "=A [4,15], where.A" is the transpose of A, one can

‘also write . -

FeAWS . . T 4.38)
\ . Ttofhe matrix 'A’ has beeh found to be,-inpart as,
f o 1 0.0 00 0, 0 0 0-.0-0."0 0]
‘ . 3 0..900-. 0. .0 "0 .300 O O 0 .180.0 .0 O

0 0 .900° 0 0 0 -.3000 0~ 0 .18 0 O

7

\f - le o 0 900 0 o 0o 0.0 o o 300 O
o 0 0O ©0.90 0 O 0 0 0 0 0 -.300
_ 0-.373 0 0 0 .724 0O O 08435 0 0 0O-
al=|0 0 .373 0 0 0 .724.0 0 0-4350. O
“lo o o o o 0 o.éooo 0)\0 0 0O
v Jo o o 0o 0o o o o0 .%0 e 0 o
0-.074 0O O 0-.488 O O 0.65 0 0 O
. 0 0 -.074 0 © 0 .484 0 0 0.650 0 0O
‘ * o o 0 -.3730 0 ©0 0 0 0 0 .724 o0
’ ©o 0o o 0 o .724

0 0O O .373 -0 O

Mo
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and from Egqn. 4.38, it can be written as

®y 1

£, 7.9000 0 0 -.373 0. 0 0-.070 0 0 ||w,
F, 0 0 .90 0 O 0.373 0 0 0-.074.0 0 |[|w,
Fa 1.0 |? 90 0 0.0 0 0 0 0-.3730||wy |
£y éo ‘l? 0.900 0 0 0 -0 0 0 0373w, |
Fg | =[0 .3000 0" 0 724 0 O 0-.4880 0 o0 |]|ws
Fe | [0 o -3600- 0 0.724 0 0 o 484 0 0 [|wg
£, o0 0 0 0 0 0 .90 ',“0" 0. <.)~ ¢ o

Fo "0 0o 0.0 0 0 0.9 0 O ‘0. O ||wg
Fy 7:1800 0 O .435 O 0. .0 .650~0 0 O

Fol |00 .180 0 o 0-.4350. 0 0.650 0 O

JFl [P0 ©.300 0o o o o o o .724 o|w,,

* ‘of Eqn.. (4. 40) as,

_(4;40)

Hence, - the Founer coefflcleni';s are derived from “the matrix

F1=0.900W,~0.373W-0.074Wg .= . - .

F2=0.900W,#0.373W-0.0MW, 0 ~.. . -~  (a.41) .

3=o.9oow —0.373wll
F1,=0 900W,40.373W,,

where F,, F, are the fundamental sine -and- cosine terms

respectlvely and F3, E‘l, are the 2nd harmonic -sine and cosine,'

terms respectively. Once, thel Fourier coefflcients are

derived, the fundamental and the 2nd harmonic R.M.S.

.0 0 0 0 0 0 0 0 0 0 0 0 ||~

Fi,] (90 0 0.373 0 0 0 0 O 0 O0.724||w,,
) v v ) _J

, N
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'mreplaced with il anq.o.. Hence valuable information are

,v\
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quantities can ‘be derived as, -
. . :

I
oy
Can
]

. Fundamental -
s (4.42)

]
-~
]
+
!l
S

- 2nd Hermonic

In a slmllar manner, the algorlthm,- on the basis of

'.8—samples/cyc1e can be developed ‘which .is derived 1n ‘

'-'Append:_x D .' Due ‘to’ the reason that the coeff1c1ents beyond

'w7' are notf‘ avallable 1n Walsh functlon algorlthm with 8 :
samples/cyele. Eqn. 4 41 is’ truncated as follows.----.---'f-

F —o 9oow -o 373w5 .,

2=o 9oow2+o 373Ws TR C Y D

F 3=0: 9oow3

.F 4=0. .9oow.,l

i '1

':It 13 obv1ous from above, that the accuracy of the

',algorithm is hampered to some extent, whzle‘the-speed of '
.'processxing 13 increased. It is 1nterest1ng to note that
B _except fo? the ‘end points of the 1nterva1 (0, t), the value\ of
) the sar'r‘tples_ is zero where the -jump from +1 to -1 or from -1 '

- td ‘41 occurs -it\ the respectlve Walsh functlon. This is' due

the Walsh function is undeflned w‘nere the -
BJ.gnal changes 'from_tlu to *l.

"+ An advantage of the Rectangular Transform, over

..

Walsh Function is that no sample is missing during 'aign

change'be“ceus.e actual values of si‘ne-—co'sineela_re being

K

‘Jg_jx;
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retalned in the calculation of fundamental and 2nd harm01c

quantlties.

A recursi've programming is done to calcniate the

- Walsh coefflclents and then calculate the Fourxer

coefficxents. Fundamental- and. 2nd' harmonic antities are
et T

then computed and trip or no—tr1p decision is 1n1t1ated - The
flow chart of the programm1ng is shown in Figs 4. 14 th.ch 1.3‘

',very .v._lmilar t_o those of DiF.T." and Rectangular 'I‘ransform. :

The major'-diff'eren'ce-fi\s, unlike D.F.T. or Rectangular,.

various matrlx elements are not requlred “to be computed
. \ uy. .
aprlorx and stored in t.he memory

9

algorlthm on 16 samples/cycle baeus, m case of a magnetizxng

~1nrush on phase A, B and C, respectlvély. The restraxnlng

' quantlty is seen to be greater. than the operat:.ng quantitles o

. 'Phe dxfference in rest,rainxng and operatlng is sllghtly less

‘in comparlson-to those of D.F.T..andA Rectangular. One of the

.

" reasong for this is, here the amplitudes are calculated in,

'.R.M.S. whereae'. the.amplitudes for D.F.T. or Rectangular

were calculated| in peak values. Figs. 4.16(a), (b), (c) ‘show

3 . - ' .
the performance|of the algorithm in case of internal fault .-

' where the fault initiation angles are 0°, 90' and 180°

respectively. 'I‘he convergence time of the algorlthm -'.'

corresponding to the initiation angles: of 0’ 90' and 180' -

- E‘:Lgs. 4. 15(a), (b). (c) show the performance of the

1 N

R . R . . . - . .. .
iz e ot o . REEE . ! - . . ST - R . S .
'«H' - - - - ‘ c - < - - - - N : -
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'.are 13 8, 11 8 ‘and. 13 8 msec 'respectﬂely. Slmllarly, Walsh

, functlon techniqﬂue is applled to an assymetrxcal fault at
' X=0' and is shown in Flg.-4 17. The_ convergence t_xme ie
".seen to be 9 8 ‘msec. o '
. In.‘a s:.mllar‘wa:y, -the performance of thls algorlthm_

'wJ..th"a samplmg rate of 8- samples/cycle has been tested on L
_:all the above sxmulated data. FJ.gB 4, 18(a), (b), (c) show‘

.'the perfbrmance of the algorlthm on xnrush currents in. phase

A, B and C respectzvely. . Unllke t.he other two cases; the ) L_._ ,
.'__value of the 2nd harmonlc multlplxer.is to- be “r.aised to- 6—**— ”

-~

- from _'4' to obta.l.n adequate restralninq forces J.n caee of an

i'nrueh.' Flgs, 4. 19(a),(b) (c) ahow the petformance of the’ ..

.. algorlthm in case of J.nternal fault at A—O"' 90' and 180' : )
'":Irespectively. The ' convegence tlmes ‘of the algorithms are,
S . al

15.8,13.8 and-ls 8 msec respectiVely. 'T‘he performance on the . T
assymetrlcal fault is also shown in Flg 4.20, where '_the‘ ’ ﬂ

. convergence t).me is found to- be 11 8 mgec. . .

' 4 5 Comparat.l.ve Analys:.s of Algonthms '

The three tranaform techniques descrlbed above have'.-' -
their indxvxdual characteristlcs. ' The Rectangular and ‘Walsh .
" Functions were compared at 1dentical sampling rates of 16 and
8 samples/cycle, to, flnd out thelr suitabllity for
" transformer protection purposes. This was done uaing-l_).‘F'.."i‘."j'--"
with 16 aamples/cycle as reference frame. ’ll‘he algori'tnms_:: |

-
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could not be compared with an 1ntermediate sampling rate of
{.12 samples/cycle.. Rectangular transform can be applied w1th‘
'jsampllng rate of. 12 samples/cycle. But Walsh transform is a
;,bxnary function.and valid for numbers of .the order of 2%, |

where x is any positive integer. Hence, the function is not_i

valid for 12 samples/cycle samplipg rate. This is a

sho:tcoﬁing of the Walsh Function from the point of view of

v

sampling rate.

”,“‘ " For the purpose of digital relaying, these .

' transforms can be compared from two basic points of view,
. ' : . ' )

(L) Convergence time of Algorithms,
(2)‘ Suitability on-microproéeséor applications.

(1) Convergence tlme

e TH&S is an inherent property of the -algorithms due

to which a transform converges during an internal fault of a

'

transformer. In the time domain, the time when the 2nd

. harmonic quantity becomes less than the fundqmentai and
.after that remains less than the fuhdamental, is termed as

. convérgence . time. _Initially, for all the transforms,  the

»

" restraining i;?ntlty is greater than the operating quantlty.

This is due to the fact that, data w1ndo~ starts filling with

substantial amount of fault data after half a cycle,

' restraining quantity starts coming down and approximately

» . ]
within '1th of a cycle, it converges below the operating

value.
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The convergence gimes;of the algérithms are
summarized in Table 4.1, which takes into account all the
types.of faults described earlier.. It also includes other
conditions of fault inception angles which are not shéwﬁ in
previoﬁﬁ’sections. Table 4;2 compa}es the conveplence time
of the transforms in case of an assymetrical faudlt, iniﬁiated

at A=0°

It is seen from Tables 4.1 and 4.2 , that the

. i .
transforms converge more rapidly in case of an assymetrical

’ ' : . - '
fault rather than a sustained fa&lth Again, with a sampling

rate of 16 samples/cycle, the convergence time is lower than

- - : . , .
- that. of 8 samples/cycle of sampling rateé. This is due to

the reason that the in between samples a:e-missing in the
case of lesser sampling rate and it requires more time for
the data window to be filled with actual fault data.

Walsh function has one short—-coming in that aspect

-that it looses more number of samples than other élgorithms

because of the undefined state of the function at the time of

sign change as described earlier in the text. Hence more
valuable infofmation are miséing invthis aspect.

. Rectangular transform gives the best con;ergence
Eime_than the other two algorithms under'! any conditions of

fault initiation. However, all.the transforme converge in

~

time less than a cycle on a 60Hz waveform.

&



- 1is dependent on the software technlques used to mlnlmlze the
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(2) Suitabllity on Mlcroprocessor,Appllcatlons

Convergence time of a transfonn is not the
operating time of a relay. Operatlng-tlme depends on the
computatlonal burden 1nvolved in any algorlthm. WIth the

earller development of digital relays, su1ta%le algorlthms

'were trled in 8- blt mlcroproce350rs. But now-a—days, 16-bit

hJ

microprocessors are availab1e1 with an§'algor1thm, there are .

some minimum‘bomputations which cannot be ayoided; The rest

computatlonal burden. . \

.In general, it is adviseable to work w1th lower

- sampling rate to provide higher sampling 1nterya1' 80 that

3
even in a slow processor, the time of computation per sample,
(Y . . ., B

"remaips well within the sampling interval. Again, it is a

trade-off between accuracy and time.

In the Rectangular Transform technique the_ tlme
consumlng computations of the Fourier Transform have been
simplified by replacing sxne—cosxne terms by *1 and-O. Most -
of the coefficients are computed epriori'and stored in a RAM.:
With a.sampling rate of 16 samp}es%cycle; apparently 14
additions or subtractione} 16Inm1tip1icatxons, 2 Bhlft o
instructions and:2 square roots are involved per sample of
calculation.. With a sampiing rate of 8—samp1es/c§cle, agein
almost that much amount of computations are involved. With

Discrete Fourier Transform technique, apparently the same




—amoqu'df computations are req&@%ed as in Rectangular

3
Tt
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. Transform if in the original F%rtran programming is-

@’ L

considered. ‘But the nature of constants which appear in the.

°

‘Discrete Fourier technique, needs for shift instructions more

. R - . .
.than Rectangular-while being éranslated in Assembly language

for any prqéessor. ' : * o
In that dspect, in Walsh Transform technique,
additions and -subtractions are more. This is due to the

reason that the samples are being set to zero in between the'

computations. Hence;_no genrallzed technlque in programmlng_ L

like D.F.T. or Rectangular technique is possible - in ‘such a

‘case. With a sampling rate of 16 samplés/cycle. apparently

100 additions and subtractions, 22 shift, 14 nultiplictibnsr'

and 2 square roots are involved per sample calgulations}

‘However, this can be minimized to a certain extent by storing

the similar type of additions in load accumulators but

separaﬁe "move" instructions are needed to utilize those

.quantities. With a sampiing rate of 8 samples/cycle, the

' ‘computation per sample needs 31 additions or subtractions, I®

- shift instruqﬁionsf ll multiplications and 2 square roots.

One advantage of thlS method over the rectangular or D.F.T.
technlque 15 that various con?tants need not. be stored 1n RAM
which requires sometimes more cqmputation time for a slow

processor to move those constants. Rather, the computation

“«

is sfraight forward in the Walsh function technique which can
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be readiiy applied in any p;oqeséor. ﬁow—a—days,
co—procéésor }ike Ih£e1<8087 is available to work along with:
Inté1f8088 such as in IBM PC. This simplifies the ’
comptltat_iénal diffi‘cplty- to a great extent. : On'éelagain, it
is a trade—off'between aigorfthms and type of processor used

“to achieve a favorable result.

LN

.



Table 4.1¢

'Comparison of Convergence Tlmes of Algorlthms
In Case-of-a Symmetrical Fault

i 8
Fault s . .
Angles o°-- 30° 60° '_90° 120° 150° 180°
Discrete
Fourier : , .
(16 samples [13.8 ms[12.8 ms|11.8 ms|11.8 ms|11.8 ms|11.8m/s|13.8 ms
. /eycle) :
Rec- . 16 . . : :
tan- |Samp. |{12.8 ms|12.8 ms|11.8 ms|10.8 ms|10.8 ms|[10.8 ms(12.8 ms
gular |/cycle - - ' . .
Trans- 8 . . .
form Samp. |(13.8 ms|13.8 ms|{l1l1.8 ms|11.8 ma|l1.8 mg|ll1.8 ms|(1l3.8 ms
- /cycle '
"|{Walsh |16 : .
Trans—(Samp. |13,8 mg/13.8 ms|12.8 ms|l1.8 ms|1l1.8 ms|11.8 ms|13.8 ms
form |/cycle :
8 ”
. Samp. [15.8 ms}15.8 ms|{13.8 ms|13.8 ms|(13.8 ms|(15.8 ms|15.8 ms
. [/eycle ‘ - '
L] b )
) ' \' )
' |
AR
:/,
y /'/f , )
/ Y '
/"
/
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Table 4.2:
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Comparison,
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of Convergence Times of Algofithms
In Case df An Assymetrlcal Fault (Fault
In1t1at10n~Angle =-O )

Pl
Transform . o .
(samples _gﬂf.T. Rectangnlar|Rectangular|Walsh|Walsh
/Cycle) ~{16) (16) C(8) e (16) | (8)
.'Convergehce o . ' o . :
Time 8.8 8.8 - 9.8 9.8 {11.8
(ms) \\
)
.
)
\-— {
.+ ’ ‘ﬁ:_.‘_
. -
I 0 * 4 ' )
N o
’ {

et
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 Conclusions

The entire thesis may be divided into two.ggajor
- parts, |
- (1) Analysis of the magnetizing inrush current
phenomena of transformers as well as their digital simulatjon

for testing of relay algorithms. . .

(2) Development of algorithms for digital *

f'w of transformer. S

;I‘he analysis of magnetizing inrush currents in
single phase transfor‘mers is first carried out. Detailed
matheniaticéi formulations have been given to predict single

" phase inlr»ushesa.l 'Equations derived by Specht [3§] have been
modified ‘taking inté account the generalized reference axes.
One shortcoming of the Specht equations is that all
equations were derived assuming that switching.has been done
ét zero degree on -the vo‘ltage wavefor-'m. That shortcoming has
‘been eliminated by deriving a generalized expression of
inrush .current where switchiﬁg may be carried out at any

arbitrary angle on the voltage waveform. Détermination' of
gle - !

Y

'sat:_uration‘angle for any inrush cycle is a problem. This is

> ¢ .

due to the fact that saturation angle is dependent on the

| residual flux associated with the.core from the previous-

. . : -

ARY
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turnoff:s A numerical technique is carr__ied out to determine
the sq_tpration angle with ‘the knowledge of conduction angle
of'any particular inrush cycle. Resistance to reactance
ratio of the flux path also changes from cycle to cycle of
inrush current, which is difficult to ascertain
experimentally. This has also been determined by an

_itefative program. These methods are used for modelling a
particular measured inrush for accurate testing of

algorithms. Having determined  the above parameters, ‘

e
ﬁperimental waveforms are similated digitally, keeping the

-

—" saturation angles, ccmduction"angles and inrush peaks in

different cycles identical. |
Both the measured and the simulated waveforms are

analyzed on a Hewlett Packard-5451B Fourier };nalyzer Sj/s'ter;r_u‘"l
in order to determine the harmonic contents of the individual
cycles. The respec'tive harmonic contents of the simulated
and thé measured waveforms are dif ferent for two reasons.
Firstly, the measured waveforms are not as smooth and uniform
as the simulated waveforms which have been shown in the text.
Non-uniformities are present in most of the measured
waveforms which are mainly responsible for the difference in:
harmonics.l ‘This is due 1|-.o the fact that simulated results

" are based onls.omc mathematical formullation which yields the

uniform waveshapes. Secondly, the- signal to noise ratio of

the recording magnetic tapes 1is one of the main sources of
\". o
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discrepency in harmonics in ‘the'meas.ured waﬂveformle.. These ™ -
are.nét prominent in the 1ower‘ harrponics but are mainly
reflected in higher harmor').ic‘s-.

For threel phase transformers, an analysis of the-I
magnetizing inrush. is carried out using two methods. The
first metho.d"“is the sequence impedance method by which o
individuall phase simulatlion c‘an be carrisd ‘out under
different connection modes of the transfo'rmers' Rockefel'ler
[33] derived the basic formulation of three-phase inrush in \
this method but he suggested'a graphiéal way of deri\)ing' | "
individual phase inrushes. Use of digital sbimulation of
indi.vidual pﬁases applying the formulatiQn 'for single phase
inrush has' beg att':empt;ed first in this section. The ultimate
lihe'inruéh currents, which are the reéul\tant effect of phase
inrushes, depe_nd’ upon tlhe correct .choice é)f sequence
impedances. Tﬁe‘line inrushes are simulated using a
'different routine. In this section, special behaviour in the
}B-phase of a Y-connected primary is dealt with in detail when
the A-phasesis switched on at zero dégrée angl'.é.. Different
routines used for simulation purposes have been explained
usihg flow+charts. | |

In the second method, mutual couplihgs between the
phases are considered and mathematical. formulations are.

carried _out on the bhasis of nine .differential and five

algebraic basic equations. The solution for inrush currents
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is found in a closed differential matrix form and“has ‘been

solved using standard Runge-Kutta routine. This method has

the'”.a_dvantage of simulating the three phase inrush currents

using a single program, but its disadvantage lies in

.asceftaining the correct values of mutual couplings in

4

different cycles of the inrushes as the mutual couplings
change in various cycles. Measured waveforms and the
corresponding simulated waveforms are then analyzed using a

Fourier Analyzer. 1In both the single-phase and three-phase

' cases, the 2nd harmonic contents are always higher in the

measured waveforms. Hence, it 1is ensuréd that when the
algorithm resfraj.us the r‘elay gil;u'i.ng inrush on simulated test
data on the 2nd harmonic restraint principle, 1t will
definitely restrain the relay in real time pert;orma'nce‘.
Three algorithms were then conéiaered for harmonic
restraint digital reiay. These arg;
(1) Discrete Fourier Trans form(D.F.T.)
(2) Rectangular Transform
- (3) Walsh Trangform . -
Mathematical formulation of all these three algorithms were
derived individually, Analys.‘is an\d performance of the
algorithms were done on simulated fault and magnetiiing
inrush data. Walsh Transform 'ig the technique which is for

the first time tried here for tranaformer protection

purposes. The D.F.T. has been considered here as a referance
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frame for éo'mparing the perfprmahcg of the other ‘two
algorithm but i8 not recommended for pro'tectioﬂn purposé.
This is due to the fact that the D.F.T. has a comparatively-
high computatioﬁal burden on ho-rmal processors which is
difficult to carry out withwout :;.pecial arrangements like
co-processors. On the other hand, the suitability of other
two algorithms are consideredlon microprocessor baséd o
transz
sampling 1:1':t~e of 16 samples/cycle basis, whereas Rectangular
and Walsh Transforms are tried with sampling rates .of both 16
and 8 samples /¢ycle. For all types of internal faults, the
transforms converge within 3/4 the of a cycle on a 60 Hz
waveform. This 'is quite a satis factory result. The
suiltability of application of the algorithms is a trade off

N i . :
betweeh the processor used and computational hurden involved
in an algorithm, as each of the algorithms has its own
merits. In Rectangular Transform, the gine—cosine terms of
the D.F.T. ,.have been replaced with t1 and O and the recursive
routine for computation is simple. The respective ¢t ‘and 0's
are computed apriori and stored in.the RAM.  For Walsh
Transform, no such apriori computations are ne.edes_l. The
calculations are straight— forward and mainly involwves
addition§ and subtractions. But Walsh Transform suffe;s from
three main a‘hortcomings while compared with Rectan'gulalr-

Transform: ' g

rmer protection. That is why, D.F.T. i3 tested with a

-
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(1) 'The number of computations per sample is '
highef.
(2) Véluable information are missing as the
samples are set t6 zero where thes function changes it's sign. .
from *L to ¥l. Thig is because Walsh Function is unaefined
where it changes its state.

(3) 1t is a binary function. So, Walsh function

s

LY .

cannot be carried out with sampling rates ‘which are not of

X ' . '
the order of 2°. For example, it cannot be carried out with -

'
a.sampling rgte of 12 samples/cycle. The cpnvergencé time
taken by the three algorithms for faults with differént
fault-initiation angles are given in a tabular fgnﬁ in the
text., It is observed from t;e table that the rectaﬁghlar ’
£ransfofm yields the best result. The advantage of Walsh
function technique is that it can be implemented even in a
simple processor as the, computations involve ﬁainly additiops,

and subtractions.
) !

Finally, group-work was carried out to implement
two of the algorithms.on a 16=bit IB? Personal Camputer on
simulated datA.’ This section\ié beyond the scope of this !
thesis and is briefly discussed here. . A co-processor - %
Intel-8087 is jointly usedlwith Intel-8088 processor as the
CPU. The advéntage of using the 8087 co-processor is to ease

the computational burden. Besides, programming is done in

Assembly Language, with every attempt to reduce uknécesaary

'
IS
N

-
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computations. Rectapgdlar Transform technique is tried with
8 samples8/cycle sampling rate. In such a case, the sampling

interval is 2083 wus on a 60 Hz waveform. The computations

A

: took time approximately 510 us. All the simulated data were

stored in RAM. In real time situation, .approximately 50 to

100 us are to be allowed for A/D conversion. Still, quite a
fair amount of ﬁargin is avajlable in the sampling“interval.
Walsh functions are tried with 16 saméles/cycle sampling
raté. The necessary additions and subtraction routines are

minimized in Assembly‘?rogram than those appear in. the ~
hY

original  Fortran program. Here, the sampling interval is

1042 ps on a.60 Hz waveform. Computation time required is

approximately 790 us. Hence, if the co-processor is

available, use of either. Rectangular or Walsh Transform with .

a sampling rate of 16 samples/cycle is recommended ag it will
: 4

increase reasonable accuracy within the limited sampling time
interval. Alsp, the converéence time for 16 samples/cyqle is
“*

. ’
better than 8 samples/cycle for either_pf these two

algorithms described above.

’

5.2 Scope of Future Works

Few necessary work was not carried out to fulfil
[a)

this topic as it is beyond the scope of this thesis and

hence, certain suggestions are to be given for further

research.

e i e e e AT < —_

-
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All testings of the above algorithms are carried -
out on simulated data and no attempt is made to interface the
microcomputer with a transformer and test the relay with any

. A= .
of the above algorithms. It may bBe suggested to test first

‘any laboratory transformer using any of the algorithms

]

déscfibed in the thesis and with a proper interface with the
microprocessor. For propérlintgrfacing with either a
single-phase or a three-phase trangformer, the basic circuit
reqdirements are desc;ibed:in the texii Those are the basic
items but selection of the elements like A/D, sample-hold
etc. should be made from a design point of view of the

interface which will depend on the system that will be used.

No {.T. saturation effect is being considered in testing the

i performénce of the algorithms on simulated data. But in

actual practice, C.T. satufation effects.areeto be
considered. Sometimes, saturation of C.T. distort the actual
waveform iﬁ the secondary side. Algorithms.were not tested
in s%ﬁh.conditions. Prior testing is needed for such
conditions on simulated data, before the relay is being

tested on a fault. ' B ‘ R

A/D as well as computer output ports.are to be,weL%f

protected’ from spurious surges from analog signals by proper

logic circuitry. These -logic circuits will attenuate the

circuitry spurious signals which can hamper the‘computer

relay. Proper thyristor bridges are to be used to initiate
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circuit-breaker. The trip signal, initiated by digital relay

will be used to fire t'helgat‘ings of thyristors and ultimately

energize the trip coil of circuit-breakers. t

Certain suggestions can be made for simulation

also. Performance testing of the algorithms were carried out’

on simulated data of a laboratory trans former. For a large

power transformer, ‘internal fault may be more assymetrical

-

‘with a slow-decay rate. In such a case fault current will be

4

highly offset from the X-axis for more number of cycles. The

performance of the algorithms are to be tested on simulated

3

data under such conditions.

Operating time of digital relay has been considered

v

once the fundamental be'qame- higher than the 2nd harmonic \ .

. . . ’ .
component, the latter. being -multip].‘ied_ wi_t]'}. the weighting

»

{

/

Q

factor. This is an one-sample decision. In actual practice; |

it will not be prudent. to take trip-decision based on one

sample under any circumstances. In case of a fault, a

:digita‘l relay -should always look for two more samples after

the . co-nvergence point of any algorithm before ‘it initiates a :

2

trip-signal... - , : - . Lo . !

o,
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INTERNAL CONNECTION DIAGRAMS FOR STANDARD

.PERCENTAGE BIASED DI FFERENTIAL RELAY

iV

4

LINSTAN )

THWRITE

DTFFERENTIAL
CURREN

®

apes,

N ] ’ l iﬁ‘l

OPERATE: — —

—

»Lp 92
=y |, PERCENT SLOPE
T ADILSTMENT

i

i

LI 2.9]
57
i —— N 3
o)
~

]
|

8

t

§ 1

FOUGH CURR.-

-

AUX,

STRAINT
NSFORIR

=l

AUX,

=

a . SHORT FINGER

~

Fig. A.l:

!
i

p{iﬁ :
e -

T

RLSTE,

1p.C.v.

o

oL,
=
P
<
<.
<

2l
-]

4

relay, type BDD15B

\f— V'
)
o o

a: ' EO
SHORT BRUSHES

®-= RECTIFLER
LT Qe 5o

TERMINAL
BOARD

. / ‘
Internal connections for. GE make harmonic
restraint percentage biased differential
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APPENDIX B

DEVELOPMENT OF MAGNETIZING INRUSH EQUATIONS
FOR SINGL.E AND THREE—PHASE TRANSFQORMERS

14

- B.l" Dwevelopment of Magnetizing Inrush Equations For a
S ingle—-Phase T ransformer. .

Cage A: Switching at »=0°

Let'the applied -voltage be

- , e =12 E sin ot . . . (B.1)

Hence from Fig. 3.5(c¢), the voltage equai:ion of the-cir_cu'it
can be written as, -
‘e = /2 E sinut =Ri +1 Ok S (B;2)
, . at -~ |

where, E = R.M,5 value of applied voitage. The forced
component, i.e. steady state value of the current of
Eqgn. (B.2) is

io=1 sin (wt -~ ) . (8.3)

F max . '
where, .

o 272 _ /2 :

nax Z / (R2+X2 ) .

$ = tan * g,x =" u

The complementary function is obtained from Eqn. B.2 as,

di
Ri+LE—O

or.

di R ' '
== +' . = . : -
3t L i 0 | (B.4)
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The 'solution of Eqn. B.4_is given-as———

..g £
iN .= Ae . (B.5)
. vfhere,
A = i_ntegration constant B
=i+ i ‘ ! S (B.'6)
s{xbstituting the values, o . . . .
_ - R -’
L =t :
= %@- ‘sin (wt-¢) '+ Ae U (B.7)
From Fig. 3.6(a), the current is zero at mt5651, so that
t] 1 ' )
t=—%—.’ Hence, from Egn. (B.7),
Resl
_DE CE&T
0 = =~ sin (esl -.'$) ji-Ae | . (B.S).
From Egn. (B.8), \
poo L7E oinlS, ~ @
, - ~R8 7L .
. sl .
Z.e .
8 * -
3 y E sl
_LfE e e @ .
= 7 sln'( a1 - $) e ’ . - (B.9)
Hence, substituting the value of 'A' in Egn (B.7),
. Y2E V2 _
i = =~ sin (vt - ¢) - 5" §in (esl - ¢)
~“RO
“lsl Rt
’s vk . e L
" R
- =(0. ., - wt)
/ (
= %2 [sin(wt—-4) -eX 8- + sin (6_, - ¢)]
. ’ . sl ,
ri- - o | | e (BL10)

“
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Now, expanding Egn,, (B,10), 4
' R
_ =(0 ,~wt)
~ i= %—E—: [sinwt cos¢ - cosuwt siné - eX sl
.(sinb_ cos$ - cos®H sin¢.)]
s}’ . ' sl. ;
. ... (B.11)
. )
=1 X R . - X
N9w¢,=tan R’ ‘f-°3¢=z“'51“¢’=z"
From Egn. (B.11) ' ' . '
: - R -
CORE R . .. X x8g1 = ot)
i= 5= [5 sin wt - 7 cos ut - e’
: . (= siﬁ 8 - % cos 0 )]
Z sl Z 1
R 2 [ 3
. : " g8y - et)
= -'{:—E- 21- {R sin wt - X cosut - & 1 ’ d
.::_, . \- .
. K (R sin esl - X cos esl)}] |
‘ i (B.12)

Multiplying both. numerator and denominator of Eqn. (B.12) by

'X', the following results, o ' .

R
/ . . g(8 .= wt) .
= Q—SQS- [)B(- sin wt = cos wt = R sl . !
A R ' .
. X o D
. (f gin 6., - cos ?sl)]
. : . - oa ) : :
- ' ‘ i ’ : (B.13)

The current goes to zero at wt=a. Thus,

i=0, at wt = a ‘ _ -

»

ez L
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From Eqn- (B'l3)' . - ~ -
l-\ : . L e - L]
) . R .
o i R sin -'cos - e (681 a)(B in e- - cos §_,)=0
x 8ifa = coss = & oix BN Ugy T CO8 8gy1 07
-(B.14) .
Let 49'3-1 =a -y : ’ !
Substituting in Eqn. (B.14), ‘
: . ) R . . . .
. -)% sin’e - cosa - e [%‘sin(a-y)-cos(a—y)ko :
. - . o . .. , ) . - . R
' : ' (B.15)
Expanding Eqn. (B.15), . - ;
Y . : ' . ' . . R ~
’ : . ) ' . 'Y ¢ : o *
% sing - cosi - e X [%(s_ina cos y — coga sin y)
X _cosat:os‘!"s/i’n/“/ﬁ/nvlao
(B.16)
" Separating sina and cosa terms
SR _ R,
7 aina[% - % e X cos y + e X ' sin ]
‘ . : .
-R v © R Y :
'-cosa[i—%e X "gin y-e X cos y] =0
"From above,
q
R R .
R ~ X7 : XY N .
. 1 -xe g8iny - e ° cos y -
tan g = TR ; ; R . .
%'-§e X cos y + .e X ein y
R | R
eX. —--%ainy—cos Y l
= R i .l.‘(B.l.’)_.
R X' _ R R/ :
. x e - 5cos yl;‘- sin y
X \
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» v

1f the peak current occurs ~/at anf ahgie '8_', ,dif:ferentiai:iing p

. BEqn. (B.13), with respect to time results, | 1 ' '
. ot I . v
: : R .. i
: R, =(0 ,—wt):
o, e ' di /2EX R . R »x( sl :
3t -22 [wxcos wt + 0 sin wt + 7 € , .
. B ' : (5' sin 9“ - Cos ‘e' )l - s .s
! L ) _ X © sl sl , o
. (6 ~wt) ,
_ fZ_Ei)g_n [B- cos ut + sin wt +_-— e.gl__ -
, zz X D, S L
Jgosin 8gy - cos 801
: - N ' . . . . : ‘ ' D ) ’
Y . . . ' / . . ' ...(B.lg_)

=~ '/ For Tmaximim current, \g% = 0, wt="8. So, from Eqn. (B.18) N

!

oL 9 .-
R Lk R sl R _. ' . 3 =
- x Gos B +vsin B8+ g e (3 8indé_, cos" 017 =0
or . )
. : bt
(6_,-8) .. '
- R "' sl R R : :
~ X € (f sin 6 ,~ cos 8)|= —(5 cos 'B + sin B8)
A '
. .. (B.19)
Substituting in Egn. (B.13), -
. r . .
_ _ Y2EX R . X,R .
I omax = '2.2— (g sin'B - cos B+ (g cos 8+ sin 8)]
' , . _ 2,2
_ V2EX R™+X
1 ' = _2- [sinﬂ( XR«)] . ;
z 1 . r
_ V2B X j , :
= T B (ﬁ) sinB ...(8.200)

' Case B: Switching at A=180°

. [ Y .
The applied voltage in this case is,
e = /2E sin (r+ wt)

=—'("‘{2$ Bin wt. | . - . ,.j . .-'.(8021)
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s ]
Herice, the wvoltage egn." is,
! .

. i :
—Y2E sin wtaRi + L g% .

The forced component of current,'
: ,iF'= =I, sin (ut-9)

;= Tz sin (utm)

' The natural component of the current,

| "J;‘Nul‘Ae—'% ' ,

-

The 'total"éolution of Egn.  (B.22) is,

i=1F+iN

Ry

= --Im sin(wt -'¢) +_A.é L

' . ‘e
i=0 :at mt=8-81,' the value of
) B , ' RO |

° . sl
" /2E o oL |

A mg ein (8m8)

Thus proceeding as in Case A,

' /2E, %(e
o i =- —="[gin(ut-9) - €
: -2 7 R

sl

The Eqn. (B.27) can be expanded as in Case A,

h.

t

d-(nt)

> . . 'S

(B.25)

*A' can be found as in Case A

Y

[

"%,

(B.26 )s,

[
}1

el

P

ve o (B127)

. R - '
. : _ . (8 . —ut)
; i== @[!—2 sinwt - cos ot - ‘€% -8l
- | z2 X T
. | .
o ‘v Bgine .- cosn )1 " .
' ' B ¢ 8l, s8l’" .
. ) \ | . '0 ‘e 1(8028)
1 T j‘ .’
. ‘ . .y
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‘Again i=0, at ut=a. . From Eqn. (B_.28v_), T
X . .~ —(9 -x) -
% sin a - cqsva - X Bl . ‘[B- sin 6., - cos 9'1]!=0;
_ s ,"...(B 29)
b /< > o : '

Let ‘'y'-is the: conduction angle. Hence, the value of ! u' ca_n :

be found in terﬁ}a.of 't' as before,

| . xY .
. - - e¥ -%ainy-cosy, R
£ .0 o tang = —pe———m———————— (8.30)
B R i Y R - . I I-—
x e -g'cos y + sin y )

[
. .

If the current b‘ecomes maximum at an angle p ,' the valuL of

© ‘maximum current can %e found out by differentiating .
oy

Y

Eqn. (B.28) and aetting it to zero as in Case A. So,

\ pmax - (/23)( 7 sin Br -, ' .l ‘(B..3i)"'
’ Cas% C: Swn_tching at an arbitrary angle k*'wt/ o ’
. ' With rgference to Figqg. 3.6(c), 3£ the new ax.}s of
" reference is from t'=0, so that | -
. t'=t-r/w,
then the transformed vc]:tage"equatic;n' is _
| e=/2E &in (wt® + 1) ' | t(_B.3.2)‘
where, wt'-mt-x. . . ,‘ e P
The forced compcne'nt of the current,
- =—'%§_. sin (ot' + X'~ ) ' ‘ © (B.33)
. _ \
And natural’ component,
' _ Ry . : o
ig=he M IR S (B.34)
,.
5
l - .

"

ol -



4

R

2 )
e

e

a5t

B e e

0

YR A

L

S PRI

[
. ——— Pl

—_———

.Frdm Egqn. (B.36),

' Hence, the total solution of t.Te_"cu;;'gn
i= iF +. iN

N

;

!
o2E

I
-
~

- . |
i‘ﬂ-O,h.at wt' =‘ 081 oL .
or .
Yoel

_ t! m ——

. '98'1' being measured from t' =0. From
\ .

ey

Y2E

0 ‘.—Z-- B?n (381.-0- X~ ¢)+ P-\.-e

» ¢
-

f- /2 g.sin (0 + 2 =-9)

_ R 81
. - ) 2.e

/2 E ‘ '
7 sin (6, + 5‘-“ e
substituting ?:.hia value of Al in_a(B.35),

/26 s | %E(°'1
im == [sin (wt'+) -¢)-e " . 8

[

subapftuting wt'=wt-A in Eqn. (B.38), :

: R .
- >(wt-6__=)
1= %[sig(wt—d»)-g' X ) sl

/,

Lo . :
= = sin [(wt' + A — ¢) + Ae

t'is

R .,
Ft

‘e

Equation (B.35) .'

'esl' ’

- R
L m

x,' ...J(B.37) ’

-wt') \' R .
oin(0 ) +h=¢)]

..+ (B.38)

Bin(ﬂsi'ﬁ-l-w” '

| (B.39)

L (B.38)

'
'
i
LY
-
.
L
-
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Aggin,' expanding 'Eqn.' ;('B.éb.)

-
ey
FaES

e
3 20 i

e

i ":.. /2

. x(eg wty) ‘
- e (sin(a +k)cos¢ - cos(e +k)aino}]

R

— P

...(B 40) : §

| Now, tan ¢ = X cos ¢ = %,'sin 9.-"%. Substituting in L - S
Bqn. (B.40),. -+ - R R

Lo ""(6 wt) . _
i= !'%[ Bin(mt +\) - ')ZE cos(wt +}J.-e 81" _ .

%]

u
.

. . . . .

AR SEC RS L W LD R e L. AT SN

. | -
o {% ain (_ealﬂ) - }% cos (651'1-)‘) }] f
- o R > o
{ N\ (e - t-. )
Qg’-x-[— sin(mt +x) - cqs(wt +;\) s1™"

LR TR

{% sin (0,,+1) - con (o, +M) M v..(B.41)

. Again, substituting wt'=yt-A in Eqn. (B.41),
. N I}

o o R B 4

. R M
EJ( lut=8g,-1) ..
/2 [ sin ut =--cos wt - e ' el -

X

im -
z "‘ . ) . - Y ..:

{:%sin_(es']jk)' - coslog )] ai.(Ba42)
i=0, at ut'=a. )
o From Eqn. (B.42),
X sin( atd) - cos(a+d) ~ e ' -
R oo "
{x sih (85, +2r) = cos(6 ,+\)}=0 ... ‘(B.43) :
.&\
,J. » . .

O S R T s e
. o N LA . ., N . . B .
e Tt . : . N )



- s

~—

T n Y
SEN

RHE

<R

g AT

e PR MG

B R B i

AT Y e

Yo

Ry L e T
. N B

2 N A ST I

ST PTNAT L sty

I iy e R N '
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e

Let"_fl.a-e

Simplifying Eqn.
. i

Fram Eqn.

n\n(c+k) —'

a1 ..FrOm Egn.

(3043)' . -

!

cos(a+k) '- e

X

T - cos (u-H-X)} = 0

El " ‘. Q | :
- cos({a+d)[l-e

(B.45), |

tan(a+A)

‘Differentiating Eqgn.

di_ _ Y2EX

‘

+

'a—r -z'

(Bn44)l

..;il(afx)[§ - 9-

Rk
X

1
=
R 4

R
X Bin Y. e_

271

'{% sin (i -‘y+x)..

ces(B.d4)

e " cosyl=0

cc-(Bn4_5)

cos Y

- X

< .
xiw

cos 'Y.+ e' ]

8in Y - coB ¥

o -

(By46)"

5-)7(95

w.a

>l

+

sin‘{—%cch

Xl

sin vy

cvs(B.46)

|

with respect to t!,

[w. 5 cos(mt +1) + w. sin(wt 1)

'\ .

1 wt') / ‘ .
! &X-Bip(;e:ﬁf A)-cos( 681+ x)_}] :

’ : T e - (' . .
. o " (B.47)
.‘1If current  is maximum- at wt'=B,
) § L
. . ,
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R
- - x{0g178) ¢
% cos( p+x)+sin(p+k)f—§ X sl - (— sin(e
cos(e'sl+k).)=0
From abo(re. separating terms, ¢ P
N ) ' R . : 3 ] . '~-
+(6_,=8)
X" sl R
e’ . {f sin (§81+x) - cos(eslﬂ,)ﬂ}

{

t ' = -.[% cos (p+A) + sin.(B+Ax')]

272
+x)- ‘

Hr

.'(3.48‘)'

Using Eqn. (B.48) and substituting in (Eqn. B.41), the peak

current is, ' . "

! _ = /2Ex[_ sin (p+x) - cos (p+k) + %
. "Z B

pmax

{2 cos (+2) + sin- (p+A) )

Simplifying the above, N ' _ | L
I _v2ex . (R2 + x%)
pmax z2 o RX

. sin( p+a)

= -{;—E ()E().Bin (p+r)

" B.2 Development of Magnetizing Inrush Equations

For a Y-A Transformer:

.e.(B.49)

Wwith reference to E‘ig. a. ll(a) and g‘.{g. 3.11(b),

t'he following equationa can be written down, '

I_ -1 = I

W
E
o
t

(B,50)
(B.51)

'(5‘.5_2)

.@'
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Adding. equations (B.50) to (B.52)) giveé,
I M c-(Ima+Imb+Imc) = 3ID (B.53)
T I =31, (B.54)
Substituting in (B.53),
31'0 (Imaﬂmb mc) = 31, (B.55)
. v1 "
& Ip =1 - % It mptine) - i g (8.56.)
I.=1 #l(x- 41 +I_ ) ; "~ (B 573
0] D3 "ma "mb me . T . :
Let ' - |
Imb "'-‘0 i ) o i\\ ' . (B.SB)
SIS R ) L (eese)
D 0o 3 ma me B . :
' I. =I-+% (1‘ +1 ) S (BGO)
0] D 3 ma me .
‘ , o
Againl_ 4 o \I- -~
: ' . . - ‘ l‘.\
EAB +. FfBC + ECA 01 K
- -' (B.61)
E, + Ep +E ..o \
. N B - :', . . ‘
Enn Ea=Iai% g7 1222 s To%0g ™1 o p-I; DZ 88 1_'
B P S G v +10z3 0%08” |a p =
— . )
-IDzss .,)
_--!-.‘.a-('xa‘l 2+I )z—o(0 z)Izp-IDzﬂ
=E, - Iazs-zo(z -z )- 12Tk | o
! o'.o(Bo62)_‘
= \
o | .
* i @'
h . \
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Similarly, . | .
EBC = Eb-I\bz s-.IO(ZO Z ) Ibzp IDZss . (B'_63)
o Bop T B =12, - 1,503, B-z s) T2 5T g (B.84)
Addil;ng Eqns. (B.62) through (B. 64) g’lves the following
, , o=o-32 0% g73I0% o P31 z,E‘-;\Ilozp-:unzm3 | , (B 65)
- / 0=~ IOZOB Iyt P IDZBB . X .‘(87'66)
. | - '
h : iZ'+Z08 , _ o . )
4 st ) Lot (B67)
;
or( 1y *
. & »
. s PR o
| I, = -I_ (5———) . N (B.68)
, 0 D zp + 2, S !
Substituting Eqn. (B.68) in“Eqn. (B. 59)
' ) I
Z .
o = I e )_(Ima+ o) ~ (8.69)
- . p 0 N
L4 A
B - . .- I
: 1 [1+('27—+z—'” (Ima+Imc) . (B.70)
) & P 0s .
E Oa 88, _ _ 1,. . Sy
Is-577 ) -s(Im-kImc) 58.71.)
p 08 : :
- ' )
SRR oz 42 )
' 08" ;
I.= -_—(1 y—E——) - (B.72),
i , D mc Zp+zos+z ss s -~
Substituting ali:qn. (B.72) in Eqn. (B.50),
: - Z¥20,
IaBI +ID ma (Ima mc) (Z 2oty ) . (B.73)
: p Os
' » ?
° N
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Z+Z

3z +37.

pOs

o B+3Z

mc

3(Z

pOs

Z_+7Z

P

ﬂj

Os

=77

- Imc[

ZZ +22
P

3(z +z

03+3288

3(z +z

+21

7 =Z _
P

0

]

Os

(according to usual convention).

) with the limit 2

I=I

-3

N

a "ma'ph

a =

(SZ ss

ss
Os

5
% Inma

- +3%

+ZZOs

Os

)-1

1
“ % Imc

7,
(____
ez st37%
48

+]
Zag);

A

J-’

Z +2

Os
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mc[ﬂz

Then,'
Os

.

+Z

)

+ 0, thejf'ollowing results,

Y

.

g

7

7]

'u.KB.7{y

Using Egns. (B:Sl'), (B.58), (B.72) and (B.75) gives,

-

' Using Egns. (B.52),

Ib=

-

D

°

I.= \-(Ix'naﬂ:

g
as Os
mc)(GZ )

-0-3Z0s

(B.72) -and (B.75) gives,

r

~

Os '’
Z ¥ B+z§8

(B..7"6~) -

)1

8

(3.753_

(8.77)
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i " e
L +Z
1 C e ~ Qs
I =T = = = (T __+I_ )z
c Tme 3 . ,ma. mc ’zz_as*'ZOé" -
=1 (1 - Z.Fls_-:z.g.g Y -1 (Z_.’i%_z_os )
e Tme 67 +3%, . .Tma t67 _ +37
N . ss | 0s : 8 O0s
52 ’ss+ZZOs 3 :Zss+209 . v
) . "ss 0s)_ . [8s 0 - .
N A S ma(GZ 737 ) (B.79)
. T . . S8 95 Os ﬁ o
Ncm.ré_ssume that, ’ ;
DI, 40 (B.80)
Substituting Eqn. (B 68) in ‘Egn. (B. 56). . '
' ' I ' _ .
=1 (—22) L g e a1 “(B.8l) -
D D 47 3 ma mb me * i
p. O0s : Co
» ) Zs|s ) . } . .
Ip (1 + 7—5-=) = —(1 T mb m(__.) (B.82)
- p Os
Substi tuting Zss for 7z _ then il
| 22 4z
§ 0Os, _ ‘1 e
© I ) T T e Tt T )
ss Os
. +7 - .
1 sg Os
I'p = =5z 72 ' ma'linn* T ne! (B,83)
L : q
Substituting Eqn. (B.83) in Eqn. (B.50),
. . . ; |
a—ID+Ima Ima 3(2z“-T-z"' )(Ima mb mc) v (3'64)'
) zss+st ss+Z0é "
. I a=I ma‘(1 GZ +3Z ) (6'z'"“$§'z ) (Ima+1 mc)
. ss Os
t , ” 1
: ; 'S (B.85)
) .
s >
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Similarly, - i

-+
zss ZOs

6.z-'és+3z08

¢

52 +27.
v _-88 Oa) -

Ty e7_¥32

0% ) (Ima+I mc) i (?'.B-G) |

52 . +2Z. - 1 +Z_
88. Oa)‘; ('ss Os

_6Z 85+3208‘ . 6258+3Z0é
. .

LS T <L A i . .

I _=1_(

c.—_'mc ) (;maflmb); e (.5.87 )

o

' -

. B.3 Development of Magnetizing Inrush Equations for.3-Phase’ .
Transformers Considering Mutual Inductive Couplings -

" With reference.to Fig. 3.12, the followiig basit- .

_.eq‘\'xation‘s:resulﬁ,' o - A ‘

VaT[Ryia f APy R MPL s s (B.88)
Vg TjRglp * LpPly *+ Mypiy . Lo (R89)

+ ECPJ'C# Map'13 S . (B.‘?O-).

<
n

Ree

<
i

’Ra.la.flkapla + ,Mipil o ] o - (B_.lQO)

<
]

‘Rbl'bﬁ-,lbpib-!- M‘2p12-.' | S (Bflol)‘

<-
u

'Rclcﬁ' R.cpic + M3pi3 . | - .(B.l_02)-.
By app1y1n§ the .inagneticé'cii‘cqit equation, I¢=0 -'af.'any_ N
junction. Hende, v.fx_'om Fig.; 3.12, the following equatioriq_
result, . ‘ | ‘ L
- 0. =M piy - Mypl, - Mppi, o o (Bi03) .

0 = Mz"pi.2 - Mspl.i.5 + M7pi7 + M8p18 .‘(B'.l.0.4) o

. ) ’ . f fA :
- ‘, .
Applying the magnetic circuit law, NI=¢Hdl, -
. " .'
- P
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The_above

algebraic’

equations

(B.114)
Agdin, f )

14 =’iA | o (B.115)
| : iS =.iB - 12 . (B',ll.ﬁl)
) 1 =i, - i, - (5;117)

‘ i, = 14'- ig AB;lié)_
a4 =iy - i) - g+ h | ’ +(p.119)
ié = 16 - ig ' -,Lv}; ' -

. ='16 - iy = dg + iy ; _.(35125)

, . . -
W !

L8
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15.106)'

'(B.lovq\

(B.108).

(B.109)

(B.;lOL,-

14 equations contain nine differentialrend five

equations. For no—loLd conditlon, all these

o
can be reduced to ‘the following form A

i, =fi =i = 0
Y = RA%A + Mlpl1

<
il
~
[oH
+ .
z
N
o
[

(B.111) -
(B.112)

(B.113) -

JE S
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Cox,

e

'

o

“Now, from Eqn. (B.103),

e

Mypi) - Mypi, = Mypip = O

[N

or

<

i

From Eqn. (:B.l'_(._M),

‘.

M1Ph - Mylip=i)) = Mpliy-i)

Mypi = Myplp+ Mypi)- Mgpin+ M,piy+ M pig- MF

PN &

=My tM; ) pip 44, Digt (M) +, )44, ) pi) M,y

o

szl?—M5p15+M.’p1.’+M8p18 = 0

or
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—ig+i, )=0
piz*o
o

=0

’

"4

. -M2P12-M5~P£i_8-12 )+M7p(1A—1-1—1.B+12) . o )

. or

-i -i

3

B

+12) =0

-M8p'i3-M8plB+M8p12==o

or

M7?i;\ -

“Mgpiy =

0

(M5~l"-l*-l7+l“dv8 ) PigMgpi,

=M, pil + (.M2-0-1~'!£.)-+-Nl.7+n8 ) pi,

Mz.pi‘2 -M$ piezu 5 pi2+M7piA—M.7 pll-—M.? piB+M7 p12_+M8€iC

N .

v

KL et e m—— e e

L]
I
'.
& -
H .
N
, .
. I8 . v s
i e .
' A o st
o - B v
L3 i .
i b
h
- B . .
v g .
I

...(b;IZi) o

“...(3:1222.
' t
|
|
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From Egn. (B.105),
. MgPlyMgpig-Mgpig= O = - .
_/“:.’/ T * . ’

or N

M3Ply-Mep(in=iy)-Mgp(i-iy-i +i,)=0
or ' ' .

M3Piy~MgPiotMpiy-Mgpi tMgpiythgpiy—Mgpi, =0, .
or ., | |

MB (M +M8)p1c apl +(M +M6+MQ)?i3a0

Again from Eqn. (B.88), B.89) .and (B.90)

¥ M pi, =V, - R_1

. 1P A~ Ralp

aPia

ce . =} _’ e
prlB+M2p12' ;V R.i

-

chinM3p13 = VC f Rois

5..(8.123)
. (B.124)
(B.125)

"(B.126)

Arranging the six Eqns. (B.121) to (B.126f in‘proper order,

it can be written in matrix form .as,

(H1lpr] = [21v1 - LYl

(B.127)

where different matrices of Eqn. (B 127) are as. ﬁollows,

~

/
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" - APPENDIX C

VARIA\I‘ION OF FLUX IN THREE-PHASE TRANSFORMERS

C.l Variation of Flux Phenomena.

As Rockefeller [33] suggested that for calculation

of three phase magnetizing current, per phase;magnetizing

currents are to Ta known. it is possible to calculate the-per

|
phase magnetizing'current in the same way as single’ phaae

transformerg; For this purpose, the per phase leakage

" reactances as well as.- core reactances are to be-knowp. 'For,

~ three-phase transformers, 0.C. and 9.C. tests can be carried

out ‘in. the same way as single phase transformers [36] and

sequence impedances can be calculated on per phase basis like

single phase transformera. [2].. But the reactance values

seen by the external ‘circuit will vary depending on the
‘transformer connections. . :
Also for e core. type Eranaformer,lit can be fbund'

that the tate of change of flux in the centre leg is the

minimum (see derivation) The’ outer.legs .experience a

‘ ‘haximum rate of change of 0.625 ° to -0.625 ¢ while the

centre leg experience a change-of'O,IZS om'tp'—0.125'¢m

ideally. This is due to the flux route patterns through the -

e}

core as it will be clear from derivation. At any instant,

the summation of these fluxea are zero.

* ’

Hence, the induced voltage in the centre leg for
. A
the same amount of applied;voltage.e'= Fa% is less in
SRR ¢ .
'i' - [N .

[
AR
P

' .
rars e . A Ralalatiens -

. . (DI . .
. - A . B RSN o . -
B R ST R

r‘ e e a1k s = e brrtimp a7
t N . . wot o
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" comparison to the other two ‘legs. ‘Here

"finds path through oil or tank of the transformers.

284

'W' is the .

flux-linkagé. So, the rate of change ‘of current in the centre

leg is small. But this 1nduced voltage hae to be equal to the

»
—

applied voltage. -Again, we know‘

' ai
e_=-T:: 'a‘gp w‘lere L= ’ . o (Coll)

o
nlc-

So, this voltage balance ie accomplished by a higher 'L iT o
i
the right*hand side of Eqn. c l in comparison to the other

‘legs. Thus ultimately higher reactance valuee of the centre

core is. seen by the external circuit. So; for all 0.C.

teats, the centre core has taken lese current and this is

reflected in'the calculated core reactances shown in

Table 3.5 of Chapter 3 in the text. '
It is seen from‘the.table that from.A to D, the

primaries are Y. The core as well as the leakage impedance ;

values are more or less similar. The difference in the core -

reactance values can be attributed to the zero_sequence

flux-paths depending on connections of the primary,. secondary

. and the neutral [2]. The zero sequence fluxes add to 3@0 and

For an

. example,’ in Case A, zero sequence current "is flowing out

!

through the neutral. Hence, if any of the phase is

v

considered, it is added with the normallexcitation current |

and'thusp offering.lesser cpore reactances in calculation.
While in Case B, the star'connected primary'being'ungrounéed;

BN -

S . '.'- o . N ! . ’ . . .
4 . t A v - - ©o Tt e . - 0

, . ’ : S . T Ca

: . o LI : ! -‘r.'
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no zero sequence current can flow in:primary and.éhus it

' offera,slightly-higher core feactance. Foﬁ-cases E & F, the

zero sequence fluxes circulate in the core and saturate the '

core of a transformer. Besides, for Aey_or‘Y-A

transiorme:a, thé'currenglin the phase of a A-circuit is 1/v3,

‘times less than star. But'it is not reflected as nearly.l/l3»

times increaée.ih-reapthhce values,. because of circulating

zero. sequence current. is presént_in-;he A-winding.. Whereas,

<

Lom

.iﬁiis not present in thétwaipd;nélwiﬁhoﬁé neutral?gtounded.

C.2  Derivation
From, Fig-a, .
. - N - l .
¢y = ¢ sin wt L - R J(CJZ)

‘¢B =“¢m Bin (mt—];20 ) s o s A (C.3.)i‘

bo-= ¢, sin (wt + 120°) “(C.4)

" Case 1: Phase A Has Maximum Flux

. '¢N'é'¢m sin 90° = ¢m. ' T ' ‘,';  (C.5)

OB.= ¢m'sin (90'-1201):

imp . .30° S
- = ¢m sin- 30 L B o ]
¢
= —-—i-m -1.--(C'6)

e e e ey

e et ke

4 B e
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b, = #_-sin (90°+120°) .

‘ :. | : . . . = . 2 '. N . | . .l ‘- . . . -...(C..")

) _
t 3 ¢B + 0._2?

iy o e e
-

3

= ¢ - 0.25 ¢~ 0.125 ¢n;

= 0.625 ¢y
Flux in Leg B:

T L -N-ﬂs bp t gt 0:75 4

4
m

S m

=0.75 ¢ - 0.5 ¢ =~ 0.375 ¢

~Flux in L.e.gIC:‘
0.25 4, + 0.5 ¢ + ¢ ..
n - Om

= 0.25 ¢ - 0.5 57 = 5%

R et = P TN e T e eanmne @

12" 005 ¢m

n—0.5 ¢n'\ .- ..., . ;.-(C.lo')

- e e e 8

.
i,
1
.; I
o .
P ~
. . 'y
L i L. ,

L= OI;t‘?in- 2}6' . o RN ’

wee(C.8)

W = =0.125 4 o e

B



riflp Eqn. (C.8), (C.9), (c.10))

3

i=1

v

O

‘Case 23 "Phase B Has Maximum Flux

. = ! [
fA ¢m.sin 210 .

ng-o .

_°B:=~¢m'5iﬁ 920°

-

m

’ = ) -
‘C : ¢m<51n (210 +120 ).¢
¢m

flux in Lég A:

Flux inngg'B:

7 -

0,75 g, + 40+ 0.75 4

N
'

¢ /e
m . - m
= =0.75 5~ + ¢ - 0.75 5=

3
o -"-0.75.0m + ¢4 =0.25 ¢

=0

(c.11)

e (Cel2)

L

(Ch13)

... (C.14)

ve.(C.15)
’ /.

vee(C.16)

o

v a0
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: J
Flux in Leg C: - i :

0.25 op + 0.5¢B + bé

$ $
m m . .
. = =0.25 '-—2" + _0.59 m - 5— ) . iy

= 04125 4y + 0.50, = 0.5 ¢y T e e

s

= =0.125 ¢, veo(Cl17) L &TED

l‘h ’
. y:"'

¢

From Eghs. (C.15), (C.16); (C.17),

3 S e ‘
) ¢; = (-0.125 + 0.25 - 0.125)¢ .
Cim , cooom .
= 0 . .' ' '_‘ . ‘o .0 (Cnls) :;
. . ) 11
Cése 3: Phase C Has Maximum Plux = =~ :

"="¢_ sin 330" = - 3~ . teag)

¢, sin (330° - 120°)

... (C.20)

t

C i

. _ }
.” ] = ¢ -t . S . : -..(C.Zl)' - - 0 ; )

|

v

!

T ap

P

Flux in Leg A:

¢B ... B ' . . . .
+ o+ 0.25 4 . , . ] '

o :
] . . . ¢
. R

‘ o ¢ - . . ‘
[ . - m m e {
! ’m - - — Ou25 ' - =L se e - : ‘,'
== o o T eeele22), o

= -0.5 ¢m"- 0.25. 4+ 0.25 ¢ '

=054, . o aea(ci23)

o3
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\
) . [ 4
+ Flux in Leg B: ,
- R ¢ e ¢' " \ > . B
: m m T . o
. C = =0.75 53— - 3 + 9'75.?m | o \
o = -0.375 ¢, = 0.5 ¢, + 0.75 o | |
= -0.125¢_ - Co iaa(c24)
" Plux in:LeQ o -
< o o
. 0.25 ¢, + 0.5 45 + 4, S .
| S '
m . m
. = -0.25 5= = 0.5 5+ ¢m
= -0.125 ¢, - 0.25 ¢+ ¢
= 0.625 ¢ o _ ...(c.2§)

From Equations (C.21), (C.22) and (Q;Z%)

~ .3 .. . N
I gy = -0.5 ¢ - 0.125 ¢+ 0.625 ¢, ..
1=1 . . .
' - = Q - ' L. ) & ] .,.(C.26)

- §imilarly, for maximum fluxes of opposi;e polarities in each

_phase will result the variation of fluiés same as above but

with'negativé signs. Hencé, variations can be summarized

as,




———

£, -

For Positive ‘Maximum:
Leg A "‘-T'LegB .
,0.625 ¢y S0.125 4
=0.125 ¢ . 0.2574

-0.5 #, . . =0.125 ¢

" For N‘eg}at‘ive Maximum

. -0.625 ¢_ - l;_' 0,125 ¢ g
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Lpg C

» 3

L%
’ .—0,'12-5..0_m

0.625 ¢

. b,'§‘¢ B

m

{

. To.2se - -0.25 4. 0.125 ¢_
0.5 ¢, o025 g -0.625 ¢,
)
7 ! .'
"(.
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. APPENDIX D

WALSH FUNCTION WITH SAMPLING RATES OF 16 & B SAMPDES/CYCLE

[

D.1 -16 Samples/Cycle

" The Walsh coefflclents ‘based on 16 samples/cycle _.
can bé,derived-from,tye matrix of Eqn 4.3¢:as folloWs:

.’ ., For the first sample, . : e ‘ B :

16 WO 1) = ;—x(l)+x(2)+x(3)+x(4 )+x(5)+x(‘6)+x(7)+x(.8)'+xk9)+.-. |

o x(10)+x(1;)+x(}2)+x(13)3(1'4)+x(I15)+x(16)(. o

-

.'%xtn) o ' ' _. ....'..,(D.l)" S .

For the second sample, fii‘sj:. sample goes out and the 'néxt '

. . S
sample comes 1in. - .
: _ !k , ¢« .
16 W, (2) = §ﬂ2)+xu)+xm)+xw)+xmo+m7)+ﬂa)tn9)+kuo) R NG
: R T o - T
+x(11)4+%(12 )+ x(13)+x(14)+x(15)+x(16 )+x(17) .
x(18) v . ve.(D.2)
. . : ! .. " ’-\b. .
= Lx(l)-Lx(l)+x(2‘)—}-x(2)+x(3)+x(4)+x(5)+k('6)+x(7). \ o
' +x(8)+x(9)+x(10)+x(ll)+x(l2)+x(l3)+x(14)+x(15) *
+x(16)+-x(l7)+—x(l7)+—x(18)
| . | | SRR Y
" = 16w (l) x(l) —x(2)+ x(l7)+ x(18). o S . -
o ven(D.3) ;
Similarly,® for the f‘Eil.r;st‘ -sample,’ . i
- )
| N
' | p
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D6 Wy (1) = 2x(L)+x(2)+x(3)+x(4)+x(5)+%(6 )+x(7 )+x(8)-x(10)
C T mx(11)-x(12)- x(13)- X(14)-x(15 )= x(16 ) -1 x(17)

..;(p.4)

-

For the second’ sample, )

i

1-6Wl (2 ) %X(Z Hx(3)+x(4)+x(5 )+',x(.6- Hx(7 )+;((8 )'-.P_x(9 )-x(11)

.. mx(12)-x(13)2%(14)-x(15)-x(16)=x(17 )-2x(18)

= (i )=Ex(1 14 x(2)-Ex(2)+ x(39x(4 )+ x(5 )+ x(6 )+x(7) °

+x(8)+x(9)+x(10)-x(10)=~'x(11)-x(12 )= x(13 )~ x(14)

s

~x(15)5%(16)=5x(17 )-3x(17)-3x(18)

= Gx(1)4x(2 )4 x(3 )4 %(4 )+ x(5 )+ x(6 )+x(7 )+ x(8 )= x(10)
~x(11)-%(12)~x(13)=x(14 )-x(15)-x(16) , =x(17)

' y - ’ . I_' . I .
x(1,)=3x(2 )+ x(9 )+ x(10)-5x(17 )~Zx(18)
= 16W) (L)=5x(19-5%(2 )+ x(9 )+ x(10 J-2x(17)-3x(18)
e o | L ..(D.5)
For the first sémp_ie; '

16 W, (1 ){ = Ex(1 )+ x(2)+ x(3 )4 x(4 )-x(6 )= x(7 )=x(8)~x(9)-x(10)

. o=x(11)=-x(12)+x(14 )'!-x.o(lsv)+x(16 )-i—é-xfl?)

For ‘the s econd sample,
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’ 16W2(2) =%—x(2)+x(3)+x(4 )+x.(5)—x(7)—x(8)—;((§')-x(10).

- x(119-x(12 )-‘:;(13)+x(15)+x(1s)+x(17)%k(l's)

—_ . ' - -

- %,;u J5x (L 4 x(2 )23 2 )+ (3 )+ x(4 )+ x(5)-x(6 +R(6)
x(7 )—x(8')—'x(9 )—i(lp )=x(11)-x(12)=-x(13 )+x(14 ) ’ . |

' -x(14)+x(}5)+g(ié')%x(17)%x(n,)%x(le)
=%—x(l)+x_(2)+X(3)'-!-i(4)—x(ﬁ)'-x~(7)-!l<(8)-X(9)
-::é(lo)-x(ll)-x(12)+x_(‘14)+x(1'5)+,.xl(16). ,
‘%x(n )= x(1)-5x(2 1 x(5 )+ x(6 );lx(l3‘)-x(:i4 )
.%x(l?)%x(iB.) | |
= '16'w2 (1)-3x(1 )-%x(z J4x(5 ) x(6 )~ x(L3 )= x(14)
Latiryelaaa) | |

e (D.6)
Similérly-, '
16W, (1) =.2x(1)+x(2)+x(3 )+ x4 )= x(6)-x(T)-x(8) |
.' +x(10 W x(11 }+x(12)-x(14)-x(15)-x(16)
—%—x(17):'

16W3 _(2 )

L%(2 4 x(3 )+x(4 )+ x(5)= x(7)-x(8)=x(9 J+4(11 J#x(12)
| x(13)-x(15)-x(16)-%(17)-3x (18)

e (D.7)

/
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16W, (1) = Fx(1)+x(2)- x(4)< x5 )~ x(6 )+ x(8I+x(9 ) '
#x(10)-x(12 )=x(13 )-x(14 J¥x(16)+5x(17 ) ,
16W, (2) = :x(2)4x(3)- x(5)-x(6)-x(7)+x(9)+x(10 )+ x(12) - | K
T-x(13)-x(14) = x(15 )+ x(17 )+2x(18) C
16Wg (1) = Ex(1)+x(2)- x(4)-x(5)-x(6 )+ x(8 )-x(10) | |
A-‘f+x‘(1'2 y+x(13 )+x(14 )-'-xflG)-%’x(lﬁ) -
e o i . ' -. e ' ) o
16w5 (2). = ']2—'-x'(2_)+x(3)—x(5)-'-jx(6)-x(_7-)+x(9 )-%(11 ), -
+X(13)x(14)+X15 )= x(17 )~3x(18)
| o .. ..Q.gj
16W, (L) = ;:;(1 )+x(2 )= x(4)+x(6)-x(8)-x(9)
» | 1"' s oo
‘ -x(10)+x(12)-x(14 )+‘x(16)+2—x(17) L
16Hg (2) = Ex(2)+x(3)= x(5 1+ x(7)-x{9)-x(10)
C-x(11)+x(13)=x(15 )+ x(17 )+5x(18) |
~ | . > . ..(D.10) |
16Wg (1) = Ex(1)-x(3)+x(5)-x(7)#x(11)-x(13 )+ x(15)-Fx(17)
16Wg (2) = Ex(2)=x(4)4x(6)-x(8)+x(12)-x(14 )+ x(16 }-3x (18) 3
| " . o ...(Di11)
-4 .
|
N [, l ' ’
o o
5 N -
9
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16w, (ﬁll)_'l= 2x(1)-%(3)+x(7 )=x(9 )+x(11 )-x(15 Y+5x(17)

16K, (2)1 =k x(2)-x(4 )+ x(8 )=x(10 )+x{12 )-x(16 }+2x(18)

: v (D.12)
‘16wu(1_) = %-x(l )—x(3)+x(7)—;(11’_)+x(15).—%—x(1’7 Y
16W,, (2) %x(_? )-x(4 )+x(8 _)-x'(.‘12, )v+x(16 )-%-x(l?) . )
V. (D.13)

'Hehce' Eqns. (D.1) to (D.13) can be written ina general form
16 (3+1) = 16 (3)-Ex($)-Sx(3+1bx(r16)4dx5e17)
L5W, L5 AW Tt JImp R ITE XA IRe R LA

N ... (D.14)

©L6M, (F+1), = 16H) (3)-3x(3)-3x( F+1)+x( 546)+ x( 3+9)-Fx($#16)

—2x(3+17) ‘ j=,1,2,3 | T

v+ (D.15)

| iswz(jﬂ) = 16M, (§)=5x(3)=x( 341 Jx( j+q)+sc(‘j+5)-x(j+iz)‘..' |
—x{($13 ypx( j+1‘6~)+%x('j+17) =1,2,3,.. .

| | ,+v-(D.16)

I

16U (3) = FxCI)+xCIHLIFRCF2 0 x(#3)=k(3#5 )-x(3+6 )-x( 3+7)

+x( 49 )+ x( j+10 )+lx(j__+i-J; )=-x( §+13 )= x(j+14 )-x{ j—4;15) ¢

iy l -‘ . y . )
) —'2_x(j+16) . j=112,3'uo.o.‘
vea (D7)
4 .' ‘ . Vb
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164, (3) = Fx(¥x( 3#1)-x( 3#3)- x(354 )= x(3#5 D+ x(3+7 J4x(3+8)

#3x(H9)= x(F11)-x($12 )= x( 3413)+ x (3415 ) +x( 5+16) -

' j=';1 020'3 '..- ser " :

L L6H(3) = Bx(Ix{ 3L0-x( 3#3)-x( 364 )= x(3#5 Jx( 347 b-x(3+9)

+x(§+11 )+ x(j+12 )fx( J+13 )-;c( j+15 )—é—x( j+16)
L o ,

¥ .
!

v

. j=1'2,3; oon"

_-.' {"

. f\\' 16W (39 = FXCIHXCFHL)-xC 343 )+ X #5.)=x(3#+7 )-x($+8)-%(5+9) |

| '+>-:(j+11')—x(;i+1x:.i )+x(3+15)-0%x( 5{6 ).. -
e j-.=1,jz;3-‘,._..,
| | | ' : _ .’..(D.ZO')
16v§9 (3) = -;-x(_ 3)=x( 3+2 1+ x( 3+4)- x( ﬁ+§ )+x( j;alo_')? x( j;a-‘12-)+,x( #14) |
Cdae). o .
SR =123, ' |

«oe (D.21)

16W , (3)= -},;_-x(j)—x( 342 )4 x( $46)— x( #8 )+x(§+10 )-x( j+14) - o

!

. -"-0—]21::( j+1‘§.j .

. . ' j=1:2}31'-0-'.
R ' » .

et L T P L LT T ———
. - 3 ety

cuc(DalB) ". '

@B

Caee(Da22)

R e T T s o SR

el
~
o
<
»
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16Wy, (D)= bx(3)-x(#2 J-x(3¥10)+x( 3114)=Fx($+16)

-
|

D.2 8.Samples/Cycle:

#=1,2,3,.. .,

. .“j=lp2'3lo",

l6wy, (9= 3D -x(3ea Jext $+8)-x( F+i2 1 p16)

2

«..(D.23)

. .‘..(b. 24')

r

% " S B : :
The derivation of Walsh coeffis{e'nts ‘are based on -

the , following' matrix relationship where the respect ive wa'lsh

fu'nc:::tic‘)ns cor._resﬁond "to double the interval- shown: in

. W D + +

o W, b+
W, | + ¥ =

rs ' 2

° w3 = + 4+ =
~ W, + - -
Wg + - -

We + -+

wo | + -+

 The useful Walsh coefficients

matrix Eqn. and are given by,

a "

.can

[y

x(2)
x(3)
x(4)
x(5)
x(6)

x(8)

|

e derilv_ed from above

|

(D. 25)
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W) =I%-X('l).fx(2)+x(3)+ )_!(4))-x(6)-x(?;)-x(i3')-%$:(9).
@) - %-'x(hz)f:-:v(3 )+,;(_4 +x(5))=x(7 )= x(8)=x(9)-3x(10)
_‘Hence' o o , R
Wli(j') = ;—X('j)Hc( :l+'1 )+ x( jf2 )+ x(3#3 )= x( 3+5 )-x( j+6)I-X(;i;r7) ‘
| ,__.-%x(_j+8) . |

Wy (1) = %—x(l)fx(z)'-x(‘i )'".;_x(.r{)-x(e)n(an%x(g) N
Hy(2) = Ex(2)x(3)-x(5 )-x(6 4 x(1)+ x(9)+x10) . .

~Hence_
Wy (3) = F (I xCH1)= %0343 )= x( 344 )+ x(3+5 Jx( 5+7 )43x( 3+8)-
| : J=1,2, 3000 o

o

3 (L)'= 2x(1)+x(2 )-x(4 )+x(6 )~ x(8 )-2x(9)
W, (2) = -;-x(2)+ x(3 )-x(. +x.(.7.)-x(9').—%-x(1'0_) |
.Hence |

Wy (3) = FxCI+xCH1)-x( 339+ x(H5 )= x(37 )-5x(3+8)
B o C3=1,2,3...

1 : ' 1
W (1) = —x(1)-%x(3)+x(5)=x(7)+—x(9) : . -
4, 2 N

j=!.,2'3,»‘o”'-' ’ \'.i'"l A

ce (D27 )

e (0,28 )



e e o,

W, (2)

Hence

"3,

w5(1)
'w5(2?1

Hence .

s (3)

wé(l)

- Wg(2)
Hence

W9

= Lx(2)-x(4)+x(6)-x(8 )+3x(10)

Lx(3)-x( 342)+x( 344 )-x( 46 )+Ex(5+8)
I C3=1,2,3...

U

F*(1)-x(3 4x(7)-3x(3)

%x:(j):-x(‘.:it? J+x(3+6 )-%x,( 8). |

i

l%x(l)—x(S))+%x(9)‘

- 1x(2)-x(6))4ix(10)

FX(9)=x(3+4)45x( 1#8)

%x(z)-x(4)+x(8);%x(10) :

(-

:'L;l :

\‘ .

§m1,2,3....

j=l.,2,3l|;' ;
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" vea(D.31)
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