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SUMMARY

Although individual sequence filters, developed for
specific purposes, appear Ffrom time to time in the relevant
literature, there has been no comprehensive treatment of them to

date, In existing published work there has been little indication

of the importance of corrvect detail desipgn.

Sequence filbters were developed from the mathematical
theory of symmetrical components, Filters are systematically
reviewed on this basis, Initially the elements required for the
gonstruction of filters are considered, Gene§alisad theories
for the basic filters arve developed and design principles
entablisheds A new desipgn for an efficient negative sequence
filter with a smaller frequency error than any previous filter is

given.

The performance of =ve sequence filters during 3=ph
synnetrical S.6. conditions in the power system have been
analysed mathematically and investigated experimentally with good

agreement in the results,

The developuent of complex filters from the basic types
is considered anrd finally the roles performed by sequence filters

in line protection is reviewed.
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SECTION 1

1.1 PRANSFORMING AND PHASE~SHIFTING BLEMENTS

The term sesquence~filter is used to cover any
eledtrical network designed to isolate one oxr moxre of the thres

sequence components from an unbalanced three phase supply

A sequence~filter essentlally consists of some transforme
ing and phase~shifting elenents which contain combinations of
resistance, inductance, capacitance, mutual inductance, current
transformers and voltage transiormers, The necessity for phase~

shifting is described later (Arte 2.4)

A few methods of phase-shifting by resistance, inductance
and capacitance are illustrated im Fig, 1.1 and will not be
discussed further, but the use of transformers and mutual inductance

for transforming and phase«shifting are worth exsmination,

1.2 NUTUAL_INDUCTANCE

Mutual inductance ims the essential basis of

transformer action. A tranaformer whose magneitic core ims of

laminated iron without any air-gap has a saturation level lower
than that of a itransformer with an air-gapped iron core.
Introduction of airegaps maintaine linearity over a wide range
and pives negligible core~losss Sueh transformers with air-gaps

in the core are called by many names by diiferent authors, such as
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transformer-reactor or¥ transactor, Here they will be called

t'Mutual Inductors'' as distinct from transformers.

The use of a mutual inductor for phase~ah1fting is shown
. dn fig. le2 with vectax diagrames which are chiefly selfw

explgnaﬁery (Ref, 5).

Le3 CURRENT TRANSFORMERS

' It is esseptinl to know the polarity of transformers
@sed‘in sequence filters. BeSsSpecification no. 81 gives the
detalls of marking polarities, The'!oiiqwing convention (Fig.1l.3)
will be assumed in future discussions, if the current flows
towards the dot on the dotted side of primary (fas shown by arrow)
.;thpg in the se#ohdary side’ current will flowtaway from the dot of

dotted side of secondary and vice«versas

Iﬁ is Quite interesting to note that by using proper
transformerglconnectians'oﬁly{ it ie possible to eliminate ox
~ obtain a zelo-sequence ocutputs The simple rule so folléw for
eliminating mero=sequence in a current in a circuit is that a
current of the fornm *’a1a+bxb +¢1c + nIo" ls so chosen to flow
~in the circuit that the quantity ''a + b + ¢ + n'' becomes zero

where a, b, ¢ and n are scalar constants and I

three input stimuli of the same nature, and IQ, the zero~sequence

~~
A}

component of then, equaia;to one third of the neutralwcurrent,

¢ I,0 I, are the

’
i

Constants a, b, ¢ and n can be positive, negative or zere scalar

guantities, but they must add together to zero, As an example,

|
}
}.
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“let the cgwrﬁ%t flowing in_gfgirauit be "Ia ﬁ'Ib";'wé** here o

/
as 1, bfa ly56 =0y n =0 hence & + b+ ¢ + n = 0, thus it
oS :
satisiies the aforesaid conditions for elimination of zerossequeance.

surrent. The desired network which is possible by two CaT.s only

45 shown in fige lels

| ‘ Qimilar£§5, it ie passible to derive currents (I - Ia)
or (I I)or(.’i-vI)c:r(Ith)ar(I*I)toahhieve
the elinination of mero-aequence ¢omgonent¢ The faniliar net—

work of deltavaannected &.T.s conforms ta the above relationahip.

‘ wgree CoTes are used to derivg C;a = 1), (I, = I,) and (Ic_“ )

as shown in Tige Lebe

Another well-known connection for eliminating zero=
sequence current by using zig~zag aux;l;ary tranafarmera is shown I
{

i fige 1(§,f The usefulness of such a network can be fully . | }

“appreciated, if we exanine the network shown in fig. l.0a. By

this arrangement any required nultiple of the zero—aequenca

aampanent can be obtained and injected into the external circuit-

This is one of tpe.wayg of obtaining current compensation in

distance relay;nﬁldbr~prgteatiﬁn agalnst earth faults,

The purpose of protective transformers, apart fronm
providing insulation for protective gear against the highavolﬁagalAé
of the power circuit, is to supply the protective pear with

quaﬁtities proportional to those of the power circuit but

-euff&czently reduced in magnitude so that the protective shheme

© gan be made scanomic,
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The gonnections of the C.T,&8 are such that the output
isid single quuntity‘af“the‘géhérélisad form "hI‘*BIb+¢1'+nx ',
' variants of which ave widely used in mequence filtexr design,

The generalised single gquantity "nxafb1b+c$g+nxq" is derived
%»are‘the
ratios of proportionality o6f the C¢.T.s in the respective phases

by using four C,Tss in the lines, where a, by ¢ and
and neutral and Ia’ :b’ and Ie are thé'xespective phase currents
and I = %(nemtfml current)y (fig. L.7)s |

Re~examining the quantity "aIa*bxb*cI¢+nI°" it can
be rewritten o8 followsis |

gza‘+ b;b‘* cr¢‘+ nxb P, ax + bIb + ¢x g (I +Ib+x¢)

By o g L By o g 1,
=(a+2) T+ (b+3) It (e + 3) I

= é’Ia + h';b f é'Ic

where at = a+2r by = b+~ and ¢ = ¢ +

3 5

So instead of four C.T.s, it is possible to usé three CeTeB

i 0

(neutral ¢.7y is rencved) ta'gét the same resuli, but'nnw the
ratios of proportionity of C.Tu& of the respective phases are a',
¥ and ¢’ respectivoly. The constants a, by ¢, n or at, b', ot

are sealar quantities which can be either negative, positive or
zero, the zero quantity can be obtained by removal of the G,7T,
from the desired phase,

Anothexr useful conunection of C.Tes is the 'tauto-

transformer''y,  The theory can be explained by reference to fig.
148  Here input current I = Il + ;2, but n., I, = nata giving

171

S n.+m I’ and I, =

X _
LT my +ny EIE

I where By and n, are the number

of turns of the transformer dnd 11 and :2 are the current flowing
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in the two windings as shown,.

The application of the above is shown later while
discussing the design of seguence filter (Art, 3,10, Table 2

Filters 2e, 2f),

1.3.1 SUMHATION TRANSFORMERG:=

Discussion of ¢.Ts conunections used in conjunction with
sequence filters would be incomplete without consideration of

sunnation trausformers.

Normally in the summation method multiewinding trans-
formers are used, In the primary circuit different currents are
fed in the different coils and:fram'the'aecondary the sum of the:
currents depending on the turns ratio are taken out from two oute-

The theory behind

p
g

the transformation is the well known relation of (Primary amp-

turns = Secondary amp-turns)., (Fige 1.9)

Now let there be n number of c¢oils and let the number
of turas of the primary coils be @l' @y = = @n and the nuwber of
turns 0Ff the secondary coil be %(; Following the lines of the
previoué discusslon, let the currents in the primary coils be
{a I, + by, + cllc), (aaIa + boL, + GRIG). -

(anra + anb + enxc). and let the current in the secondary coil

be 1.

I = (e (alI + X+ 0T )+ @a(a Ig + bI + calc)

§




+qla T + b, I, + °nI¢}

]

<a1@1 RS an@n) I, -+ (bl@l + b,@, + w- +’bn¢5) I,

*(eg@y +0p8, + == +0.0) T

3 bt ] % {5 wek B¢ {
(i?i} B 810y ¥ 850 +ovv 8,0,) Ty ¢ (038 + BBy 4=t b)) Ty
* (eq@ + Coly + = 4 un@ni I,
= Aza +UBIb + exa. Where Ay B uﬂd ¢ are cona%ants.depcgding;
' | BT | - - o X .
on the values of A @l' @ @hg-alg Agy = 8 s So it is
again possible by the use of summation transformer to obtain:the

output current in the form ''al, + bI + oI '',

1.4 _VOLTAGE TRANSTORMBR

Knowledpge af galarxty of Vi, 1a as impertant a8 ‘the .

. A PR A Y
- S P

knowledge of polarity of Gpwg The fal&gwingnasnvenﬁion~(fig;l;19)
will be ansunmeds~ if the iﬁltage ﬁireuiioﬁ-aleng the primary
winding is towards the dot of the primary side, then the voltage
dirvection in the secondary will be along the winding towards the

dot of the secondary,

The fast %o be considered t0 obtain zero=sequence.
¢om§enent ie that the !''zero.Béquence component'' is proportional
to the sum of the 'Y'phase componentst?, Zero=gequence filters
are explained later, Tlimination pf/;eraﬁééquhnce-eomponénﬁ is

nossible by/similar way as used with O.T. connections., Thus like

i

jxg
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(5, = L))y (¥, » V) does not contain any zeroescquesce eompouent.
So avedddng re-ddscussion on sudpeseguonce eliminatilon, ouly one
upeful but wedl khows gobiiesbion nf/zﬁﬁ/ is exempldficd as ﬁhﬁﬁﬂa

in fige 1431 which has stapseonnedted necondary Nelas Eg;;i ta
dalitasgonneoted Uelles)e Hare any‘phasﬁ to phage voltage €v§ - vh}.
ivﬁ - vQ} or fvn - Vaa doan nob contaln zorossequence conponsnts,
fny twoe of the guantitien (v& *-?hig (Vy, « ¥,) ana ivﬁ-w V) cen

be meosured as ghowa in ﬁig& 3032 ustdng only twy padsa 0f wiandings
and [ third guantity can be obtalued by the series contsebion of thy
two' pecondapden. dhe varianto of sueh a cdrowit are very wuelul

it segegs FLLLLY deaigus,

Tdle dellpey voltage anﬁ@ bronslopnor comacbions {figs 1a33)
are used in rilter desizues (%%iﬁ e sindlar to a potentind

divider, the voltopge relations of which can be foraulated an

vy iy
ol S wheia ’f & é‘ﬂ'ﬂﬁﬁ ?&?&t@i‘& R
Yo By

#‘ & outnul val&a@& Cﬁ}frvw

By = windiaos ma tﬂﬁ priseary sido

Piomeerg

o, = windings on the scsondary side,

wrams§¢rmarm-awa further dlocusscd while discucsing

grpols dn sequence Siltora,

Pho use of all those diffevent civouit oleoments in tha

dostea of filters will he consilderved in tho subsaguent sections,
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GITOI 2

2ol OUNEQAL INTHODHUSEON TO SHOUINGE FLLONBES e

P 4
R

A pugber of authirs have deseribed sbquencesfilters
vhieh ave uged in prackico {(Redwe 34 Sy 6, 11, &, 15, 17, 20, 81,
28)s  Howevor, thids chapter abtenpbs to generalise seguencew

falter theordes and thoe approach to the problomss

£ hag been phown dn the proviocus soction Bow to obtain
the guantity 'ham, o by, * cxgif by eomblnetion of tranmforiors
whare o con ha elthor volbtags or cuprenty ay by ¢ belng senlar
conptantes And Ty ¥ and %, can b cxprosihoed by well hhoun
soguonce conponents (Rofs, &y 9y §) as follows

SR A W
Eﬁl = 2‘;‘* *}‘ a\h "i gﬁp

2
R >

Y
o IR - P R S 2t Sl o ap
}‘Q‘} g: h.»'N‘S\‘.R + ¥ {l\, £ &‘ wlie Q

vlioro %, = positdve stquencs conpunoat (vegtor) of thyes ptinuii

Xt Xﬁ and R¢

% = negabive seguence compounent (veotor) of thres stinuli

Ty and N

X8 sepoe sequence companent (Yeolor) of three stiluwld
oy %, Bud s
Far ¥y e

.
&

o ey i ¥
= gd 0T o

e ?_a«»._a
J. MR

@ 3 and in csleuwlaticns Ylat?

will be used Ao the rvofeorpee phaoe 1 not othoruise statod,



The abové relations of the sequence cdmpnnenté will be

the basis for the &éaign of filters,

S It is already mentloned that the term segquence~filter
is used to cover any eleotrical netvork designed to isolate one or
more of the three sequence uamnanenta fronm an unbalaﬂced three
yhasa SupoOly. Any seguencew illter consm&ts of an elcatrical

circuit'ta Whlﬂh three input stimuli of the same natuie Far X and

b
x, arve applied and the output of the filtex can be either single=
phase or three-phase guantitiess The term stimuli is used in &

peneral sense to include volbage; current, mmf and flux.

A filter is named by the sequenee‘sampanent or
com@anents present in ‘the qutput quanti ty or quantities, e.gy &
filter is called a "pas&tivamﬁequanea*valtaga~fxlter" when the
output quantity of the filter contains only a. positive-seguence
component direetly proportional to the positive-sequence somponent

of the input guantities and when it is a voltage driven filter

Tilters with single~phase output will be, hereafter,
called single-phase filters, the oubtput of which may contain any
one or any two of the sequence components. Filtevrs with three-
vhase output will be ealled, hereafter, three-phase filters, the
cutput of which may contaln dither positive or negatlive sequence
components only, the reason béing explained in a subaequenthsectian

on three-phase filters (Art. 5.4)

Before proceeding further, three more important points

must be discussed. These are (1) Thevenin's or Nortenl's



V.T. or C.T. Bank. depending on .
_whether the fllter is voltage or
current driven. ‘ '

3wphésé'
Line

30w

1% 1

~— — — '3 phase ( 3 wire or
‘ ‘ ' ’ 1+ wire ) input

Filter- Network Elements

.
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equivalent of a sequence Filter, (2) Dual circuit and {3)

Necessity for phase shifting by circult elements.

2.2 THBVENIN'S AND NORTON'S HQUIVALENT CIROUINS

The arrangement for & single phase filter circuit is
shown in Fig. 21 By applying Thevenin's Theorem, the filter
clreult can be replaced by a constant voltage mervice Ei connected

in series with an intersmal lupedance %y as shown in Fipe 2.2(a).

It can also be reprosented by Norxrtont's equivalent

circult as shown in Figs22(b) where

1
I, = o

Y éa

Apsuming the filter e¢ircuit to be linear the following
relations can be arrivoed ati-

Ei = avVa * bf?b + cvva o o 0 o o w om cm (3,1 )
oy Ei‘ = aiIa + bixb -+ cixﬂ hw#-a—umﬂnmn—ﬁn_ugcalb)
ir’f\
where Vag Vb Qﬁf)?a and :{:a, Ib and ’IQ are the input phase voltages

or phage currents to the filters from the three phase system and

By b’, ¢, and a,, bi or ¢, are consbants (complex quantities)

depending on the filter clrouit elements. It is cbvious that
the output of a filter will contain the sequence component or

components which are present in Ei or Eic



2+3 DUAL CIRCUIT

A circuit designed am a voltage filter can be utilised
to derive a corresponding circeuit for use as a current filter and
vice~verse; by satisfying the condiivion of duality (Refs 5)e To
find the duel ecircuit couresponding to a given circuit, the
following graphical iethod is followed as suggested in GaI
Atabekov's hook (Ref. §)¢ VA point is taken in each mesh of the
given civeuit and is exanited as the future node of the dnal

cireuit, ‘ \

The nodes corresponding bto emch pair of adjacent meshes
are inter~connected by parallel branches, the number of which is
equal to the clrouit common to the two mesheé; The elements of
the parallel branches are Y'analogs*' of the elements of the
given circuit, (a curvent source serves as the analog of a
volt&ge source a capacity as tﬁg% of an inductance, and conductance
as that of a reslstonce)'', But this system Ls applicable only
to co-planar aetworks: no method has yet been described for none

complanar networks,

To avoid extra work for dewiving generalised theoriles
separately for voltage and ¢urrent filters, deductions are nade
only for current filtersj corresponding veltapge filters can easily
be derived by duality. Bxamples will follow later in the text.
Fop non-co=-planar circuils, current and voltage filters are

designed separately.



2.4 NECESSITY OF PHASE SHIFTING

Let the guantity "axa * bxb + cxc" be examined, and

12

‘this can be written as follows by putting the components m+, x_y and

x, i-

= nf - . , &
ax 4+ bx, + ex, = a(x+ xR+ xa) + b(g X, b O+ xo)

(a

= {a
+ (a
Now if it
only then

(a -

and V
nd Bn

| Q. .
+olax, + @7 + %))

+ @ab + @c) X, o+ (a + @b 4 @?c)x_ +a+bas+ {:):x:Q

- %h - *c) - JVB (b ~ c)x* + (8 = %b - %c) + j!%(b - e)x

'b .
+ b 4 e)xc

is required to eliminate the positive sequence components

—*uunn-mfﬂnm«mmgn—mmf-emﬁqnﬁun(Q.lc)
(2 = 30 = %) = L2 (b = &) must be equal to zero, i.e,

-e) =0 which give a = b = ¢ wwemmnn(QLd)

as ay, b and ¢ are scalar constants because the gquantity ax, + bxh

+ oX, is in this c¢ase derived by transformer connections only.

So the expression (0le) becomes equal to {a + b 4 a)xo

= saxﬁ which means instead of elimination of desired positive

sequence component only, both the positive and negative sequence

components are eliminated leaving the 2ero sequence eomponent,

In the previous chapiter it has been shown that elimination of the

zero sequence component is possible by transformer connections only

and here it can be seen thab.it is also possible to obtain the zero

sequence component by transformer connections onlye.

and negative sequence components are interwrelated, if one is

But the positive



13 )

elintinated, the other is also eldiminated amnd if one is present,
the ather is also present holding a definite relation as shown .
”1,
of ;

below&py remorientation the expression (0le) which is equal to

hx, /-8 +hx_ /¢ where

m\”‘(amg‘*b*%)a&-(%(b*c) )H:}.hg:a+h¢¢and

1 VB (b = c)
«b . a )

here hh and ho are both scalar constants as ay b ¢ are gealar

constants too.

In the above expression, it can be seen that x, and x_
have both the sane constant ¢oefficient h and the same vector angle

but negative in one case and positive in the other.

But if &y b and ¢, ﬁhe canstant coefficlents of Fg X,
and Xq reapectively, are made’féitarggmnstead of mecalar, then it
i posaible, by preoper choice of fﬂgae coaffiocients, to obtain ox
eliminate any of the sequence components. Phase shifting is

necessary to obktain vector quantities a, b and ¢«

de5 HERO=SEOUINGH FILTERS ke

It has beea shown by equation {(Qld) thet when a = b =
then the quantity '‘ax + by, + cxc*’ becomes equal te "3ax¢"
which means that it containg oaly zers sequenge components. Let

x be replaced by I (current stimulus) and put a = b = ¢, then

e L e 3
+ by 4 CX hegomes a(Ia + I, + 13) which

quantity "a:a (o
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indicates how to construct a zero sequence filterj such a filter

is shown in Figciasﬁ)'ﬂhére the output from the stareconnected L

Coes contains only zerowsequence components, 'a' is the portiém .

of QurreQ@tappea out in the secondary side of the current

transioymers Irom the primarys So, as mentioned before, it is -

poseible to obtain the zerowsequence filters by using traunsformers

only. The Dual=voltage filter is shown in fig. 2.5%a where the
output from the open-delta connected V,T.s contains onl& Beroe=
pequence counponénts. A thdee~phase transformer of the sﬁ;ll'
type, with independent magnetié elrcuitn, or three singlgﬁphasn
traﬁsfarmers, must be used to oblain accurate anre~sequeﬁce

voltage,s .

2¢06 HEGATIVE SHQUENCE TFILITRSY

These can be grouped into two major familises

(1) Series type and (2) Bridge type, which are discussed below,

2.641 SERIBS TYPE

fet Let there be "mt elements of impedance 31, %2. ver Zn
etoey connected in series, and let a current of tho form

(AIa + Bl + exnb flow through each of these elements as shown in

figpe 2e4¢ This current is derived from the appropriate C.T. bank

o» by the current summation method as discussed in the previous

chapter, It can be shown (Appendix 1A) that to obtain a negative \

wgequence filter the followling relation must hold good:

b3
.t

e SRR vy e



. . ) . - o . R Irn - . ) R w,.\ i N - .. - sy .




_:.?_’E‘_ﬁ = @"%h'f = mu-?mm—ué- uhmh-&&ﬂnﬂm-}-ﬁ#wnﬂnnﬂ(ld)

@ - a : 1 - @

where a = (Alﬂl + Aaza P Anzn

b = (Blal + Byly 4 w4 ann)
¢ = (slzl + Colig 4 wmeme & cnzn>

From the above equation (1d), it can be seen also that a = b K

C

24642 BRIDGE TYPE

In this type of filter two sbtimuli (A,I_ + B, I, + GlIc)
and (AaIa + BoI, + C,I,) are fed in a bridge network consisting of
four impedances zl, Za, z3 & 34 and output is taken from a

diagonal of the bridge in the manner shown in Fige 2.5

From the conception of Norton's equivalent cilreuit, it
can be said that if the ''short cireuit'' current through the out-
put terminals contains anlg/nagative sequence g¢omponent then the
network is a negative seqqénce filter., By ''short circuit'! is
meant short circuiting o%fauﬁput terminalss  Ho the basic idea of
the network is to achievé a short circuit current which contains
only negative~sequence components To achieve this aim,

(4,3, + By, + G I.) and (AX, + BT, + C,I ) are given phase
shifts by %, in parallel with %, and %, in parallel with %y
respectively in the short circounited conditions It is to be noted

that the short circuit current is the summation of currents through
%y and Zys It can be shown (Appendix 1B) that the following

e,



§ 16 )
! ,

condition has to be satimfied to make it & desired negative~sequence

filtehe= |
Ay + Ak,  Byky ¢ BjK, Oyl + Gk (
G el é = 1 = @ = &2 e lg)
L@~ S @ -1
oo B 5
where kl = mﬁ and ka =z +.‘ T
1 « 3 4

247 POSITIVE-STQUENGE FILTER

An the positive sequence is exactly the reverse of
negative sequence totation, a positive~sequence filter can be
obtained by interchanging the two input phase~terminals of a

négative sequence filter while keeping the third fixed.

2.8 OIHER TYPEY OF FILTER

So far it has been discussed the principles of basic

e e Mg T e

!

types of filters = zero, negative and positive sequence filters,
but there can be other types of filters also, e.gs. combined filter
with an output of positive and negative components togethef;
Discussion of these can be dealt with more conveniently after
developing design principles of the basic types of filter, which

are considered in the next section.
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BEPLION 3
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In the provious twe seotions the basic principles of
tranafornation, gkasamaﬁifﬁing and filter networks have boen
diseuosed, bud nove detuiled analysin is reguired for design
purposecs  The fipst pard of this secetion is devoted to an
investigation of the propectien of filterwelonents aud the latter

part to actual design vroblons of busic filters.

BeR QURBENT TRANSRORMERG (Uale)

Two types of Cules are usually involved in filtor anete
worka,  (DeS.20480)
{1} Ce'fas whileh have low sesondapy leakapge reactance are called
low reaotance O«ley e &yanetiloal priuary wousd, pinpgecore
with toyoidal segondapry windinpey and
(2) ¢o%s which have high secondary leskage rosetmnce are called
high reactacso eurront tranaforrers; e.ge unsynnetrical prinary

wound, bulli-up cores, with inconplete winding of the core,

e

pawtxouiariyfwhilé Booping mﬁ§§unwent from the syontemy bub high
reasdonge L.wﬁa J@uﬁ thedy appliecations ae lntemmadiate transioraw

ars in filisr networlios

Dagoerdptions oF protective Gels can ba found in the

Literature (Befuoy L4}y bud for the present purnose the nost
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valnable thing to know im the equmvalont circ¢uit of a ¢,T, as
shown in Fige Jila, wherez is the impedance of the magngtmsing'
branch and ﬁs ngfhe total secondary 1mpodance, including leakage
mmpedance,{ifad, i@pedance, and any other series impedance (such
as additional burden due to overcurrent relays) and ZL is the

load impedance,

In design the main consideration is that the series
inpedance, which consists of Z  4in series with the burden, must

be very low in comparison with shunt impedance, 2 , usually less

m ¥
than 0% of Z.» % is not a linear impedance, but it is quite
justifiable to take it as a linear impedence within the working
rangea fof approzimate caleulations, when accurate calculation

or operation in bthe saturated region of the core is required, nonw

linearity of the shunt dmpedante must be considered.

It can be shown (Appendix 11) that instead of ''ideal
(or theoretical) current output'* of the C,T., a different'current

output? obtains according to the following relationgie=
B

Hourrent output?t from a C.T. =(iat - 2t ) N
rag
where Ict = '' ideal current output't of the C,T,.
By = 'tideal voltage across'' the C,T.
Zmag = (%, + 5.) and ,
n,, = current outynt ceeff@cient = E;—;mgg~

When %m is very large, as is usually in practice, then n,g can be

taken as unity and zmag = zm.

o
R

Hoppein,
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From the above relation of current output, it can be
appreciated that this diversion of 'Youtput currvent'' from the

*¥ideal condition'?' will cause an error in sequence filters.

393 INCERMEDIATE CUBRENT TRANSFORMERS

In the above discussion on the equivalent circuit, no
consideration has been given to the constanis of the primaxy
winding, due to the fact that ths voltage required to drive the

primary current through the primary winding is derived directly

(19

from the external system networks Intermediate Current Trensform-

ers ave interposed between the main C.Tsa and the sequence network
and thorefore Yo calounlate the effect of these G.@.s on the main
Gy burden an@ oyérall transformation error, a full équivalent
cirdﬁiﬁ including both priméiy and secondary windings is

roequired,

"3a4 VOLTAGE TRANSFORUER

The principle of voltage transformer is simiiar to that
of a power transformer and its equivalent cireuit is exactly the
same as that of a power transformer, Such an eguivalent circuit
ig shown in Figs 341k, all constants reforred to|sccondary side.
But in the case of ?achthe magnetising current im comparable to

secondary current,

It can be shown from the equivalent eircuit (Appendix

hY

1II) that the output voltage im given by the expressiont=



output VQltape = n (V

Pt - Ixtueq)
2 (2 + % )

where 443 t 5 (1 v """’3:' )a. 4 ’,7 'i-L.r? 82

P p P 7, * A

th = ldeal output voltage

Ipt = Ldeal output (seccondary current)

Zea = secondary lecakapge impedance

% ¢ : " ]

éal = prlmary '

2 & magnetising branch 'y

4, = load iwnpedance
The above exprpession is on the basis, which is usually true, that

D L a1 or & 82

Such a éizérsmwgﬁbf toutput gquantity'? from ''ideal guantity'! is

™

2 oxr % 3£»§m >> i

AT

a source of error in a filter network.

.

345, MUTUAL=INDUGLANCE

R
B

The equivalent cirouit of a Y'mubual~inductor'' is exactly
the same as that of a transformer. In a transformer, the
magnatisiﬂg impedance in the werking region is usually very high
in comparison to the burden, but that is not the case with ''Mutnal
«inductoxrs'?, Again due to the air-gap in the core, the nmutual
inductor has a very low iron=loss component and is less affected

by saturation.

346 APP%;;aH TE DESTEN PROBIAS t -
\ S

The followling two points are the basic and proliuninany

considerations for filter design problemsie



(a) Care in the desipgn and selection of filter elements and

(b} Simplicity of the filter network.

(a) Concerning lupedance elements, it has to be

i

i
remenbered that thelr (value lieg/gn the first and fourth Ebﬂ&ﬁg

o

quadrants of the rectangular co~ondivates. g

To minimise errox due to Cyl.s, the first point is that
the excitation current should be very low in comparison to burden
current. Another guality to be malntained is low leakage impedange
of the secondery side. It becomes sometimer unecononical tqtj
mnaintain the above conditions. S0 ag an alteranative, turn .
compensation can be applied (Ref. 1) to compensate the magnitude
of eu&rento This can readily be done vhen using intermediate
current transformers which usually have large number of secondar&

turnse.

The errors due to V.T.s arc usnally aegligiblei however,
if wanted, the turn compensabion method can be sultably applieds
Becouse of the lavge number of turns in the primary, high accuraey
in compensation of the magnitude of voltage is possidble.s During
feult conditions V.Tes have to work at much lower voltages than |
the rated condition which may cause & pgreater ratic of proportionity
of exedting current to burden ecurrent than in the normal cosep.
even then the difference hetween the magnitude of the derived

voltage and the ldeal voltage is negligible.
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(b) Simpliq$ty¥» the fewer circuit elemente the better )
ia a desirable feature in design from the economical and

technical point of view,

It is not possible to further simplify the zmero~sequence
filters, discussed in the last section (Art. 2.5). However, if
the neutral wire in the system is available then only one C,.%,.

placed in the neutral wire will make a gero=sequence filter.

Ancther method (Refa 6) of measuring zero=sequence
voltage is shown in Fige 342, where use of transformers is
’avoideda Thevenin's or Noriton's equivalent civecuits of this
network iﬂ shown in Fig, 3.2a and Figs 3.2bs  Aa this filter

P
c?nstitute$ of impedance elementas, it is leaa;effmcien;)than the

e e,

fil¥er with open-delta connected secondaries (Fig: .3&)

For positive and nepative sequence filters, generalised
theories of serlos and bridge types of filters have been derived,
In the mories type, from the equation (Arts 2,6.1) it can be seen
that a theoretically infinite number of filters can he designed
by taking different values of El.‘ﬁa wammm @hC, ﬂnd;$&g By Glg
&g* ?. Gq ~amm= glgs It has boeen shown in the Appendix 1LVA
that it is ;myggsible to design positive or negative sequence
filters with only one impedance element, Simplicity is of prime
imporvtance so the series type filters with two or three impedance
elements and brildge type filters which may consist at the maximun
of four impedance elements will be considered. As explained

hefore, a negative sequence filter can work as & positive sequence

\



filter by a mere interwchange of any two input quantities of the
thfee*phaae supply keeping the third fixed. The discussion on
negative sequence filters, which have a wide field of application,
will therefore provide the complete pieﬁure for hoth positive and

negative sequence filterse

3+641a SERLBS TYPE NEGATIVE SHQUENCE ¥ILTER WITH T TMPEDANGE

DLEMINTS 3

From equation (14) (Art, 2.0,1) it can be shown
(Aypéndix 1VB) that the following conditions have to be satisfied
to obtailn a negative sequence f{ilter:

. &
ﬁl A + @ Ba + Qﬂg

- = 8{}‘ A - g ot hnﬂ#ﬁ*-ﬁuﬁ( l{.{; )
B ey L1802

L Bl + ‘&Gl
Al + B:L + (,,1 = Q ﬂlﬂifﬂoﬂﬂwﬂpﬂﬂﬂlﬁ%#-ﬂ#ﬂwn-wm-ﬂ-ﬁﬂ( l{.ﬂ)
Aa + 32 ) GE’. = O *mmuaga-@w-&«mmm*»nuuyﬂmwng( l’.e)

where Zlg doy By AE «~w gt¢. represents the usual parameters as
explained before (Art, 246) theé number of ilupedance elements 'n'

heing equal to two,

Bauations (44) and (Le) show that the two input stinuli
should be free from zero-sequence components, The followlopg six
stimuld (I, = T2 (T = L) (X, = )y (X, = X0y (I = 1) and
(I, - 1)) are of the reguired type which can be simply obtained.
Combinations of twe input stinuli can be chosen from any of the

© following categories (1) (X, « X}y n(l -~ Z)
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L)

@I, - 3, w1, - T) (

3/ 3t1, - 100wty - 1) o
{ o

(W) WL, = T)y n(I, = 1)

i,

where GJ and m are real positive or negative quantities. Because
ia’ Ib and IQ maintains the cyclic order configuration it can be
appreciated that any other coubination of the abave six stimull
falls vnder either one ox:tha four categories, e.g

(i}(xc - Ia), m(xa - Ib) falls under the first category.

e

From equation (4e), it can be shown (Appendix 1¥() that

" the conditons to be satimfled to obiain negative seguence filters

apete
4.
(l)‘?&- = xf60°  foi first category (Fig.Zderww~=(4f)
N . |
7y | ’
(2) g; = ;;lgq’ ' osecond 1Y (pigp srspyeee-bhe)
% o ‘ , |
(3)*3&'” vg'féﬂ. 4 third " (Fig 3wBopems~={ih)}
& ~ ’ .
% . y
and (4) g% = B fu00® 0 fourtn 00 (FR8 23D )
4o V3
where X =g%ﬁin all cases.
L_A»'J

_
A nunmber af such filtersiére given in Table 1.

3ebelb SERIES TYLE NEGATIVE BRQUENCE FILTIRS WITH THRER

FMPEDANCE HLEMENTSs

Again frouw equabion (1d), (Art, 2,641), it can be shown
(Appendix 1Vd) that to obtain a negative sequence filter.-the

following conditions have to he satisfiedi-
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i VA-qualit
Internal Impe- Output quantity quality
Filt Net: k Network Impedance dance
Toer Tetwer Of the  quality 60+ matched 90" matched 60*  go-
Constants filter matched matched
burden burden burden burden
=R/ 60%*
\~3R/30%  30*  0.91 /15" 0.27  0.333
R
2R
Do \'3r/-30" —30' 1.221 /-15" 1.731 /-30*%0.5 1.0
Z~=R/-60*
2RO 3.7%6
Do v3r/-so" -60" 1.731 /-30' 1.0 .
Z~=R/-90*
Z/=R/-90"
R/-30" 30" 2.121 /-45% 31 /-60% 1.5 3.0
Z~=R/30°
Z~=R/-60"
o 1.731 /-30" 2.121 /4 1.0 1.5
Do ZA=R/60"
2.64RAO 49" _p.331 ~ -0.351 /-90 0.062 0.070
Z ='3R/6c|" -
rc# 7SR
22R/30* =30  »1.561-a16! 1 —1.731 i .462 t .577
Mutual
Reactance
= JR
- |EG; :3:
z*=Rr/-60 "
R 2R o' 0.8651 /-9cf 1.061/-105 ¢.75 1.125
Z,=R/60°
Z~A=R/-60"
2R o' 1.51 /-60' 1.841 /-75 0.75 1.125
. Z,=R/00'
U =i
e NOTE It is to be noted that a matched burden is impossible to achieve, but

it is chosen because it is the extreme case of pure inductive burden.

Frequency

quality

0.5

0.765

0,866

0.5

0.29
0.58 For

Zc.«

0.29



Filter Network " Network Internal | Impe- Output quantity VA-quality EF§E§;§Q?y.

: ; Impedancef dance ) ocfradality

constants £ the vali- - o :
! o! 9 60° matched {90° matched|60° 90°

1 filter ty P

N burden burden matchedjmatched, -

: burden jburden |}

: ° : el
1By=R

Z2=R/6O° \[3 .
i 52R/30° | 30° o.91_ /15° |I_ /30° 0.2 0.25 0.5
=

'Zq'—“ /60°

'21=R/'6°°

rzZ:E fBR 30 30° |1.221  /-15° '/ ° i

~5R/-30° |-30° |1L. =15° |1.731_/-30° 0.375 [0.75 0.5

D ! ’ 2 - .

o Z5=R/=60° i
2,=R .

2b .
) !
'izl= -90°
R/=45° . .  :
" Do _. ‘%j:vgjvg ~45° R.l21_ [:22.5;343I:,[f325“Q,94 238 ) 0.29.....
éﬁ
Z1=R5—29°
%,=2R/30° : .
2 .

Do 1: R/~30° ~30° |2.45I_ /=15° |3.461_/-30°] 1.0 2.0 o
.ZB=2R4-30° - B .
|2,=R(z0

24 .
. ’vzt_j‘__R :_900
Azi(‘=\r3R - .
| 2R/=30° | -30° [1.06I_/=-45° 11.5I_ /=60°(0.866 |1.732 0.5
%, =V3RABO)
TZE-R ) .
- 2R/=60° | -60° 1.5 1_ 2.91_/-15° 11.732 |6.45 | 0.5
.z1=\(334—9o
R ‘ :
1.33R/~7)} -71° |1.821 /=5.5°
2,=V3R/=50 3R/~ =7 821 _£=2:5" 461 2061 0.96 ]6.25 Jo0.5
Zf\fBRé*%
| %=R - .
2,=R/60°

Do | I R 0° 1.0 I L.221_/-15°1 0.333 0.5 '] o0.58

Z,=R/-60° - ] - 2 >
[ 3 —
-ZAER

2h

@ NOTE : It is to be noted that a 90° matched burden is impossible to achkieve, but

it is chosen because it is the extreme case of pure inductive burden .
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where @ is an arbityary aongtant'and’zlg ZQ¢ Al‘ Aa wawm EL0
vepresent the usual constand paramneters as ewplained before, the
number of inpedance elements 'n' being eqgual to three.

A list of peries tyyeggﬁyfilﬁerﬁ is given in Table 1,

346.2 BRIDGE TYRHE NAGATIVE SHQUENCE PIXITRS .«

K
As with the series typeggiffiltars, and bearing in mind
- \__w’f
the requirement of simpliciiy, a group of filters, where the two
stimull Eab and xba are derived from a delta~connccted G.%, bank,

are considered hers (?ig; §:4§-

from equation (lg) (Art. 246,2) it ¢an be shown
{Appendix V) that the following relation has to be satisiied to
obtaian a negatlve sequence filtors
vy ; L] 3 1% “ fond RO PR T R O NS el T TR 1R L i K W S R .
1o+ By /=60° +omy f607 = 0 ~ (5b)
% b

where w, = ?.3:. and M. = ?_*'—_%, .
1 2.58 2 53 _

‘A sumbor of such filters are given in Table 2, some of which have

“been in use for some time (Ref. 5).



In addition to the factors alrveady described in the
above artlcles, some Iurther features nust be counsidered in the

deslgn problems.  These arei~ Frequenoy guality, Impedance

DI N

- N
guality and WA‘Quality.}
\

.

a7  TREQUENCY QUALITY $m~

i e N, )

NG “’1. f
Since impedance elements other thaniéiaetau;;\are
)

e

e At =

fregquency seunsiitive, an error ig introduced in the'fiiter ountput

due to frequency variation. Hryors ¢aused by freguengy

deviation are mentioned by mauny aubhors (ﬁef. 548, 14) and in one
publicationy by Livingston (Refs 14),y & suitable explanation is

given about its efiect in relay applications. It has been shown

how the crror resulting from a variation in frequeacy of 10%, can

be serious with only small values of unbalance factor (''unbalance
factor'! is defined as negative veguence eurvent, cxpressed as a
fraction of positive sequence current) in a lowesetting relay operated

by a negative sequrence filber,

ALl filters will belhiave very badly for large frequency
deviation and pome additional device is necessary to mivimise this
effect. But even for small ireguoney deviation the effect can be

souetimes serions as discumsed above, S0 in choosing a seguence

Mo .

AN

filter proper care has Lo he giveu(?of\its behaviour even for a

spall deviations

Errox due to any component is the ''difference between

sutputs of thet compounent at noninal and deviated frecuency
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respoectively!' expressed as a fraction of desired output of the

filtor.

When a negative (as well as positive) sequence Tidter
iz freed from ''zero-sequence'' component by the use of ''oross-
connected' ! ortdelta~connected! transformer secondary windings

£

(esge (I, = Ib) or (I =~ Ie)ﬁguesﬁinn of error with the presence
of zero«sequence ¢ouponent due to frequency deviabtion does not
arise hecause for small frequenecy deviation transformer<chara¢teris-
ties practically do not altery bub if the elimination of ¥'zerow
sequence'? component is achieved by the cié%in&tian of impedance

elenents then the *Yerrvortt has to he considerad,

Livingston has also shown that the greater portion of the
reguliant eryvor in & negative sequence filter application, is
contributed by the positive~sequence componenty the contribution
by negative ~ sequence compoenont being relatdvely dusignificant.

8o it is felt justifiable to conasider ''*positive=sequence error'!
(i.es error contributed by positive sequence componeht) &s a
¢ritoerion of performance of & negativewseguence filter while

considering the offeet of small freguency deviation.

Tdivingston, then, has shown how to compensate a filter
against this errors  The method, which involves more complex
networke, is based on the mathematical loglc that, vhile
gonsidering a snall freguency deviation, if at nominal Ireguency
the positivessequence-error has zero rate of change with respect

to frequency and is of zero magnitude, then the effect of srror
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will be insignificant. The rate of change of positive-seguence=
error with respect to frequency at nominal frequency is called

the ''irequency guality''; frequeney error and quality are usually
exprossed in terms of absolute values, Mathematically, frequency
quality (denoted by i* ) is expressed as follows

1! “’gﬁ (pasitivexsequence'errorﬂ
le = 1

PRRPRRLE S~
i A

vhere k = ratio of actual to nominalMﬁrequency (Appendmx Vl)

The fallowlng ugeful relatxans\are derived from relatmon_(uj “w}

1 d‘ e e e e
vae— &k °c k=1
“ 1 |a
[/ S - A

where-voe_ = 0.0 volbage due to negative seq. component at
neminal frequency

fo (k) = 0.cCe voltage due to posmitive seguence component
¢ when frequency is k. times nominal freguency

I = BaCe current due to negative sequence component
at nominal frequency

fae(k) = B.6s current due to positive sequence component
when frequency is k times nominal freguency

The following formula derived from the same expression (Appendix
V1, 6f) is very helpful for the calculation of frequency quality

for a bridge filter:=

s Ee b1 | & (k) /=120° + & 7y, ()
M Vs (1 o+ 59 ak 7 25 " gk _(5
3 It = 1
(6¢)

where %1, zp etec. are the iupedance of the four bridge elements

at nominal frequency and Zl(k), 32(k) etc, are the corresponding
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inmpedances at K times nominal frequencys

The main drawback of &iYingﬁtaﬁ;s‘methOds of compensation
is that the filters bocome so/;nefficien and the networks so g)
--_‘_ __::\\_, {

complex that they ave &a&\gvamtmaalty Feasible,

T g ooy e

It is shown later (Avts 3.10) that even without any

compensation it is possiblo~ts achieve the same purpose in a filter

which is also highly efficdent) e.ge Tilter 2d, Table 2, which is

anthor¥s own desdgng

In econclusion, it can be mentioned again that the lower
the ''frequency guality'' the lems the frequency ervors By tern
Yiivequency gquality'', we will mean the effect of positive~
sequence component, if not otherwise stoted, iﬁ & negative seguence

filber.

3«8 IMPEDANCE QUALITY AND VOLM-AMP (VA) QUALINY

The term !'matched &mgfdance" i wellm-lmowns The idea
of matching of impedances is to obiain maximun volieamp (VA) out-
put from a known source of supply (e.ge & seqguence filter), It

, {
can be shown (Appendix V11) thaﬁ'if hy gL and =z gﬁp are

source and burden imnpedances respeetzvaly then for matched

ndd b 5 = - it 4
condlition &, e~ and (ﬁi ﬁL) L?n\> In practice it inm

-H,e*

not possible to fulfil the second condition on account of the
presence of active impsedances (i.e. resistances) in the filters

and in the load, 8o for matching purpose, apart from equal



0"
absolute magnitudés of impedances, the angles, when possible,
should be close in magaitude to @é and opposite in sign.
Usually butden (relay) impﬁggnces lis in the first quadrant
{(zay 60® to 90°) aoc the sou?ce‘impedance angle shoul.d be near
- for high VA output. This angle of the source ampedance will
be called !'timpedance guality''.

/'w‘\-'mput)
And ' 'VA-quality'! will represent the(VA-outputiyof the

desired sequonce, In a polyphase network, oither balanced or
unbalanced, the total vector voli-amperes is the square root of the
sum of the agquares of the toital active power and the total reactive
power,

It has been shown by one example (Appendix V114, Art
3s1Q, Filter 2c¢, Table 2) that the positive»séaqngce VA input is
aqual to the nepative.sequence VA.input for tﬁéwgéme supply
guantities. S0 for casier calculations of ' 'VA-quality'! of a
negative~sequence filter, '"'VA~input'! is calculated with the
positive=sequence conponent, and ''VA-output'' with negative
sequence components It is to be noted that it is not possible to
calculate VA-input from the Thevenin's or Norton's equivalent

circouit,

High ''WA=quality'' is a desired feature of a filter.
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3.9 DESIGHN OF SERIES TYPE FILTERE

5e9¢la THWO-BEEMENT FILTERS WITH STIMULI 1(Ia - Ib) and m(Ib - Ic)

If the two input etimuli 1(I, - I,) and m(I, - I,) are
fed across %, and 4, respectively (Figs 3.Ba) then to obtain a
negative scquence filter.the necessary condition to be satisfied

&

is zﬁ-: x/60% where x w‘g: (Agt. 3¢8418)s If 1 and n ave

positive, i.e, input stimuli are in the sane direcfion then x is
a positive guantity in whieh case the anglé of 2 (say ') must
lie between ~ 30% and 90°, i.e. 90* > v > “30"; and the anglensofi
4, (say ¥ ) muct lie between «~20* and 30%, i.ee 30%°2 % 2 =00°,
Por any other value for either of these anpgles, it cén be seen

that it is impossible to co-ordinate the inpedance elements so
%

as to satisfy the relation Z§ = x{60§ + It can be seen

(Appendix V1lla) that, everything else reﬁaining fixed, the VA-
~quality (Fig. Gl) varies ae x vardiess It starts with a
minimum as x -» 0, then reaches max;;gum. then drops again us

x - &  Again it can be seen thaiﬁthe VA-quality improves as Za
is made capacitive, eege with 60® matched burden, choosing

P = »00? (iees ' = «30%) the VA-quality reaches about 1l.24
when x = 1/2 whereas with y = 0% (i.ey +' = 60®) the maxiumum
VAwquality is ,266, Iwpedance quality also improves as 4,is
made capacitive. As for frequency quality it varies between

«5 to 29 (Appendix V111 b), If 60%> 7'30° and 0%» ¥ > =60°®

then the frequency quality becomes less than .5, and it has a



vl

uinlmun velue of «29 when o' = /30* and v = /=30%, ¢! and ¢
lying in any other zone, the freq&gggﬁjgg always +5. But even
with theme improvements it will be found later (Art. 3.10,Table 2)
that in comparison with some bridge type of filters, these filters

arce infexrior.

If any one of the input stinuli are revermed, then the

P . G -
1 G 3.
relation ﬁ;-a - iié_ 0%,  dees gg = %/+120% must hold good to

to obtaln a negative sequence filter. 8o ! must lie between
~00% to «30%, i.ee =30° 3 @' > ;93‘ and y must lde between 30°
and 90°, i.es 90° > > 90°; thus 4, is always a oapacibive
element and Za is an inductive clement, Though the VA~quality
and dupedance quality are better with this arrangement than with
previous avrvangement, they suilfer irom poor ireguency QUality,

the minimun value of which can be »76% (Appendix V11l ¢, Ban. (8q),
Table 1)e Because of this drawback, they are never a good choice
as a Dilter.

4

34910 TWO-BLEMENT FILUERS WITH STIMULY L(I, ~ I,) & (I, = I )s

It de already shown (Arbts 3.64.1a, Appendix 1Vb, Fig. 3.3b)

that for this type the condition to be satisflced to obtain a

Z :
negative sequence filter is _’5_];_ = $§ /150% wuhere x = ?3. If 1 and
&

n are positive guantities, i.¢. stimuli flow in the same direction

then x is a positive quantity. In such a case V' (angle of Zl)

lies betwoen 60° and 90%, i.e, 90° > 2 60° and ¥ (angle of Zz)
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lics between =90% and «60°, ises -60* 2 ¥ > =90%, which indicates

that El is always on inductive and Za is always capacitive. it

will be found {(Appendix 1Xa) that though improvement of VA=quality

(Figs Qé) and impedance Quality can be achieved, they suffer from

vory poor frequency quality (Appendix .Xb), Sege With Y= =90°,

o= .05 with ¥ = ~75%, u = 1,85 and with ¥= «60%, 1 = Le8. For

this reason they are not a pgood choice as a filter,

Now if one of the stimuwli is reversed; then with this
arrangenent to obtain a negatmva ‘sequence filter the con&mtion to
. y

be satisfied is 1

- 50 = w30°, e / \
% «vmoééggf vgué~§Q H nc%\ // and\\mﬂlj

S

lie in the region é@“ 2t 3 =90% and 90° » ¥ > ~60* respectively.

It can be sﬁowa (Appendix 1X(c)),9nm) that their
performance regavding VA~qualities (Figs G3) is very poor (eegs
with 60° matched burdeﬁ and with ¥ = 60%, the maxinum VA=guality
which can be achieved at this condition by varying x is only ,0068
(approxiﬁately); similarly with the same burden and with ¥ = -80°
maximun V%nquality (Fige G3) io only +5 (approximately))s. For
this reaﬁ§n they are not a good choice as filteras It is to be
noted that the freguency quality varies from 5 to 134 (Appendix
1X(d))= When 30° »f> 0° and 0° /> ~30*, frequency quolity
becomes Less than +5 and it is mininun (p = «134) when ¥ = 15% and

value of ¥
¢t = =15%  For any other it is aluays 0.5.

403300y
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349.1¢ TWOELEMENT FILTERS WITH STIMULI L(I_ = X,) & m(I, = I,)

o

By a similar investipation, networks with stimuli
l(Ia - Ib) and m(I, « Ie) (Fige 343¢) can be seen to have
exactly the same qualities as have been achieved with previous

type of filters.

FaPeld THO~BLEMENG FILTIRS WITH STIMULI I, ~I,) &m(I, = X)

In thims case {Fig, 3.34) the condition to be satinfied

b/
to obtain a negative mequence filter is g%la $3~£~2Q‘. If 1 and

m are positive quantities, i.e, stimuli flow in the samé direction

then x is a positive quantity, In such a case *J(i.g. angle
of %y) lies between O and ~90%, i.e. 0> y'32=00* an@if' i.e. angle
of Za) lies between 9&* and 0%, i.ey 90* >y > 0%, Eifecting a
conmpromnise between all the qualities, hetworks of this category
are by far the best of two-element series type filters., Their
frequency quality is aluays equal to .5 (AppendixX (10t) ).  The
VA quality achieved is quite hipgh, e.ge with «90® and with 60°
matched buvden the maximum VA quality (Pige G4) which can be
achioved at this condition by varying ® is app:qximétely oDl
With same burden and P = 0%, maximum VA wuality which can be
achieved at this condition by varying x is 1,78 (approximately),
It will be seen later (Art. 3,10) that as regards VA-quality they

are comparable to bridge-typo filters.

If one of the stimuli ism reversed it will be seen that
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the siwilar result can be achieved,

349,2 THRED-BLEMENT SBRIGS FILVERS:

Here, as a roesult of the incoreased number of variables,
a greater number of filters can be devised, As an example, let
the Filter (le) of Table 1 (Fige 345), which has a poor frequency
quality (.366), be considered. Because it is a negative sequence
filter, the open circuit output voltage is independent of
positive sequence components, and the general expression can be

written as B = I, R/=60° - I, R/60°. Re~orienting,
oo = (I, = I,)R/=60° = (I, - I_)R/60°®

I_R/-60° = I, (R/=60* + R/60%) + I_R/60°
Iaag-g_ci’ - LR , I,R/60°

This expression, with three itemns, immediately suggests that if Ia'

¥

i

il

=L, and I are passed through R/=60%, R and R/6Q® respectively, and
added together, an alternative to the above filter can be obtained

and this leads to a three-element filter as showa in Fig. (3.5a).

It can be noted that many such two=element filters can

be converted to three~element filters,

In the above arrangement it can be seen that '‘frequency
quality'' improves to .29 (Table 1) and the other gqualities
remain satisfactory. However, gzgero-sequence error is introduced.
It can be verified from eqne (43) (Art. 3.6.1b) that to obtain a

nogative sequence filter with such input currents, the following
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relations must hold goods

Zy 4 2y 03 33 = J=60% ¢ L ¢ /60% . Bero~seguence frequency error
can be eliminated by replacing xa"xb and Ic by Iﬁh’ Ibc and Ioa
respectively as shown in Fige 345bs  liven with this iaprovement
it will be found later (Art, 3,20) that this is not as good as

some of the bridge filtero.

When the input currents are I .4 "Ibe' I, the following

relation (Appendix X1) must hold good to obtain negativevaequence

filter:
&~ - ' ,, zl .. ?’2
1+ mlé:@. + ma@.’ = 0 wher? ml = ?‘g and ma = .z.; .

This equation is similar to that of eqn. (5b) (Art. 3.6.2) of
bridge~type filters In the bridge type there arve four impedance

elements (%4 Gov By & zq) which are related to a similar equation

wHanm}ﬁl': f& and ﬁé ;.ﬁﬁ Cogus 5h)s  In the series type there
7y ' ~

is a conmon term za in botﬁ ml and ) vhereas in the bridpge type
there is no such common term in m, and m,e  §0 the flexibility
of choice of u, and m, in bridge type is greater than that in
series type. A treatmepnt with such wider range of c¢hoice in
bridge~type is given in the next article (Art. 3.,10)e As a
natter of fact, fulfilment of overall good qualities can be
achieved in bridge type filters quite successfully. Again as
regards simplicity, it can be appreciated later (Art, 3.11) that
in actual practice three-element filters cannot be simpler thon
two=eleiient smeries typee So further ripgorous treatment to threes

celenent series filters is not kiven but two filters as described
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above are given in Table 1 for coimparisons Of ¢oursey in their

design the emphasis is on ''simplicity'' as in other filters.

3¢10 DESIGN OF BRIDGE TYPH FILTERS

Since there are four impedance variables in bridge type
filters, 1t is possible to design innumerable filter networks with
various goubinations of these four variables, In filters with

Iab and Ibc as the two input stinmuli, the condition to be satisfied
| %

is (Arts 34642) 1 + B, /=60° + m,/60° = O uheve m, = gg and
%
mn, &.rﬁ‘ are complex varigbles. m, and m, can }ie anywhere in
2 d3 1 2 |

the four Qﬁadrénts of-tha impedénce plane deéending on the values
of Gan 33’ 33 and zQ; thus the possibility of designing‘innumerable)
filter ﬁetworké is clear from aboves The main ainm is to derive
networks which paséess good quaiities-while maintaining

simplicity of circuitrys. As a first step,‘assuméﬁ as zero which™:

I
inmediately gives %, a8 zero priﬁa as infinityy thus to obtain a
A Z
negative sequence filter the relation 1 «+ ﬁ2§6Q° = Q, l.e,. 25
3

= /120° must be satisfied. Such a filbter is equivalent to a
séries type filter as shown in Figs (3.6)e Filters of such nature 
have already been discussed previously (Art. 3.9.1a), As the

next stepy assume i, = m/ff, and i, = méga. i, and i, have the
aame“maéniﬁude e . With such an arrangement, to obtain a negative
pequence filter, the relations (1) *ﬂl = ﬁa (= say) and (2) 1 +
2ncos (60% + B) = O must be satimfied (Apgendix ¥1r(a)dae).

Relation 1 + 2meos (60% + #) = O traces a locus of a etraight line
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AB as shown in f;g;‘Eﬁgﬁa)dfrbm-whérafit~can he seen that‘am.¢anf
possess & ninimunm value of ﬁniﬁy and the maximum can extend to
infinity on either side (positive or negative)s 'The greater the
value of m, the more difficult it will be to co~ordinate the values
Zl :'za and Zq : ]33 80 with limiting value of m (up to unity)’avi
few sultable filter networks with (1) m = 1/2,. g =120%, (2) m =
%g v F = 90° and (3) m = 1, § = 60® ave considered as given in
Table 24 It can be seen from the table that filters with m = 1,
Hﬂ = 60° have a poox performonce in VAequality ané frequency quality
compared with the fiprst two kina% of filters. GénSeunntly they

will not be diseussed furthe:;

_
In the first kind with m = ~/2, @'= 120°, the values of

Z " e .
. . R va 1 - - 1
m, and m, are given by ml( = gg) = mf=120° = “/2/=120% and

Ay, 1
mg( = :'Z;) = m‘l&Q" = /2/120%,

Capacitors are aveilable practically without any impurities
and they can be used as single clements, Thus not only is
sloplicity maintained but the internal impedance quality is
improved by making it of a capacitive nature, Conslder Z = R/=90*
and %, = 2R/30° ,and 8, = RY/30° & Z3 2R/ ~90°* chosen to satisfy
the above conditions where R and R' are real positive quantities,
With such arrangement it can be shown (Appendix X1L{bh) 12q) that
the VA~quality (Fig. G5) is dependent on the ratioc Em. Thus far“.

R

. ]
a 60% matched burden the maxinum velue occurs when B, is in the
R

region of unity. However, the frequency guality is independent
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. ' _ : .
Uf %*5. Apain it is to be nobiced that the lower the value of x -

the better the impedance qualiti. By compromise between.VA—
quality and impedance quality, it can be said that ﬁé =1 dis a
good value to chdose from the design point of view. L lower
value:of %gﬁmayrimprQVe the impedance guality but the VA quality -

sulfers.

' ‘ X ‘
In the second kind of filter with m = TS and ¢ = 90°%,
‘ . . . _ ~
and with inpedance values of fy = R/=90°, ZB = Y3R and 23 &

V3Rt /=-90* and By, = Rty it can be shown (Appendix X111, Fig. GG)‘ 

R’

that 7= 1 is 8ls0o a good value fer-this'type of network.

Comparison of the above two kinds of filters indicates
that the second ig preferable from the point of view of gimplicity
since only capacitance and resistance elements are used, whereas f
the first requires capicitance and . inductive elements, the latter
including resistance also, The first kind of network is bhetter
as regards VA=quality and frequency=qualitye. From the point of

impedance quality/;ecand kind is preferablle,

To give a complete picture of the sbove types of networks;
one of the stimuli is reversed, i.,e, instead of stimulii Iab and
Tyt stinulii Ton ang‘*Ibc arc fed in the network, A network:,
with such stimuli, corresponding to the second kind is congidered
for expianation and it can be shown (Appendix X1V) that the VA=
quality and frequency quality become very poor. So suech networks

do not warvant further counsideration,
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Ifi‘hqwever, m, = 1y dses Zy = 2y then from equs(Sb)

4
(Arty 3.642) ) = ¥3/90%, ¥or the condition where the output
&
§ . v .

is shorit~circuited (to obtain Noriton's equivalent supply source),
the currents passing through'zl*brapch and 2a¢branch are eqgual.
and each of them is egual to 1/£Iab» The same result can be
obtained by using aunto=transformer with two windings of equal
nungber of turns as shown in Figs (%.6b)s The use of an auto=
transforuer instead of impedance element dwmproves the VA-qualityk,

as mentioned belows The values of %4, & 5; argéhcaen as B/=00% &
. AL - *

3
V3R; the obvious reason for choosing & capacitance element belag

for the improvement of impedunce gualitys 'The qualitics of such

a ecircuit are given in Table 2,

Wow instead of taking ml = 1, let us take n,

use an auvto~transformer with/QQual indings as in the previous
[ %A

= 1.‘ and

case, In this case, ﬁl ( = gi@ = ¥3/=90® to satisfy the equa (Bb)r-iV;
The gualitios of such a circuit (with Z, = V3R/=90® and 2, = R} =
are given in Table . It will be seen that the VA=~ quality and
inpedance quality of this filter is better than the previous one,
however frequency‘gualiﬁy is the same for both.

-

It twd ;qual b;ﬁacitaﬂces are used for Zl and 32 instead
of an aubo-bransiormer then, as shown in Table 2, Filter 28
though the impedanée quality is improved, the VAw~quality is
lowered, Moreover when the use of intermediate transformer is’

necessary it will be geen that the circuitry of the filter using

an awto~transformer becomes. siuple (Ari. 3411, ¥ig. 5ellb)e
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3,11 CHOICE OF FILTURG AND THEIR CIRCUITRY AS USED IN PRACTICH

It is to be noticed from Table 1 & 2, Art. 3.9 & 3,10, that
it haz not been possible to achieve all the hest of the qualities

sinultaneously in any filter. So the following cholece of filters is

T
— .-......-—«..._

based on a compromlse on gualities wmth 'sinplicmty'susthaggsic factog.

It has been explained before that among the twn*elemenéh B
series filters, those with inputs{%(laaxb) and mﬁxcﬁxa) are best
(Art,%.9.,1d), Even the veéry popular type of filters, which have
inputs asE}(KQ:IE) and~m($bkxé) {(Art.3.9¢12) do not posseés sﬁch
overall good gualities ad can be found in the above mentioned fil-
ters, esge. Allcutt's filter (Pilter la, Table 1). Allcutt's filter
(named after the inventor) is no doubt a siuple one, (different
ayrangements of Allegtt*s filter~circuiiry are shown in Fig. 3.7)9
but the previous mentioned filter is even simpler, Comparison of
such filters can be found in Tablel,

‘There ean'be many choices, with different combinations of
impedance elemeﬁt$g from filters with inputs 1(xa*1b) and m(Ic~IQ).
but teking *simplicity’ into consideration, a filter with a wutual
inductance and resistance as the impedance elements is chosen as
shown in Fig.3.8 corresponding te filter lg , Table 1. Tor conw

vinlence of explanations iﬁ/next seetionsy the stimuli Ia)I 'Ic in

b

filter 1lg (Tabke 1) are replaced by I .I (derived from delta-

c'“
connested C.Tes8) respectively in Fig ﬁ»S $ by this change, the -
characteristics of the filter are not/effected . In Article éﬁ/
349.1d it has been shown that the maximum VA~quality with this
arrangenent is (51 (for 60° burden) when x = V3.  Impedance

quality at this condition is 45°, Now this impedance quality can
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be bebtered to 30% 4f x is increased to 3, but with a-1itt1e
sacrifice of VA=quality whose value is 4403 at this;naw conditions
So the selected filter has impedances 2, = V3R and 4y = IR

{mutual reactance)s = It is to be noted here that the walues of
impedance quality and VA-quality are approximate in that the small
registance and leakapge reé¢tance of the mitual inductor-coil are‘
‘ﬁegleated. Phig s to simplifyycalculationss Por fubure
reference this filﬁe??ﬂiliéheraallad“am Stilter Noes 1VY,

Varianta of this tyﬁé‘axé=widelyéused (evps throe phase ox combiﬁeﬁ ;

filters, Section five) and are uanique in their simplicity.

Some of the bridge filﬁérq are chosen fnr:their high
gualities. Tirstly, Filter 2f, Table 2, haes been chosen for its
high impedance and VA-qialities, though its frequency quality is
«5, which is not baﬁterﬁghanyﬁhe Filter Nos L. Xt has been shown
in:?ig.'(ﬁ;g) énq'féf fgkﬁﬁgfreference it-ﬁill be called as.

ViTilter Noe 2%,

Secondly, Filter 2c¢, Teble 2, has beenh chosen for its
reagonably good gualities in every items Freguency quality is
W29 The filter is shown in Fipe (3,10) and for future reference

it will be called ag "*Filtor o, 34,

Thirdly, ¥ilter nos 2d, Table &, is chosen primarily
because the ''frequency quality'! is zero with other gualities
also very satisfactory. However, as far as circultry is
concerned, it ia certainly inferior to the previous three filters,

Fron .a comparison with Filter He. 3 it can be scen, as explained






TABLE

Selec ted
Negative Sequenc Corresponding Negative Impedanc e VA-quality Frequency
Current Filters Sequence Voltage Filters MESS quality
\
00" )
matched matched
burden burden
Filter No.l
Filter No.2 .
0 .y
V. Vv,
Filter No.3
-45 0.94 0.29
— |euren. —
Filter No.4 1.0 2.0
NOTE : The above filters are designed from the principle of duality, but they are

not exactly dual circuits of the selected four current filters. Circuit

constants are so chosen ( maintaining the simplicity ) that the qualities

of these filters become as comparable as those of corresponding current

filters.
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before (Arte: 3,20)4 that it has two resistors, two capacitors

/,_,-’—'h\

and two féa¢to;§>aa impedance elenents whereas Filter No., 3 has
two resistors';nd two capacitors. It is emphasised again that
this filter can be chosen when high frequency quality is wanted
with other satisfactory qualities, This Ffilter for future

refovence will be called ag ''Pilter No. 4'! and ie shown in Fig.

Gad)__ 7 3.

Frequency error curves of the above four filters are

shown in Fige G7e

Suitable arrangenents of the above filter circuits as
uvsed in practice are shown in Figs.: 3.8a, 3492, Z.10a & 3.1la.
It has to be noted that intermediate transformers are necessary
when the input currents are to be further ieduced for reduction
of relay sige. In Filter No. 1, one threcewinding mutual reactor
can serve both the purﬁ@se of intermediate transfar%%gﬁd nutual,
inductor by proper adjustment of fthe windinges and the aiy-gap in
the iron core,.

3012 NOGATIVE SEQUENCE VOLUAGE FILIERS

3412 NEGATIVE SEQUENCEH VOLELAGE FILIBRE

Corresponding to above four-seleocted current filters,
| volbage filters are obtained from the principle of duality (Table

3)e  This bhas alwveady been oxplained in Art. 2.3

The noils of the mutnal inductor in voltage '"'Filter Nos

Lt? ghould be wound on different cores of the magnetic circult
(Ref., 5) to avoid feedback between the two primary coils.



SECTION & "

4ol TRANSITNT PROBLEMS

A filter is desigued essentially to give a specific out~
put with a sinusoidal iunput at one specific frequency, Transient
waves are far from sinusoidal in nature, so it is likely that a
different response than the desired one will be obtained from the
filter, Thus during a three~phase symmetrical short circuit, a
tranaientunutput will be obhtained from a negative sequence filter
even though under such condition no negative sequence cowponent is
present in the systen, 3imi1arly, during any other switching cond-
ition, a transient response is always present in the filter. It
will be confined here fa investigating the behaviour of negative
sequence filters during a three~phase simultaneous symmetrical
short eircuit, because it has been found in practice that the-
presence of a transient wave due to such short circuits is sometimes
important, ©.g. unblockingof the main protection by a power-swing
relay which is operated by a negative sequence filter, during a three-
phase symmetrical short circuwit with or without swing depends to some
extent on the transient response (Refi 5, Art 6.5). The]tranﬁient response
-of the four selected filters (Art 3,11, Figs. 3.82,3.9a,3.10a,3.11a)
has been investigated experimentally (Arts. 4e3, Sely 4e5).
Theoretical treatment of the traunsient response of three of the
four filters is mathematically very difficult and would probably
require the uwse of a computer, The first filter however has been

treated mathematically (Appendix XVI) . The response of this
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circuit obtained experimentally was in close agreement with that

predicted.

4s2 TRANSIENT RESPONSS TO THRUN PHASE SYMMBURICAL SHORE GIRGUITS§=

ks2,1 TRANSIENT PRINARY GURRENLS

. The éffect of transients is marikced in high speed
éﬁatactivamgear operation, | f'ﬁ%gh speed'? meaus of the order of
\%3 ayéies, and it is in this period that a transient predominates
gh power systems, For'thia pericd'it is quite sufficient to make
the simplifying assumptiﬁn thatAthe system comprises a cﬁnétant
inpedance (RP + 3wip)

where mLQ is a pessinistic reactance value and RP is f resistance
value of the system (Refs 4 ) (Fig; 4al)e By ;'Qggsimistic"

is meant that if atébility of such gear is sought then the-primary
fault current haa to be specified from the appropriate value of
subtransient reactance of the generators of the system and if
Q@ération of sucﬂ géar is sought then the primary fault cirrvent
has to he apeaifigd from thelappropriate value of synchronouss
reactance of the‘generatars of the systems For further
simplification other things assumed aregw (a) all the capacitance
effect of the systen ave ﬁeglected and (b) the intial current
flowing at the instant of switching is zero, lHow if 3 Sin

( Wb+ @) represents the voltage innphase B of the balanced three-
vhase system then the currents flowing in three different lines

under gymmetrical three-phase short circuit condition are given by



T Ab

RN

the following relaﬁiens (Appendix XVi(a))s~-

i ginfuwt + @ = #) - e“;tSin(Q - @) e 160)

i

2
B
’tﬁ&"l.‘:? 'ﬁﬂ ;«::7 ’dﬂ ;!‘z‘.' b4

a

Sin ( W4 @ = 120°) - e'*tsijca « @~ 120°) (16a)

sin(eb + 6 - g + 120%) = eé*s;m(e - @ 4+ 120%)(16e) ‘>(

i

. R
where % :\J[ﬁ 2, (oL, )2] and @ = tan™t WLE and = o2
r ‘

4.2,2 TRANSIBNT QUTPUT OF THE FILUSR NOy 1

Taking an ideal condition the output curxrent of such a
filter due to above transient currents (eqn: 1Gcy 164, 16e) is

given by the following expression(Appendix XVL(b))

DY
< 3R 1 —. b = M ;
R T l? Yu @ 1 Sin @ (1.6n)
P 8
"R
8
where ) = =
Y
Ly
Ly = Inductance of the Thevenin's equivalent circuit

B_ = Resistance of the Thevenin's equivalent circuit

=3
i

Ohnde reactance value of the mutual inductor of the
filter.
It will be found from the above expression that the transient
output depends on the switching point on the nornal sinusoidal
wave, e.ges Lt is zero when & = 0 and it becounes maximuﬁ when

@ =+mp.  Bo the maximunm transient output is given by

1 [B#;t - em 9't1
LU )

[

i=s

=
o]
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Diiferenting and equating to zmero we find. = Jle Pt = ~9¢*9t

b
2 _ e . 1 4
R Bl=tyr soy) = 52 Free;

'tm' gives the time at which the wave will obtain its maximun

anplitude,

The result is verified by laboratopy experiment as

exylained later (Al‘tp th?}n

Though the theoretical treatment of other filters was
not possible, yet the remults obtained by similar laboratory

experiments are given in Table 4,

hed LEST BQUIPMENT

Lt should be emphasised that the equipment consists of
components which were either already existing ox could be quickly
constructeds Wo attempt has been made to design & circuit to any

specific limits of performance,

In general, apart from the filter=-elements, the equipment

used is assembled in an industrial type Test Beneh:

(a) 'est Bench:

An illustration of the test bench (excluding source
reactors and main contactors) is shown in Fige 442. The main
primary cirvcuit s supplied from special low-inpedance 415~volt

three-phase mains, and arrangement is shown in Fige(4.2a)e It can
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be éeen that the thxeeéphaSé pr;mary supply is applied through a
Y faultenaking!? switch,y current transformer and two aéts of
variablé impeéanées per phase,“one of which fapreéents a
penerating source impedance and the other the impedance of a
transnission line, The impedances can be connected in various
ways according to the particular fault distribution which it is

required to reproduce,

The afrangement provides for the sinulation of a wide
roange of fault conditions, with control of overall time~congtant,
the point-on=wave at which fault is applied, the type and magnitude

of fault, and its duration,.

(b) Filter elements:

Respective values of the impedance élemants are givaﬁvon
the filver dlagraws (Figs. (4.38)(4a30)(he3¢){4e3d))s  Yumpedance
elements ave 50 designed that they do not saturate in the workiﬁg‘
repglon, Their impedance valuéa are very snall in comparison to
the magnetising impedance of the intermediate current transformers.
- The impedance burden imposed on the primary current transformers
are reduced to a suitably low level by hiph turus-ratios of inter=

maediate current transformers.

bl FXPERIMENTAL PROCEDURE

The requirembs ls test procedure ave; firstly, to obtain

balance in supply currents and secondly to minimise inagcuracies
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resulting from transformer magnetising impedances and saturation

effects in netvork elements, The procedure, as adopited, is out~

lined below,

The magnetising characteristics of primary current
transsformers and intermediate current transformers were examined

(mage, characteristics Fige 4.4 and Fige 4¢5).

- The selected values of burdens to be imposed on the
transformers were then checked to ensure their suitability,

Linearity of the impedance elements was examined.

With the object of obtaining balance in the primary
currents, preliminary estimates of individual phase resistance and
reactance was made. First, the impedance of each phase was
measured, Then the value of‘%~of the line was obtained from
short clrcuit transieat oseillograms. Suitable‘adjustments were
made to external series resistors and line raactora‘until the

reading) of the line currents were equal and the reading on an

ammelter connected in the neutral was very low (near zero).

Coincidence in switching of phases R and ¥ by ''Ymake

relayst? was checlked by oscillogram (IFig. 4.6).

Transient records werc taken simultaneously on the
primary and secondary sides of the testwbench current transformers
(Fige 447)e Their near apgreement in wave form shows that the

trangformation from primary to secondary is quite sultable for the
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axpordnents Ay diffovence it duo tiféagnﬂﬁisiug branch of the

curvent Trangfornerss

Filber petvorko were cheokod by comparing the steady
gstate oubpui recorded with the calewlated vaiue,  Uith positives
seguensa daput o bhe fllter,y the anhg&@knaulﬁ Da zmoro. When 4t
wan found to Do unsatiafactory an dnprovenomt vas made by
adjustaent of the poeondary turas of the enrrent trenslorasin.
The oneillosrameg show a enall Terror' in ovely 0868 Thig ds of
the order of 1L or 2 pedcont, and for the puepose of $hie

investipation con be dgaoreds

Teansdiead ontonts from all four «ve seguence filters

were recorded for three phass plawléoneous short cireuits.  Input

50

transients wore ratordad from the B-Y phace, Two sots of transient

vocords wore taken: (1) one wihh 2% 20(4yestan * @&n w B5%)

ﬁp

o G

and (27 another with 2% 302 (L0 ﬂan”3ﬁrﬁam Ve
A

Agadn in each eod,; revords were taken with 0% and
approxinately 907 wntchad burdine Beoords wera takon sl 15°

intoryal on tha wave over o period of 190° stariing at 0%,

. T g
eefi REBY BEGHETHE g

Tt will bo found fron the ogedllogpan| that, as expected,

the vave depends on the instont of switohing aad the vardation ia

(3:}(5.11(2 *
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TABLE 4

x

STEADY- - STEADY®STATE TRANSIENT QUTPUT DUE TO POSITIY
. STATE N MATCHED NEGATIVE SEQUENCE SHQUENCE. SWITCRING (EXPRESSED.
FILTER INPUT LINE .3‘;9 o BURDEN GUTPUT _ AS A FRACTION QF STEADY#STATE
CURRENT IN] < ) - |NEGATIVE SEQUENCE OQUTPUT) - - .
DELTA SIDE ' K

THEOiﬁiICAL EXPERTHENTAL I - k
(nd)  PVER ONE | OVER Two |OVER

, CYCLE " | CYXCLES - |'THREE -~ .

- ___lcyciEs’

(Ahp)

‘ I D : 90° 3.7 . C3uh 0.915 - 0477 0ul82 -
0.700 . 28.3 | o e - , , C
, e 1 soe 3,38 3.1 0.7 | - 0.595° | 0.65
FILTER NOoll o= = i pomioms --""o—qca--—u-......._“...- ————— o f o o me ey i e - —-'-—“-—‘.—‘—""’—_
1 . 90° Boh . 342 10,51 0.375 | Q. .‘50‘*
0.65 | = 102 - S

60° 5as° | 2.9 foum | o207 | o.au8

90° 9.8 | 9a 0.20 x:"s‘ 0.225° | 0.212

60° . 60 ] 56 - {0, 375~‘ s10.385;= 0.35'
[ N 9° | 9 | 83 - lo. 20. ;:.';. Q. 143 o, 116
0465 . | w2 Y » : R S

90° 6.1 | 5.8 0,276 | 0.485 | 0.415 -
- 0.70 28.3 | ‘ | ] |
600 L‘..Z) - I‘"-l 0.66 X 0168 o 0.62

FILTER NO 3| ===~ === m o — o m— o e s e e [ e o o e e fom o

90° 5.7 5.4 0.353 0.25  qj297‘

0.65 102 , , N Bt
600. 3-98 ' 5‘8 Qati-l? . 0.30 032_‘5

90° ‘ ‘ 50 45 6.0 0,445 1 7040 0.34 .
0.70 28.3 . : : R A -
| - 60° - 495 | hh2s 0.525 C0.495. | Dek2
FILTER NQu 4| == m o e om e e e o e e o e r o o o e e o e | o o o e """.""'5""*"“""""'""‘"
90° ' 6.0 5e5 0.383 0.275 -] O, 226
0.65 - 102 o ’ :

6o | w6 | wes  foass | oo |oues”

¥x  NOTE : 'It is to be noted that a 90° matched burden im impossihla to
achieve, but it is chosen beaause it is the extreme case of
pure inductlve burden,For the expariment 84.2“ matched: burden
was taken,
@ RMS values of Transient waves of the filtera are. calcul&ted frOm 3;-éf*i H
Fige& 8, Fig.4.8.1., Fige4,8.2 and’ Fig.h 8. 3




A
5

Typical‘transiehﬁﬁ for each filter arve given ian Plate 1,
For three of the filters there is a noticeable change in wave form

at different instants of switching.

1f relay operation is assumed to take place bebween
=3 cyeles, remess values of the maximun irensients of each filier
over two c¢yclen and three cycles ave given in Pable 4.  They
are expressed as a fraction of negative seguenpe outputs TFor
Filter Hos 1 the predetermined wave is superimposed on the oscillows
gran for comparison, Sample calculation is given in Appendix

(XVii)s

446 DISCUSSIONS:

Though evary attempt has been made to perforn accurate
experiments, erros may arise from any combination of the following
gausesy

(1) Uuevoidable small d§pérture from synchronous in the
operation of ''make relays'! in the primary.
(2) Unavoidable small out-ofwbalance in the input currents

to filter. s R

(3) &light nonmsinusdidal character of the supply voltage
and slight deviation from the normal frequencye

(L) "hprrops'! in the current transformers and distortions
due to magnetising bganchesi and arro% caused by aeties
impedances in the current transformer circuits, e.ge

lead resistances and shunt resistances used for oscillo=
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gram% records of the input curreats,

(5) Lack of perfection in the impedance elements of the filters.,

Comparison of theoretical and test results of Filter No.
1 shows fhat the éurvea are similar but not in Ifull agreement
(Fige#.8)s It will be mediced from the abpve curves that the
' theoretical curve does not pass through /except at the start ;KT
and [the steady state, but the test curve reverses (i.e. crosses
the zero line) in between starting and steady state position.

This is due th any combination of the above-mentioned reasons.

Two interesting phenonena were observed during the
experiments in which high input ourrents to the filters were
used. Fige. (4e9a),(4¢90),(4.9c) show the filter output for
three consecﬁtive identiceal short circuits. It is seen that the
vave form differs cach time and that thare is a discontinuity in

cach wave,

The explanation for the change in wave shape is probably
due to C,T. remanence build up which occurs with large transients
currents but not with low currents,(Figs. 4.10a, 4,10b, 4.10¢),

No explanation can be offered for the discontinuity which also did

not appear with lower input currents to the filters.
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SHCTION S

5.1  INTRODUCTION

We have so far discussed the basic types of filters, i.e,.
zero, negative and positive sequence, In this se¢tion other
types of filters will be considered, They are variations of the

bhasic typess

‘Se2 DOUBLE FILITERS

In general, positive and negative sequence components
can be obtained by poéitive and negative sequence filters
respectively. But the idea of '"Ydouble filters*' is to obtain
both positive and negative sequence components iundividually fronm

the same filter.

It has been shown before that for every nekative-sequence
filter there is a corresponding positive~sequence filter.. In
ttdouble filter'' they are combined together to form a single net
work which will have two outputs, pagitive and negative sequence,
from two different terminalepairss To show how this can be
achieved let an exauple (say Allecutt's filter, Art. 3.,11) be taken.
The corresponding negative and positive filters can be shown in
Figs (5.1a) and Tige {5.1b). Now if these two filters ave
exanined it will be found that the diiffevence off positive sequence

filter from the nepgative sequence filter is that terminalsg C-F
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and D=F are short c;reuited, and Zl' and Za' are put across A=E
and B~ respectively (which were short circuited in the case of
negativeusequence filter) Z ':zl' has to be é;g for poaitive-
sequence output whereas thé was éﬂ_“ for negative~sequence
output. It will be noticed that Iab flows through al as well as

%. Y and Ibc through %, as well as %.,', Positive~sequence output

1
is the sum of the series voltage across Zl‘ and Za' respectively

whereas negative~sequence output is the sum of the series voltages

across ﬁl and-Zé respectivély.

Now foy/éouble~£ilter short=circuited terminals are
filled by respective branchwimpedances of'the two filters as shown
in Fige 5¢lc), and it will be seen that I, Still flows through
4q and'zl' and Ibc flows through Za and Z,'% So'after fulfillwment
of such conditions, it is quite gbvious that the negative~sequence
output and positive~sequence output are exactly the same as before,
i.e. negative~sequence Qutpﬁt is thé sun of the series voltage
across Zl and 2
sun of the series voltages Zl! and ZE' regpectively.

> respectively and positive~sequence output is the

Geonomy of the double~filter can be followed from the
fasct that to segrepgate positive and negative seguence components
by separate filters the sources of supply have to be duplicated,
whereas for double-filter such duplication of sources of supply

does not arise,.

Following the line of above example it will be found

that similar double~filters can be‘ﬁesigued corresponding to all

54
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two-cleient series filters discuased in the previous section.
However, frou the above discussmon, and from eque (4¢), (4d) %
(4e) (Art, 3.6,1a) a generalised Ytdouble fildter'' can be designed

shown by Fige 5Ha2y corresponding to a twa*element seriec filter.

It is sometimee possible to simplify further a filter
derived from the generalised filter (Fig. 5.2), depending on the
circuitry of the. filter itself, One of the examples of such cases
is the double filter corresponding to Filter No., 1. From the
generalised network, a possible double~filter-network designed is
as shown in Fig. (5.3a). Here the ﬁoaiti?enaequence output voltage
(open circuit) is given by

(Tgp> To)R' + (I = T)HV5R' = 61 R

But a poﬁit;venscquenoe output w;ll atill be obtained if the

equation ds '

(I - Ibc)le'+ (I - X )V3Rl (=61 R 4__“ )
From this euuatmon and from Fxg, (5.3a) a smmplified filter can be
desigued as shown in Figs Se3+bs By such an arrangement it will
be noticed that the intermediate transformer T of ¥Fig. (5;3a) is
not requirveds, Siwplification, in this case, lies in the removal
of onc intermediate transformer. By such change, ¢ircuit para=
meters have to be changed from that of Fige (5.3.a), but the
purpose of double filter is fulfilled and ites filterwcircuitry is

sinplifiecd.

Double=~filters corresponding to three-clement-series
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filters have been discussed later in the article for convenience,
In the game way, a generalised ''double~fllter'' network

corresponding to ridge filtexr can be designed as shown in Fige

(5.4)» The following relations must hold good for this filter

(Al‘tc 3060;2)0

1 + ?& & 7& g = Q
‘2 ‘ (to obtain a =ve seq. output)

and 1 + - 4 0° z&'g = 0
(to obtain +ve seq, output),

It can be easily seen that their circuitry is somewhat

complex, but ohe filter of this group corresponding to Filter No.

2 (Art. 3.11) has been simplified as shown in Fig. 5.5 (Refs 5).

It has been mentioned before (Art. %.9.2) that a three=
element series filter has no advantage over a twowelement series
fillter or bridge filter, 50 only one double~filter of this group
is mentioned here (Fige 5.6)s This filter is supggested in
reference 5. It will be noticed here that the burdens themselves

act as filter elements.

It should be emphasised that double~filters are designed

froim the economy point of view and as a result the overall
performance may suffer, e,g. their VA-qualities are likely to
decrease due Lo increased number of eleuments. However, their
impedance qualities remain the same as has been explained in a

previous section. Voltage double~filters can be designeéd in a
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similar manner as explained above or from the principle of duality,

5.3 COMBINED FILTERS

From this type of filter, a single-phase output can be
obtained which will contain nore than one component in predetermined
proporiions, In general, it can be said that the different
components are segregated by separate filters {(e.ge negative-sequence
component by negative scquence filter and positive sequence
component by positive sequence filter) and these output quantities
are connected in series (in case of current filters) or in parallel

(in case of voltage filters) across the burden.

For exauple, the gehéral arrangement of a current
combinedlfilter of the nature (h+I+ * th*) where h+ and h_ are
predeternined cohstants, is shown in the block diagram (Figs 5.7).
But it can be seen that because of the use of two separate filters
it loses its simplicity. - But from the knowledge of Filter No. 1
it has been possible to derive a few simplified combined filters
which were originally iuvented in 1937 (Ref. 21). Their principles
aré explained belows=
From Filter Nos. 1 (Fig.3.8), the open circuit output voltage =

(T = B iR + T V3R

it

(3T, = BI R + (T, - T WER =
h”x“ _..:..-..-'.;.............-.‘.. “““““ ..(Q5.1)

where h_ = J6R
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(1) Combined filter of nature ‘*"h T+ hoIo'!‘*

(a) From the expression (3L, = 3I,)iR + (I, = I )V3R of
egn (05.1) it can be secen that the desired sinple negative sequence

filter will be as shown in Fig. (5.8a).

Now if in the neutral circuit another coil which has a
mutual dinductance of value R' with the mecondary coil is connected
to the output terminal as shown in the Pig. (5:8b) then the apan\
circuit output of the filter will be 'h_I* 4 hoio' where ho =
JaRt. Here sate neutral_current~§mo is flowing through both coils
in the neutraly so easily they can be combined into one coil as

shoun in Figo 5980.

Polarity shown on the codl in the neutral is on the
asgunption that R > R'; if R' > R, the pelarity has to be changed
tq/ither side, and in this cese the filter is'h I_ = hQIQ‘ type.
It has to be noteied that R and R' both havel same dinensions,

To change 'hg! by veplacing corresponding mutnal inductor by any

obther type of element will make the filter network complex.

(b) Referying back o equation (05.1), if the expression
(31, = 3103R + (L, = IG)VBR ig multiplied by (=j) the expression

will still be proportional to 'I_', l,e.

it

=3 (3I, = LR + (I, ~ I W3R
(3T, = 3108 + (I, = I, )3V3R

i
=
i
i

e (05,2)
but here b = 6R
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The reason for multiplying by '=j' is that from the expression

(31, = 3T IR + (I, - Ib)jVBE a new variation of the filter

sinilar to Fige (5.8a) can be visualized as shown in Fig. 5.9a.

But 4t has to be noticed that such a filter is impracticable due

to the fact that it ise dupossible to get & negative resistance

(as shown in the network) for the neutral circuit. UHow if (R' - R)
is insertoed instead of =R and if R' > R then not only will the
reslgtance be positive but also the output will be of the naturs

'*th I+ hOIO" where h, = “R? aas shown in Fige (5,9b). From
this Tilter it is not possible to obtain an output of the nature
""h I_ ='h I ' because R is always greater than R. Again its
impedance quality ig likely to be inferior because its nature is
less rasisti&e thaﬁ the previous one, if R' is not suitably
adjusted, The previous filter suffers from zero~sequence froguency
ercor, whereas bthe last filter is independent of zeromseguence
frequency error. This is because in the last filter the mutual
inductor is so arranged thalt the currents token from phases B and

G get the effect of cross~conneotlion. In bhoth the cases, however,
the ''frequency quality'' (due to positive sequence) is .5 (as
described in Arta324d, In choosing either of these filters it is
sugpgested that they have to be compared in relation to the
particular application.

(2) Coumbined fiiter of ngture ’*h+:*

- BT M
+ pxo

Their design principle is exactly the same as dicussed
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above and they can be obtained by mere/inberechanging any. two

input currents of Ia' I}j and Ic and keeping the third fizxed.

(3) Combined filter of nature '*h I+ b I '

Referring back to expression (3’1; - 3T )R + (:Eb.f---fgcl___) y

o | VIR ,/"/
A

of ean, (05.1), it can be seen that the zero-sequence component is

eliminated in the stimulii (BXa - 3IQ} and (Ib - Ic) gnd thus zefo*

seguence écmponent ig eliminated from the whole expressione.

Let ji = A B&nd V3R = B, It will be noticed that if either of

these constants is varied with respect to the othexr, still the

expression will remain free from zerowseguence component. Before

suoh variation, the exprsssion was free from hoth positive and

zero sequence componamts (egn. 06) but after variation it is quite

obvious that some other componentst will tend to appear: it is

alrecady seen zeréwaequenae component still does not appear, so it

is gquite likely thatl a pogltive sequence component will appears. -

Mathematically 1t is explained as follows:

Let &( = JR) be varied from jR to J(R + R'), so that the

expression becones

(3T, = 3L 3R + R') + (I = I W3ER  mewcmceenn(05.3)
= (3T, =~ 3L )R + (I, = T W3R + (31, - 31 )iR

.. e ' > v ’ =
= JOR I, + J3R 1* + J3R IQ h+1* +h I

where h = j3R' and h_ = j(enr + 38%).



_—o-w-

FIG 510

31, ml '_
o« ( . )
NS I, B I
s ¢ 9-‘-“'*“:) . :'I_(R.-t-'f._) ,

dmm L1 -hénej

FIG sn iR



From above it can be seen how "h*I* + hﬂx;’! is obtained,
From equn. (05.3) and from Filter No. 1, the deprived filter network

is as shown in Fig., (5.10)..

So it can be notided here, a filter which was originally
a negative-sequence filter can be converted to a nixed filter of
type "h+1+ +h I ' by detuning the elements of the original
filter., The terus ''detuning!'?! or ''unbalancing'' are commonly

uged to express such predetermined variations of networks elemnents.

A variant of the above filter is suggested in Ref, (5)
where, instoad of taking input currents from deltasconnected C,Tss
they are taken from star~connected C,Tus (Figs 5.11).  The
prineiple whieh is derived from expression (@.1) can be explained
as followa:

The expression (3Ia - 3x0)3(n + RY') # (Ib - I&VER
can be re=-oriented to

(31, = T, = I, = T)J(R + R*) + (I, ~ I V3R (5411)

i

2L 0(R + RY) = (X, + T D3R + R') + (L, = I 3R

which gives the clue to design the new filter (Fige 5.11). The
open~circuit output voltage of such a filter is‘exactly the same
as from pgeviéus filter (Fige 5,10)3 here the impedance quality is
mere resistive than the previous one but the ViA-quality likely to

be réduced due to 1ncrcose of vesistive clenents.

Proceeding exactly in the similar manner as desocribed

above the following filters (Ref.5 ) of nature X+ b I M

N
6\
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can be obtained from the expressaion (EIa - EIO)R + (Ic - Ih)jVSR
of eqn. (05.2) by multiplication of (31, « 31,) by (R + R!') instcad
of by Re(Frg 5122)

The second veriant of the filter (Fig, 5.12,b) is
derived from the re~orientation of exproestsion (313—3X0)+(Ic~xb)3432
to 2L R = (L + I IR+ (I =~ IL)JV3R . It will be noticed that
the first vapriant uses an extra transformer T, In the ahove |
filteras, h; = 3R' & h_= (OR + 3R'), It is possible to obtain
’?h$x+ - b T 'Y hy choosing R as & negative value (say R = -Rl)
puch that R' ~ Rl » 0 and aRl « R' > Q0 as shown in Fig. 5.120;

Here h, = 3R' and h_ = «(6R = 3R').

An extreme peneyalisation of ¢ombined filters, where
all the three components are present in the output in predetermined
proportions, can be done from the expression (01b), (Art, 2.2),
It Ei = aIa + bIb + cIc = h*x* + h_I~ + hoIo’ where a, b, ¢ and
h*, h_ and ho are ¢omplex constants, then

a + @?h + @ = ho

a + @h 4+ @ = h

[

&+ b +c¢ P ho
or a= %/5(h +h_ +h)
A - °
b = 1/3(@m+ + @ah“ + ho) “‘“"""""—ﬁ-ﬂu-—nmm-—mn—u-ﬁna(05.4)

RN
¢ = "/3(¢"h, + @, +h)

Now if h+m h_ and ho are real guantities, i.e.,they have the

dimension of recistance, then from (05.,4)
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a = 1/3(h +h +h)
+ 7 T T el

b = 1/3 (“1/21‘4, - 1/31‘-. + hy) + JTE'}h - b))

Q
it

}/5 (-1/2h* - l/ah’ + ho) - dig'(h+ = h.)

te By o= 1/3(h* +h, +h )i + /3 (-1/2ﬁ+ - l/ah_ + h) »
B, ~n) oz, e (Mew - e wn) -
M2n - n) ic e s e 054 58 )

or B = l/2(11+ +h I, + jg%g(h+ - h )1, - jﬁ%g(h+ ~bh)I, +

Lioth = Lson w Liop o N
/3(b, = “/2h = "/2h (I 4 I, + X )-=m~=n(05,5b)

The two networks which follow from (05:5a) and (05.5b) are as

shown in Fig. (5.,18a) & Fige (5.13b) (Ref.. 5):respectively.

Now if b y h_, h  are imaginery quantities, say h o= Jk

h_ = jk_ and ho = jka then procecding as before,
B, = */2j(k +k)I + 5l = )T, = ssle = kI
i N + T Cwity T ATE + %0 T 5 e +' %0
+ 1/5;;(1:Q ~'¥/ak~ - 1/2k*)(1a + I+ IQ) wum=(05,68)
'R : 1 1
or B, = “/2j{k_ 4k )I_ - sk, = k) + §T§(k+ - k)T,
1 1 1 -
+ /330, - /8 - T/2k WI, 4 T, 4 1) ====(05,6D)

The two networks corresponding to (05.6a) and (05,6h) are as
shown in Fige (5.14a) & Fig. (&.14b) respectively.

Virtually all the combined networks designed previously
are special caces of either of the four networks Figs (5.13a),
Fige (5.13b), Fige (5.1ha) and Fige (5.14b)5 eegs the filter net-
work of Fig, (5.8c) is a special came of Figs (5,14a) when h, =0



v 64 R

1t is to be noticed that Figs. (5.1%a), (5.13b), (5.14a)
and (5,14b) are designed on the basiz that h+, h_y h are either
real or imaginary « This is done only to maintain the simplicity

of the filters.

Sely  THRUE PHASE FILTURG:w

If

aIa + bxb + QIQ = h*I* + h I+ hQIQ ~~~~~~~*~~(05.7a)

it

el
then bI, + eIy + al, = b ("L ) + h (@) + B I, am=(0547b)

and oI + al + bI, = h*(@I+) + hﬂ(@ﬁlﬁ) + hOIQ mow{05,76)

where a, b, ©, h*. h_ and hn are complex quantitles holding_the
following relations

h* = a b @ab + @c

h_ = a + @b + @?c

= Aa
ho + b+ ¢

Now 4if h* and ho arc zero, as for instance in the case
of negative~sequence filter whose output guantity does not c¢ontain
positive and zero segquence components, then the above three
expressions will become three phase balanced gquantities (h_I_,
¢h I_ v ¢°h_I_)s This is the basis of three phase filters. It
will be noticed here that a, ﬁ. ¢ are so chosen tﬁat h+ and ho |
become zero and Ia' LR and Ic are replaced by each other in

rotation in the succesgive expressions,
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For every single~phase negative sequence filter there is
a cor#espanding thres=phase filbter. Tor examplie, the threew |
phase filter correspondiné to Filter No. 1 (Art., 3,11) can be
obtained as followsg=-
three single-phase outputs, mutually 120° apart, are shown in Fig.
S5¢l5e These three networks can be used to form a three~phase
systen by connecting them in the usnal nmanner, This can be easily
simpiified as shown in Fig. ﬁ.lﬁg Here the source of primary
auéply is used once instead of three times as in Fig, 5.15, An
important point ié'that the circuit?y should be such that there
is no unwanted fecdback in any'phaéa from other phaées. Thé
use of internediate Qurrent Tranasformers may scmetimes be necessary
to avoid such feedback. The output counection can be either star
or delta. A star-connection is shown by dotted lines in Fig.
54164 Thevenin's three~phase equivalent cirecuit of this filter
is shown in Fige 3.17, where "Zi" is the internal impedance of

each phase,

In the prreséiona {0B.7a), (05:7b), (05.7¢) a zero
sequence component is also present alonpg with a negative-sequence
component (i,e. only positive sequence component is eliminated)
then the expected threeephase equivalent circuit will be as shown
in Fige 5.18, It is to be noticed herc that the flow of currents
in the burden will not be affected at all due to zero~sequence
couponents (hcxa) i.e. the network will still behave as a threew

phase negative sequence current filter.
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So it is not always necessary to=usg aﬂditiona1 meagures
such as cross~connected CyTus to eliminatefgero~sequence component
while obtaining a three-phase negative sequence {ilter,

Based on the above knowledge, a siuple threewphase filter

corresponding to the siqglewphaae filter of Fig. 5.19 is designed

(Ref, 21) as shown in Fig. 5¢19$n It is to be noticed that tﬁe
case

above-mentioned single phase filter is a special of the filter

shown in Flges 5.9b (''h I_ + B X, type) where R' = B,

In this three-phase filter, if there is a neutral recturn
path between burden and filter, wero~sequence current will flow
thus upsetting the three-phase system. ~So a neutral path through
. the burden should be avoided in such filtersj zerowsequence current

should only flow through the filter<elements.

Thus, for each single phase ''negative sequence filtex'!
or Yeombined filter of negative and zero-seguence components'!?

there can be a corresponding three~phase nepgative sequence filtex.

But their circuitry, which may need intermediate current transformers - -

to isolate different phases, is ﬁsually complex. One simple
filter, however, corresponding to & bridge filter (Filter 2a, Table

2) is shown in Fig. 5.20 as suggested in Refs. 3, 6).

Similarly, for each single phase ''positive sequence
filtert? or '"'combined filter of positive or zero-sequence
components'?t there can bhe a corresponding three~phase positivew

sequence filter.
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It is to be noticed that since the zZerossequence
components in the three expressions are in phase with one another,
it is not possible to obtain a threesphase zero~sequence filter,
Again it is to be noticed that the pusitive and nepgative sequence
components have 120" phase ashifts in successive expreséiona
(05.7a)y (05.70) (05.7¢) in two opposite directions of rotation,
Thus any three~phase filter of the combined type "h*I+ by hﬁlﬂ"

cannot be achieved,

Three~phase véltage“filters caun be designed in a similar
manner. One such filter corresponding to current filter of Fig.

5,20 is shown in Fig, 5:21 (Refs. 3, 6).

Se5 SUGREGATION OF = , [, O COMPONENLS

The three line currents can be related to X, p, 0

components by the following oquationsie

Ia::.Iq,i-Io

1 V>
Ibs::-/alx*é-é[b *IQ
PR )
To = =/2L = 55, + X

How, say, it ia.requiréd to achieve a filter of the general type

"hx 3:0< + hﬁ %6 + hQIo*' whera Q& N

o 0 ho are the arbitrary

chosen constants,

In generaly let the input current of the general fornm
"Aza + sz + GIc" be examined., Resolving L Ib and Ic by

PP i and O!'? components and equating the respective co~efficients
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of X, » Ip and Io with that of h, » %@ and h, the foliowing ae#s
of equations can be obtained

p-tyen-tie = on
Yyew - Yj2c = m,

A+B 40 = hg which gives

A = 2/311& + '1f3h°
B o= ~/3h, + fzh, ¢ yzm

cC = «wl/}hv( #%‘3'11{3 +l/§hg

From above it can be seen that if h hp. and h° are scalar
quantities then A, B, € are also scalar guantities, So it is
poseible to achieve such filters by proper transformer connections

or sunmation transformers as explained in Section 1.

It is to be noted, as mentioned bofore in Ar?/f;, that

it 1s not possible to dsclate positive or nepative sequence

components by mere transformer connections.

No application of <, ﬁs filters has been mentioned in
relaying schemes, But if the summators (or summation-transformers)
(Refs 3) are taken as the combined <, A filters then their
application can be found in practice as auxiliary mechanisms in

differential line protection.

The advantage of summators or x ./6 filters is that they
are very simple in that they worlk on the transformer~pringiples

and such being the case, they are very efficient also,



SECTION €

6.1. INTRODUCTION ¢

To provide a complebe ploture on sequence filters, it is
congidered valuable to give a brlief review of the usage of these
filters in general, in connection with the proteciion of transmi-
ssion and digtribution lines, This smection outlines briefly the
roles performed by the sequence filters in protective mchemes,
'Single~phase=auto=reclosing'y *Pilot~channel relaying', 'Distance

relaying' and 'Power=swing blocking?,

The following facts are basic clues for designing relay=
ing~schemesg &~
(a) All faults contain positive-sequence currents
(b) During power-swing only positive sequence current ls
present
and (¢) Any faultg involving earth, except symmetrical three-

phase to earth fault, contains zero~sequente component.

69

The generalised equivalent ¢girceuits for determining the fault

¢urrents for series and shint faults are given in reference 5

using symmetrical components,
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6.2 Single=Phase-Auto~Reclosing

Previously three=pole tripping and reclosing was widely
practised but, later, by the introduction of single-pole tripping
and auto-reclosing it was made possible to isolate the faulty line
leaving the healthy lines to transmit power, ensuring increased
and improved stability and reliability of the systems On a
phase~to~ecarth fault (it is assumed that the system neutrals are
grounded) the scheme operates only to open and reclose the faulty
phase and on all other types of fault all three phases are opened,
All the phases are tripped if the fault persists after the first

reclosure and further reclosing is prevented.

The establishument of sequence~filter theory resulted in
the development of a sensitive directional relay in 1942 which is
capable of distinguishing the faulty phase from the healthy phases
(Ref, 20)y, It depends solely on fault conditions and is'independant

of all normal conditions,.

The scheme utilises a three-phase negative~sequence~filter
whose output contains three symmetrically displaced balanced
negative=gequence currents, Three sinilar directional relays,
each of which is polarised by zeroesequence current, are connected
to the output terminals of the sequence~filter one in each phase
as shown in Fig, 6.1. The directional relays consist of powerm
elements which depend on the cosine of the angle of the input

guantities and they arc arranged such that if one of them reacts

to I.(negative-~cequence current) and Ip(zero-sequence~current),
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the second will react to @I_ and Io and the third to @?I_ and I0

wvhere @ is the conventional 120* operator.

In the grounded=system, during the singles«phase to earth
fault, the phase angle relations between I_ and xq are as followssi~

(1) A~phase to ground fault I, is in phase with I_) All vecorm

‘ are referred
(2) Bephase to ground fault ;s I leads I_ by 120° to phase

° current vector

(3) Cw=phase to ground fault I, lags I_ by iz0° of phase A

»e

8o the divectional relay which reacts to I_ and Io will act in one
direction for A« fault, butb will act in opposite direction for
Bl and ¢~L faults. Thuge this directional relay is capable of
detecting the ground fanlt on phase A,  Similarly the other two
relays will behave exactly similarly wheve one of them will detect

the grouhd fault on phase B and other on phase ¢ respectively.

Vhen one phase is tripped, the currents passing in the
other twp phases fewns the following phase-angle relations between
I_ and IQ tm

(1) Phase=A tripped

-8

Eg is in phase with I_  All vectors are

(2) Phase=B tripped I, leads I_ by 120° referred to current
(3) Phase~C tripped 2 I, lags I_ by i120% veetoxr of phase A,

|
The above relations further ensure the sclectlon of the damaged

phase,

During two phase=to=earth faults the phasevangle relations
which depénd on zerowsequence and negative~seguence impedancem~angles

of the protected system, between I_ and Iomay be as followste
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(1) BCwground fault I, is nearly in phase with I ") All vectors
(2) CA~ground fault & I leads I_ nearly by 120° are referred
(%) ABeground fault 3 Io lags I, nearly by 120° to current
vector of ph.A
The above relations show tpat the undamaged line will be falseiy
selected for tripping which is not wanted and this is a disadvantage
of the scheme, To overcome this disadvantage an additional device

is requireds This is explained elsewhere (Ref. 20).

6+3 Pilot~-Channel~Relaying

Full details of different types of Piloterelaying schemes
have been demeribed elsewhere, (Refs, 11, 16, 17, 18, 21, 22).
These systems are basically adaptations of the principles of
differential relaying. Modifigatian and economig feasability of
these protective schemes were largely dve to the application of
sequence~filters by which a representative single-phase quantity
can be derived Ivrom the three~phase and ground currents at the
terninals of a protected line and these single~phase guantities
can be compared over a pilot-channel, Hecause of these derived
single~-phase guantities by sequence~filters it has been possible to
limit the pilotechannelwpaths to a minimum of two only, which has

not been feasible otherwise before by any other efficient way,

The block-diagram of the pllotechannel~relaying devices

by using sequence~filters is shown in Fif, 6.2.
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The typical phenomenon of all types of faults is that
they all contain positive~sequence current (x*). A sequences
filter with single=-phase positive-sequence output is therefore a
goad choice for the required single-phase quantity in the pilaote
relaying schemes, But in the case of ground fault, the mapgnitude
of I+ nay be very small if the zero~sequence impedance of the
protected section is high. To overcome thic difficulsty it is
suggested in one of the schenes (using‘current comparison principle)
to use a scquence~filter whose output is a single~phase quantity
of amplified zero=sequence current (Iﬂ) in addition to positivee
sequence current (x%jg ices ‘the gquantity is of the form 'I_ + k I !

where ko is an anplifying factor for xa {Refs 21),

But in the above scheme the auantity 'I¢ + koIO‘ vaxries
over a considevable ranpge for different faulteconditions at the
saue location where Ii ie naximum for a three<phase fault and
mininum for a ground fault, Again, the positivewsequence
component I+ of different tgpes of faults is likely to lomse soiuie
genaltivity due to the influence of through=current of the systenm
loads which, as loads being usually balanced, conitain enly positive
BequencF currents, This may cause, sometimes, faulty operation
in some schemes, esgs incorreoct blocking ink protective scheme
using carrier channels To overcome these difficulties, instead of
using 'I* + koxo" T kaxe’ is gused as single phase guantity
in a scheme wsing carrier~channels But the scheme will fail to
work during internal threesphase fault, because fault current will

consist only of positive smequence and no negative and zero components,
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So for threesphase fault, it is necessary to introduce an extra
device in the scheme so that the single~phase quantity produced
congists of positive-sequence current, the magnitude of whieh should,

however, be greater than normal load current (Ref. 17).

G.h4 Distance Relaying

In 1948, a scheme was produced requiring one relay only
(I'ige 643) which uses twe sequence filters (one positive and
another negative) with single;phaae output guantities, by which
protection against 611 types of intefphase short circuits is
feasible, The princiﬁle'of this schene is briefly discussed

below (Ref. 5, 19).

The input to the sequence filters are three volilages (Va- Iaz).
(Vb - I,%) and (Vc - IQZ) where V_, V, and V, are the derived
vollages from the potential tranzformers of phases ay b and ¢
respectively with rempect to ground énd Ia, Ib and Xc are the phase
currents of the corrvesponding phases derived fpom currvent
tranpformers and % is au impedance the value of which depends on
the impedance of the line protected. The output quantities of
sequence filters are of the form (V* - x*a) and (V_ = I_2)
respectively where (V+ - I+5) and (V_ = I_7) are the equivalent
positive and negative seguence somponenis respectively of the input

quantities to the common terwminal of the sequence filters,

The restraining codl and the operating coil of the

balanced clectromagnetic relay are operated by the single~phase
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guantities (V+ - I+Z) and V_ = I %) respectively, The impedance
quantity % can be chosen in such a way that for any type of
metallic=interphase shoré cirecuits at the end of the protected

zone the quantity (V+ - $+3) is equal to the quantity (V_ = I_Z),
thue preventing the operatien of the relay, i.es the relay is in
the balanced condition, When the interphase fault is ountside the
protected gone the relay operates in the opening direction and for
faults within the probected zone ibd operates in the closing
direation of the relay (Appendiz X1X).Working on the same principle,
& new device has baen'éevelﬂped which the three input voltages

(Va - xaz). (Vb - Ihﬁ) and {V, = I %) are directly applied to an
induetion~cup velay which works on inductionmmotor principle, i.e.
when the negabive sequence torque equals to the positive sequence
torque the relay remalas at standstill. then the negative sequence
torgue is greater thawn the positive sequence towrque the relay

moves in one direction and when the negative sequence torque is
leas than the positive sequence torque the relay moves in the other
dircetion, These are the cases which arise depending on whether
the inerphase fault is at the end, outslde or inside the protected

zone respectively (Ref. 13).

In the same scheme & separate relay working ﬁn/aimilar

prineiple protects against the three~phace fault, (
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645 Power-Swing Blogking

The only sequence component which ls present during the
swing (without fault) is/positive sequence components So the
sequence filtbters which have an output gontaining only negative
seguence component or ounly zers sequence component or both will
have no output during swingss  With thisg idea in mind, and using
a negative~sequence (or combined negative and zero segquence) filter,
a relaying device can be developed by which the mailueprotection
can be unblocked duﬁing faults with or without swings and can be
blocked during swing only (Refss 5, i2)s The dimadvantage of
such a scheme is that it may fail to work during threc-phase fault
which contains only positive seqguence cowponents. But practical
experience has showa that there is nonentary appearance of
negative sequencs component across the filter due to none
sinultanecnus shori~circuiting of the three phasea, It is to be
noted also that there is some momentary voltage appearance across

the filters due to transientes during the three-phase or any fault.
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CONGLUSION

In protective schemes which are designed to react to the
sequence components which arise during abnormal conditions, it is
usual for a relay to act in conjunctilon with a seperate sequence
filter. Such filtexrs have been discussed in this work. This comb-
ination howover is not necessarily the best arrangement, It may be |

o

j,,./" ‘ = - ,;.»w-ww-,_._,._-
sometime more conf%nient in practice, and more{effici;;;§ 6 coj-

S

et r— e e

bine the Hwo units. An example of this precedure is thé current
filter lc of Table 1{ Art.3.6.1). Using the same network constants,
an electromagnetic relay can be constructed (Ref.b) as shown in
fige?, where the resulting magnetic flux is proportional to the
sum of the currents in the three gpecial aymmetrical windings.
Although desipgn principles of such combined wnits have not been
treated here, the filter theories which have been considered still
apply.

Apart from the obvious possibility of developing new relay~
ing schemes using sequence filters, further investigation of the
trangient behawviour of filters for different fault conditions is
regquireds. There is also considerable scope for thorough theoretie-
cal treatment of the performance of sequence filters in different
relaying schemes.

This work is not presented with any degree of finaliky, but
rather as an initial systematic analysis of a subject which has
hitherto been treated in fragments. It is hoped that it may be of
assistance in enabling filters for ‘speeific purposes to be synthe~

sised Irom the general principles discussed,




CONDITIONS FOR OBTAINING NEGATIVE SEQUENCE
FILTERS

Appendix 1A

By applying Thevenin's principle, the open circuit
voltage of the filter (Fig., 2.4) is given by

By & (AlIa + BI o+ Glz:a)ze.-l + (ARIa + B,I, + cazc)za

o e i s o g w Wk v e o o e e S A B

A

(Anxa + BnIb * cnxc)zn

= (AyBy + Agly + ===me=m v A 5 )4
p ¥ Bplp * mmmmemm 4 BBy \/_Z" Y

(:alz

(Cy3,y + C 2, + wwmmmesm 4 C,2,)

or VE

oa aIa o+ bIb o+ cxc 000 i ) D A ey v fS S ) AN iy e G ) S S A T4 S -—h(la)

where a = Alzl + Aaza b memen e an on oy Anzn

[+
i

= Blgl +.Ea 32 t wmem—— ann
Replacing Ia’ Ih and I° by seqguence compbnenta in eqn. (1la),

2 , - 2
Boo =a(I_+ I +I)+b(@I +el +1I)+c(el +a@I +1I)

B

(a + &b +€s?.c)I+ + (a + @b + @,'lc):[“ + (a + b+ c:)IO

In the above egquation if

2
and a + b + ¢ = 0 o - 1 8 o -nnnmmmnn-ﬂw-—ﬁu—-u—mw(le)

then Eoc is a funetion of I_ only.

The necessary condition to obtain the desired negative

sequence filter, found by solving ecquus, (1b) and(le) is
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Appendix 1B

From Figg. (an5)!

2
. : 2
Short circuit current = I_ = (A1I + BT, + CyI ) T o
Z
+ (AT, + BT + Gl )= Z
3 L
or I_ = (Ajky + Ak,)T + (Byky + BokeoJI, + (Cpky + GoRZ)I,
' ..€1d)
Za 4
where k, = peeeme—ee— and k., = -
1 Zl + 32 2 25 + &4

To obtain a negative sequence filter, the cowefficients
of I+ and Io raust be zero,
hence from eqn, (1ld)

(Al 1 * Ak ) + (Bl 1 * Bk, ) + (olk + Gk, ) = 0..(1e)

and (A ky + A ka) + @ (B + Baka) + @(Gikl 4 Gaka) = Q,. (1f)

»

«'s from eans, (le) and(lf) the following relation can be obtaineds

Alkl + Ayl 31 1 * Bk, 01 'yt Gk,

- 22 wemmm(1g)
@ - @? l -~@ 2 -1




APPENDIX l:l_-' .ERROR IN OUTPUT CURRENT OF C.T.

Norton's variant of the C.%. equivalent circuit is shown

in Figse (3.1a). If &, is the burden across the C.T. then the
it s Z z

. . 0 o L “mag

voltage across the ;oad é;ph-(b&y) =Ry I.g ZL =~

nag
' 5 gffa -l Z N
= nctxctéL(l + E;;;) = nctlct L(1 nag) as 3 éﬁ> ZL
= Rag L(I E§£4E) o 4 v s o s e e s m (2 4 1)
mag

Ih the ideal case voltage across the GyT. (or load) = I tZL

L t (SaY)..{(goa)

8

O‘.Q fron (&.2) and (2.1)

B
et
Iﬂzn Z(I fer—
L' et zmag
' ’ EL Ect
Output eurrent of C.T, = current in?2 szg==n_ (I k = )
L L ct "ot 4
nag
T PO A
when Zm > 38, then Zmag = &m +* ZB = Zm and
4
t Zm + 35

Output current of C.Ts = (Ict - ﬁﬁﬁ )
' i}

It can be argued that a current sequence filter consists
of several current sources instead of a single source and hence
the output current may be different. But it can be seen that
the same result will be arrived at as shown by the following
calculationsi~
Let a black box containing a network with several current sources

be put acrogs the G.% concerncd as shown in Pig. (App. 2.1),

el



S5 o

4 ]

Black  Box .

= H=EH b

| logee= 1o}
tl—

Black Rox

FIQ -A‘pp 2.1a. :
| ' Lerg,

<« ] : e o
O ?T {0 _Fla_“‘_p‘v‘{;ﬁﬁa.l'rb:.

i

Izg

’ ' g,
e , Fi6' App 2.14.
~ FIG App 2.1.C. | |



But the black box also can be represented by a Norton's variant as

shown in Fig. (App. 2.1a).

So the above cireuit (Fig. Apps 2+41) can be represented

as shown in Fige. (App. 2:1b).

o o« Ideal voltage across the C,T. concerned = {Ict + IBB) ZBB'

Due to impurihiea in the C.7, concerned the circuit will
be different from the ideal circuit as shown in Fig. (Appe 2.1c¢).
Here Zm is assumed to be vary large compared to Zs and hence ZS
is dgnored to simplify the caleculationt=

Voltage across the output terninal = E, = (xct + IEB) -
4

A

It has been mentioned before in the main text that the impedance
seen at the C.T, terminal must be very low compared to zm; is.e,

: t %
* f = ' - WBB . &
Bpp << zm fo B = (Ict + IBB) ZBB(l Z. ) as ZBB <L 5

B

. T,
= Zup(Toy + Typ = 2;“)

E i
"+ Current through Ly, = T = (Ict 7 ) + Ig

.". Distribution of currents in the cirouit should be as shown in

Fige (Appe 2.1d) which shows that the current output from the C.T.

When ﬁa canaot be ignored in cowparison to ﬁm' the above expression

and %

should be multiplied by B,y

m is replaced by ﬁmagfg zm + ZS

)



APPENDIX III : TRROR IN VOLTAGE TRANSFORMER OUTPUT

Trom Fig.3.1b{ actual equivalent circuit),

the impedance of % In parallel with (Zsa + BL)

R (say)
Zm*ﬂﬁa*zllx B
32 gsl
& Voltage across & = V'l e (L =YV o=mon, V
p pt Zp+Zﬁl ﬁF pt.~ “pt " pt
| Saél zp>>zsl)
Zaa
. e gy e BB
~ Voltage across By = (Voltage aeross AP)AEZ$§~?
. . 82
b
. 8e .
= n vpt (1 ﬁzw (as 2y %)
| |
= npt (th "F‘E"'EL Z'BE') = Ilpt(vptnlptésa)

v
where th e L Ldeal output current,
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FIG - App 4 1.



BASIC CONDITIONS FOR DESIGNING DIFFERENT KINDS
OF NEGATIVE SEQUENCE FILTERS
Apoendix 1V A

Let the current in the impedance element 2 (Fig. Appe 4.1)
bo (ax& + bIb + GIG}. 80 the output gquantity (current) in the
burden is proportional to (aI_ + oI, + OIQ)
iees output current

~<a(al_ + I, + mIa)

-

c<&3L(a - l/'2b - l/ac) - ji% (b = c)] I,

+ L(a - 1/ab - ;/ac) + jig»(b - c)] I_

+ La + b 4 c]Io _

which is similar to expression (1) (4rt. 2.4)s It hos been
explained in Art. 2.4 that it is not possible to isolate I+ or I_ ,

one at a time, under the above condition,

’Appendix v B

From eqn. 14 (Appendix 1A)

a o} ¢
2 = B = = = Q (s8y)
F - @ @~ 1 1‘“@8

for a two=clement filteyr n = 2

[ ]

« o putting a = Alzl + &Ezaﬁ

b = By%, + By%, ~

¢ = clzl + 0232’ in the above equation, the

following sets of equations can be obtained.

Ay



o 2
8%y + ByB, = la™ - @)
By%, + Byd, = Ql@ = 1)

2
C %y + Cyly = Ll - @)

‘ 2 ! : -
giving (Ay + &By + €0))2%, + (A, + @B, + €008, = 0 (4a)
and (Al + By + clizl * (Aa + By 4 Ga)Za =0 e D)

from (4a) = /180° mmmmmn o= { 46 )
%2 ay + @?Bl + @8y |

" from (4b) and (4o)

R -
Aa + @ Ba + @ba

g —
Ay + @By + @Gy

(Al + Bl + .

1) {180° + (B, + By + G,) = 0

2

. B L ,
or (Al * Bl + Gl)(Aa + @By + @Ga) - (Aa + By 4 Ga)(ﬁl + @B, + @Cl)

1
To satisfy the above condition the real and the

inaginary parts of the above equation should be mero, i.e,

- o, 1.,
[ﬁal + By + G (A, = /2B, = 1/20,) = (A, + By + G

1 1
(A, = Y28, ~ */20))]= 0

and [}Al + By + cl)(~E%kBa + 1%-63) - (A2 + B, + Ga’”

-nﬁ 3“-—
¢ 331*'§*1ﬂ“’
Solving the above pair of equations, the following relations can
be obtained
2l
Al + Bl + bl

and Aa * Ba " ca == 0 B S V0 w0 N W T N W i i ) SO S R i S I SV T e S D FYVE AR e e o S (L‘,e)



Awgendix iV ¢

(a) If the inpub stimuli be (X, - I,) and m(Ib - Ic)

as shown in Fig. 3.3a,

then A, = 1, B, = =]}, Gl = 0

1 1
and Ag = Qy Ba = 1, GR = i

"y from eqne (4c)

5]

i @?m ol 1
2 1=gn

2

n
where x = T

(b) If the input stimuli be 1(Ia ~ I,) and m(Ia - Io)‘
Fig. 3051) ?

thean A, = 1, B

1 = wl, C

1 =0

1l
- and Aa = 2/5m. Ba = -l/Bmo GE = "l/3m

2 1 1
as  m(I_ - 1) = (/31 = 7/35, = “/31))

s from eqn. (i4c)

A 2 1 2
1 m /3 = 7/3(a" + @) , X . _
Eg'" T (1‘;§@F) ‘ {A80° = (150° (4g)

where x =

ol 11

{(¢) If the two input stimuli be 1(Ia - Ih) and
m(Ib - IO)' Iige 3430,

then Ay = 1, By = =1, Gy =0

1 1



a
and Aa = «;/Em, BE = /B, 08 = ~l/3m

i, 2, 1
as  m(L, = L) = a("/3%, + /3L, = “/3L,)

«'s from eqns (4c)

% 1 ) 2 1
i _m( = "/3 +_§E_ 3 =@ /%) %
£ -2 L/ (180° = F= /30° (4n)
2 (1= @)
3
where % = -I%.

(@) If the two input stinulii be uz, - Ib) and
m(I, = I )s Fige 3434

then Al = 1' Bl = "‘11' Gl = 0
1 " 2
and Aa = = /31, B, = nl/pm. C2 = /3

1 1 A
as m(Ic - Io) = m(= /31a - /31b + /3Ic)

«*s from eqn, .(4c)

L, & 1 2
Aom =~/ /3@ /3 ¢ X /o0
2 é'ln@a - (180° = gz [290° ... (41)
n
where x = i

Appendix 1V D

'rom eqne (1d) (Appendix ia)

_ & - b - C
ea @71

.anQ(say)
1-¢

Because it is a three element network n = 3,



* putting a = AR, + A%

149 + A5

2 373

b = 3121 + Baza + BBZ3 >

c = Clﬁl + caza + 0333.

in the above equation the following relations can be obtained
BTy + G, + Byl = W = @)
171 272 5273
B2y + Bydy + Byly = Qe =~ 1)

L) - o fJaA
CyBq + CpB, + 0333 = (1 = @)

which give 7, :za
Ay Ay (e - 1) = . (° - @ &,
B, By (@ - 1) By (@ -1) B,
e, e Q- &) | | o, (- ) ¢,
Zy | g
I T Y SN A W W R
(e =1) B B, By By By
(- &) ¢, C, G, Uy Gy




APPENDIX V  BASIC CONDITION FOR DESIGNING BRIDGE FILTERS
Here, Alxa + leb & Glmo = Ia - Ih

and Agza + BaIb + CEIc = Ib - I

c

o.. A = 1' Bl = ”1‘ c

1 = Q

1

b, =0y B, =1, cE'm-l

Putting these values in eqn. (1g) the following relations can be

obtained
k k., - k i
E: -
i 5 = -3 ~»@; = mﬁnﬁéﬂ v glving
@ -~ @ ' @ « 1

(1 - @?)kl = k(@ - &)
or k, /30° = k, /90°

— -]
or kl = ka géQ

Z 4
or 2 Py mmméwmm 560' ~ﬂﬁmﬁﬂnwnm~ﬂumuﬂnw“ﬂhﬂ(5&)
Zl f Za é# + 53

or 1l + ﬁl‘nsg’ + madsﬂ. = 0O ﬂﬂ—m—wnmomnnmqnmu_umm(5b)

where

3
=

#
W

o
an

i .-
1 = % n

B3



APPENDIX VI FREQUENCY QUALITY

{(a) Let foc(k) = Open circuit voltage due to positive sequence

component when frequency is k times noninal

frequency.

vac~ = Open cireult voltage due to negative sequence
component at nominal freguency.

(k) = ( Internal impedance of the filter + Burden

impedance ) when freguency is k times nominal

frequency,

Zi = Internal impedange of the filter at nominal
frequency.

%I = Burden impedance at nominal frequency.

fscfk) = Short c¢ircuit current due to positive sequence
component when frequency ls k times nominal
frequency.

Isoﬂ = Short-circult due to nepgative sequence compo=-

nent at nominal frequency.

Let a current filter he counsidered. Then from the knowledge of
Thevenin's equivalent circuit and from Art. 3.7

Error due to positive sequence component

{foﬁ(z\:)/z(h:)} {( By o By )/vocjj l

{as burden current = Voon £ Byl ) )

= Bovor (may) =

'.. o= ,%’E(Errcr) = gi + 1{:& SL fOG(k:)
k=1 VOG dlk étk; I




AR ¥
i L |. d 1 L d
= £ (k) mom wipmme 4 s = § ()
V00~ e die %{k) 2(k) dk “oc _—
v Ce gi+§l dk 0G
Q - B ‘ }'{:1“;
= v l' |dk Oc(k) ‘ sarasesavarnenersencssansesalla)
G- k=

Similarly it can bo ahcwn also thatl

U ’
‘l_}*.‘...-l':::#:“ d].i .{‘S (k) Gioi..qn-aps;obtoﬁuoup-nttocéb)
ad k=l

§b) In a bridge filter, (Art. 3.6.2 )

— sﬁz(lﬁ) . I Zﬁ(k)
ab :aiik) " 2&8(1’;) be .235(1{@) + Zq_(k)

fsc(k) = T

where zn(k), &?(k) etc. are the impedances of
ﬁl, ﬁ? ete. at k times nominal frequency.

{ 7, (k) }‘“3 . {Zl(l’;)}
nt l L s and] a—— -
“ab Pﬁa(lc.) dic Zazlzs

ksl
{ ﬁl"u{)g“a ; {“T*TZL’(E)ﬁ L (6¢)
b d 1L+ " — TEEE c
%0 &5 k s 2;5 k k=1

From (5a) & (6a),

d ( | gﬁ- " . Eé‘.’s (k)l
= £ (k) =l 4wt /120 e
dk “sc Jesl éB ab dk (k)
Yy {A (1)
be ak gj Ik

k=l



% 2., (k) 2, (k) ]
— “it 32” l -] Q'“_ "'{’ noq(éd)
=V I, 1w by dk  %,(k) L3200+ am .‘2‘33(1:5'
Y=l
22 e I dej - 4 h.ot.ounbonoocn«.(ée)

T -= . "‘"""“'","""" [y 33:_. s
sc ab Zl+ﬁa be 35+é4 33+é4

% From (6b), (6d) ana (6e)

w1

Gy, %y (k) %, (k)
= i;"l -& S}:—- : o Jw}0® ...__d 4 .
W= :.‘5 Lo+ ?a::.’g dk 3;2:1{5 é—}f&{l—- + ak, Z3 It kalunhont(af)

'Frequency error' snd 'Frequency quality' are usually expressed
in absolute values.




APPENDIX VII : IVPEDANCE QUALITY

Let Eoo = Open circuit voltage of the filter
iégi = Internal impedance of the filter

ﬂl = Burden impedance,
L

B

& Volt=~ampere output = |= oL - 2z
| 2 n gi& + ﬂxﬁgh L
‘ Eac ZL | \
| Loh 23 2 uos(ﬁ - ﬁa)‘

Differentiating the above expression with respect to Zy

(taking z; as variable) and equating to zero, gives z,= 2

T P

So for maximum VA-oubtputb By should be equal %o By .
1 2
" VA = O.o oo
maximum 2z, il + cos(f, @, )t

Now if (ﬁi“gh) is made variable, then the maximum VA-output
can be seen to be further increased if (ﬁinﬁl) = + 7 which
is not possible to be fulfilled in practice as explained in

Art.B‘g.

APPENDIX VIT 4 & VA-INPUT %O THE FILTER

Pilter 2¢ of Table 2 is chosen to show that the *VA-input

to the filter'! caleulated on the negative-sequence basis is
equal. to that omlculated on the positivewsequence basis.
Again it will be seen here that, in comparison, the calcula-
tion on the negative-sequence basis is wmore complex than that

on the positive sequence baois,

Let I be the circulating current through the impedance elements
on the open circuit condition of the filter, az shown in
Fig. APP, 7a,



- lab

@

3 = ~TV3xg
<1
-lz R
FIG App Ta.
| i, 1p
V3 & . ~TIVE =2
JIL
-3z % Z
 FIG App T7hb.
lob ibc
e —
Iab—l-I, ]bc-i-r-lz
—_— -
y3 2 -3Vix B
A
11+1l . 1‘_?12
-3z x Z

FIG App 7.C.

1-1,



« Trom the loop,
T(xz + V32 - jz - jx3s) - jxwiszc - szxah

or, T(x+V3) -~ JI(1+:V3) = ~3I_x + 5_ /=30°

(conpsidering negative sequence component)

it

0

V(x s +1)
2(x +V3x+1)

ory [ = ﬁz Oi-otopioipinoqao-;octto--(?&)

2

2
i d ~ & 5ing = - Vﬁ# 3
A (x =% +1) 2V (x =x"+1)
Now let IL be the burden current,

where ¢oge =

% The distribution of currents I, and I, as shown in Fig.4PP.7D

_ xz=ix3z
L V3zwjzexg- iV 3xz

it

is given by I, =% IL' x(1=JV3)

IL' 2XL__.“60.., veses(70)

I
| . L
Whera IL = tx+v3) ot j(1+V?X)
Similarly Ia = IL' (VB - j) = IL'2£-50° iwooc-o.-cona(?ﬁ)

» By superposition of (7a), (7h) and (7¢) the actual distribu-
tion of currents arve shown in Fig.APP.7c.

& Volt—amp Input = (VA), {}Vﬁ~input from source I

ab)
+ (VA=input from source Ibcﬂ

Vse/z(6=30%) = [T, .T,|V32/=(60°-30%)

1nput

i I[L—E'Iabé[ U3z - [

o ~ -
& xvﬁz+lxbc.xlxv3z/(~90°~e)~9o° -

+ | T

Ibe‘xz[xv32/490°+30%~90°ﬂ

Olocuo#tcla.onoooqooou(?d)
100-0000(79)
19 IE'II l and IIbcl from (7a),
(7)), (7¢) and (7e) respectively in equation (74), (VAa)
after simplification , will be obtained as,

On the negative sequence basis [Iahlzllbc|=lﬁ31_

Putting the values of I, I

input®




(VA)in:pu_b = %‘é I“ER \!“(xa-i-\f:‘jﬁﬂl) lc-o-a.nocoooosooonuontQc?f)

It is to be noted in expression (7d) that,
™ o - )
‘1ab.I1| V3e/=30° +|I, .I,| x32/=210° = 0

When the caleulation is done on the positive~sequence basis,
there is no current in the burden,ile. the burden is in bet-
ween equipotential pointes, and so this condition will remain
uneffected even if the two eyuipotential points (orx burden)
are short-circuited(or open gcircuited), With this prev lige;
it can be appreciated thgt the calculation of (VA)inpuﬁ o g
the positivew~sequence basis is sinplified. It will be seen in
Appendix XIIL,equ.(13h} that the same result as (7f) is arrie-
ved by calculating on the positive sequence basis for the same

filtex,

n




APPENDIX VITI DESIGN FORMULAE OF i1st CATEGORY OF SERIES FILTERS

(a) The open circuit voltage = B

= 1 (Iawlb) zl M (Ih-IG) by

%
. L .
132 tzaﬁ}'h) E" + % Ib*Ic_)_

i

2
ey .“ Zl
m f}iﬁa {_:c/,"ﬁ()‘* + x/9(}°j’ Gas 5= = x/60°% , equ. 4F)
-~ 2

= 1 ‘(33:*}{28&0:) T P &9

Internal impedanc¢ce of the filter = ?I.i

: A
] 252(3. * ';;}") = 5‘32(1 + 3’»'{6@(') .‘Pi’?.oiilnittt(Sb)

= By o+ D 7

pod
Let 252 & z-aa’

% from (8b), By = zafé_f’ + 3/60° +¥ )

or, % {cos‘?“’q- x cos{60°+7% ) + § sin¥+ j x sin(60° +‘I’)}

1 zE’.
= % V"(xgw-&-},)éé . : (8e)
Ja ! [ FE A R E N R RN NN NN E R A NN NN NN ENNERENEREYN]
cosY + x qoa_(60'+“f’)
V’(xa+x+1)
sinf + x sin{60®+¥ )
lf'(xa+xa~l)

vhere ¢os é S

and sin é =

A
e

. _ oe i
& Burden current = IL = W vhere .aiég_ is the matched

burden
5I*§;3469“

I 5 ( from (Ba) )
ﬁaxr(x +x4+1) . (/ +/8)
: I
- T = 1 .:’53{ - , l
Ll \f(x‘i+x+l) &+ /8 '




(o)

% Volt-anp oubtput = (VA)

output
. 2
. 25 £
2 a Oxrad -
= |1 z.l = 1 S g I n-ioagnuu-uaocqnncacgd)
! Lo T4 v"( xa‘kx*l) ' “+ £ o

Volt=anmp input (calculated on the positive sequence bhasis)

= (VA)ihput = 1°, 3_:*‘3|xal +ixaza|

-

= 22, 3|1 %x0,(£60% + %)
= 17, 3 I+'2 xzaf(xa-i-x-t-l) P 19

* from (8a) & (8e)

, 2
R 1|
TA=quality = 7-—— = |
1;518: . v , l ] aunn;¢(8f)
32¢3+1 1 + ¢osd, coed + sinB.s5ind

Two sets of VAe~guality curves from (8f) with two suitable
values of V¥ ( ¥= 0% and¥'= ~-00° ) are shown in Figs.dlL for 60°
(ivesy ©=007) and 90° (diee.y 9=907) matched burdens for compa-
risons, It is to be noted here that a 90° matched burden is
impossible to achieve, but it 1o chosen bescause it im the
extreme case of pure laductive burden,

It can be seen from the relation (4£) that the impedance
elements ¢an be chosen such that @
%4, and %, can both be induetive

QI y zl can be inductive and %, can be capacitive

e
or, %, and ny can both be capaecitive ,

it Zl and 22 are bobth be inductive, il.e. Za = zzév' ¢ Say,
and g, = xza/60°+?'

1
at nominal frequency,

thon



then Zl(lsz} = X 395(60"4—*) + j xkz sin(60°+¥) sseesnannesl8)

2

GOES‘I', + Jjk z‘,? sin\y odt-‘rci‘&oiuoétlttlu‘(gh)

2

and Za(k) = g,

*» from (8g) and (8h)

ioa(k) = 1{[3{ % 305(60‘«1-\") + J k x a2, sin (60°. +\’J)]¢Iah

. \l!’ 4 i %J
+[jacos +gk:za.smn ' x:ﬁbc

H

i ‘ e Q"'(k)‘kwl V3 1, .sz.a.l.l x 8in(60%+7)/30° + x sin?, 900‘

l{ﬁ.}:ol-}{mk ncotmnngoeuboapiqttnouotuu(gi) )

from (8a) L] VQG* = ’Eoc‘ = ls 3 :E* & za liabqtnoolno-counoga-(83‘>

% from (6a), (8i) and (83),

o
Bo= Cu5 ¢.o¢ngﬁoqoa§.otsonotao(ﬁ’k)

Similarly it can be shown that ¥he frequency quality is
045 1F z'l and &, are both capacitive.

Now let :?.31 be induetive and 5?:;? be capacitive;, esg.

by = ””ﬁ g(a“s; nominal frequency)

and .».ﬁ = x agéét‘)“

o () = % 5, con(60°%F) + jk x =, 5in{60°~7)
g ;
cos ¥ - J = - gin 'V

& z’:,,(k.) = %,

E (k) = 1{1 :.. . caa(ﬁ(}”-"f’) vk oxom ain(50°~\/")]

2

2
r)
+ X I.m [ZZZ cos '« d r— s:m‘f_:]

Ie

I%&- fm(ki')‘ = ¥3 I, % z, 1 i 2in(60°-%¥) + sin /=120° ,

Y3

k=1 :
= V3 x 8, I 1V( .75 ~ 2= sin2y¥ + sin \p) ens (81)

from (6a), (8j) and (81)

o= V"‘V( 07,) - "‘2 Gint)y-‘"i‘ Sin* ) ;..,...u.i&n)
the minimum value of which is ¢29 at ¥ = 30°,

1e
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(¢) If one of the gtimulli is reversed (FigeAPP J.1) then to .obtain
the negative sequence filter, the condition to be satisfied is

o .

FAN
L

Let ZZ«'_ = 2‘2&’

o § (at nominal freguoncy)
and %y = x Ty (120 )

b S
ke

5 cos¥ + J k Zn ginY

&

il

s 5(k) = x 2, coas(120°%Y ) = j 2 ain(120%=¥ )

and Z{:’.(k) I

.z.

X z,
£y088) = Eab{x z, cos(120%¥) - j "i?"-'%"" .s.in(.laa‘a‘f‘.).}
= Tye{x 5y comY+ §x ks ﬁinﬂj‘. T

™ S‘.- - d -] E. P Tes ]
wlae £,.(8) =V3 I, %3, 'sin(laa «1) = siny /=120 l.l
k=l ‘ ' no.'n‘oa:v‘hto('sn)
VOG“ = :‘:? :{* X aa s & .n-‘s.;.u;uq.ﬁ.un-nsnu-(gp)

-
-3 ]

from (6a), (8n) and (8p),
o= ,t"‘r%" l &3:%11(12(;3*-—}”) - Sin\f'd*‘la(}g ' Obc*ii?o:oa‘SQ)

Trom above P o= J765 vhen “+ = 30*
60°
90°

It

n o= 4866 when WV

[

and o= 765 - when v




APPENDIX IX DESIGN FORMULAE OF 2nd CATEGORY OF SERIES FILTERS

(a) Open circun.t voltage = 13

V}x a.elg“ég' o x Z 2 }1 =] iI * 202‘60 _’il 01-¢-0(9a)
. (aa --- = .V—- g 50° 4 from equs 4g)
Now let Z, = 2.}[_” '

then 2%, = 2 +22 7—— (f} + x/150° )
| l\fj sos -‘ cm“;»ﬁy-'-_?}(‘ﬁ'”) + 3 V3 sin ¥ J sin( YJ*Z&D"?

= %V’(Enf:ix + ‘xa)gi bedieivaivarisessisnnaisiies(9D)
$. V3 cos ! Ve cosc\‘p =30%)
V(ﬁ*ﬁxma)

V3 sin 7/* s:l.n( \P-}O )
¥ (3~px+x )

vhere oos

sin S*

H

‘_ From (9a) and {9b)y Burden current :‘ ILl

Y k I
= e , "
V{5wBa45") 78:fe

 where /9 = angle of the matched

burdeni
. 2
. (w‘)output = iIIé %y
2 - Vix® %y . P
»’-‘-.l“ A ——————— - '(9‘3)
.1{'(343:‘,*32) + a [ EEENEEEENNNEN NN

¢l

<VA)111}311“7 ::'1: (,}Zl + X ‘v’&)l‘l @ X Zn l a(f}: +1C)
X 2, %. v"(fb‘-ﬁxq-x) \l t.os#ﬁtnti.&t“kit[&i(gd)

i

e

te-

From (9¢) and (93)) VA-quality = = ——tiX. m
.y

(3=3x4x")



Lla-l)  am(1eel)

e -4"6-%1'5597“7 . -"—

—-—“—-———-J' .
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. V3x . 1
= Comand) (1 + cosR como + BinG sind )

A Aset of curves with 60° and 90° metched burdens is ghown
in FPig.G2 corresponding to the abovo cqualdon when'V = -Q0*,

(b) Let 4 = v‘i.- 2,/150° -\
and ﬁa = z?é
o (k:) = T-'— cos(150%=Y¥) 4 ik *-Tw ain(150% %)

(at nowinal frequency)

and &,(k) = s cosY - j malban’

£y (1€>~1a[ab 1&)1::(1&)2(1;.5" I

X 2
t*- aélw » » 2‘ P -}
T foe (k) - = 1y |V3 I,k SER sin(150°=- ¥) /30
.
a2,
+ X I+ = gint
k=1
e on o o=lE xa sin(150°-¥)g30° + sin¥ | .+e0(9e)
!Eoc' = I” X Zae A unant-osduinawodu-imcbno(?f)

& from (6a), (9e¢) and (91)
Sin(lfﬁ}o“w>£ 200 + ﬁin\f .un.-u(':?fg;)

which gives 1 = 1,8 when ' = 90°
p = 1,75 when ¥ = 75°

TR

i

B

2 = lad when ‘f = H0°
(e) If one of the stimuli is reversed (Fig.APP 9.1) then to
obtain & negative sequence filter the condition to be satis~
fied is
Z
Marimz()a nnioiqQ,it.cQ-ucﬁ'ooﬁohidaitvti¢<9h)

l'ﬁ

where x = T




EQO = l I_ X 5:."135"'120’ Qoononnin-ioutocn.n-nunintlnuto-tmnt(gi)

Let .’&E = zgg‘f“

S %omom LY+ %/».30* + )

4

%"":‘,;' 32 V.(xa‘*Z?X*ﬁ)Lé_ 6u¢¢¢n‘h-oa-nooo-toncco.-a.ono(gj)
L Y3 cost 4 x qos(Bo’uYﬂ)

i

Where cos 5
V(x“+Fx+3)
and sin = V3 sing”-r x sin(30%= ")

T(x"+3x%+3)
% From (9i) and (9j) ,
Burden current = ‘1 = il o oote VB % I

SN VATV NN 2 T
2
2 I
: 2 V3 % % - 2
& (VA) a I8, = &= ‘ c 12 e eeeeena{9K)
output L4 VTxg+3x+3) VRV
2 2. 2 2
(VA)input = Iabl 4yt ¥ ‘Ia - Ie‘ % t’ 1

= X 2'.2 I*aola. V"(x‘?wm}) odhioo.toatlnluulcuotgl)

X From (9k) and (91)
I3 x S
? (xazxe3) |G L2

RER: 1 :
= (x2*3x+3) 2 {1 + cos® cos8 &+ Sin® sin o) ++(9m)

2

Two sets of VA-quality c¢urves from equ.(9m) with two suiw
table values of (v =60" and ¥ = ~60% ) are shown in Fig. G3
for 60°® and 90° matched burdens for comparisons,

(d) Let, at nominal frequency,

b4 404




X Z
-~ 2 -] s.}a
2’1 ) 5-29-—3'—-—-- Both are inductive

T . ie€ey 90° » Y > 30°

k x 2,
Z!l(k) "V"‘"" 305("50“'9-\[' ) o+ 3 "V"‘"‘""" 5111(""3()‘4')‘ ) o-nvo-.o#noggn)

I

Za(k.) = r«:.a 008\1" + Jk 2:2 sin YV -..nu..nnuni..nu..-(?}?)

i’oc(h‘.) = F[&b El(k) - (Ia"‘IO) zc?.(k)_l'l t.tﬂiﬂﬁthititﬁﬁw...(gq)

From (9n), (9p) and (9q)

a_

ik f (k)

= in(F =30°)/30° - |
et i @, I, '5.1.11(‘7" 20°)/30 sin

:?"'X 2'? 1+al .o-n-gcoaca-o¢q¢n-¢-oaao.oo---(9r)

Fronm (91); VQO- = zEGGl = 1. I_ X ’i."a uotuouoon-.ouuc-qo-cic(9$)

From (6a)y (9r) and (98) 4, % = 0.5
Simllarly for 0%2y 2 =60%, p = 0.5 .,
Now if 30°z V2 0*
then %, = z,/\ (inductive) al nominal
) 8 . frequency
and 7, = ( x zP/\!B ) [=(30°=%) (capacitive)

X Za X Z.:?
Zl(k) = _V'?;'" 903(309"%) - Wj‘“ Sin(Boo"\”) Oiiditnnilloouocgt)

Zia(k) = 55? cos¥ + Jjk 9-'@2 Siﬂ?‘/ P T PP €<11)

from (9q), (9t) and (Su),

(1 230 L L
e £ (k) ’kzl = %, X I, sin(30%~Y¥)/30 siny of 1

=5, X I 1!'(%; - V% cos¥s siny + 3 sinaf’) veeafOV)

from (6a), (9s) and (9v)
no= \f( %;# wa} 6."-08‘;1'5 Bi!’l“f’ + 3 Bina‘f") .Itl.‘iio.ooup(gw)
minimum of which is at = 15% giving u= 0,154

TR




APPEEDIX X DESIGN FORMULAE OF 4th CATEGORY OF SERIES FILTERS

(a) Open circuit voltage = B, ‘_(3 "Ib) By o+ x(I - )Z ] 1
= [? X gP I g“lggo.] 1 i!‘!.ot‘(lﬂa)

1

(as 5,:; = ﬁz 90° rom equ.(4i)?y

By Gy 4l = 2y (o = %/_y) v where .= z,/%
1 . e .
= Zaﬁ\{<3+x )dé qaoaotnv.nuu-lq-ouﬁo-t(lob)

V3 cas‘(’+ x sint

where cosS=

V(Bex™)
and sin = V3 aﬂmn‘f‘: % cosY
V(3+x7)
& Trom (10a) and (10b)
i '
. o¢
| = s vhere @ is the angle of the matched
L[ zi(& Y burden
o A3 x | I 1
V(3ex%) L2 7 L8
2
2 I
2 W3 x 12 -
(VA) T . = & - oqgoottovn(l@ﬁ)
output L 71 .1]5 ;ﬁ'HX&B 2 S 'P@_
(vAY = | |T=T 4x3:1 By 12
input b, , I ‘2
= X EP \r(f)“*‘:‘i )c t.bab-otnitnv-.notauo(lod)
» Trom (10c¢) and (lc)a), l‘?'
O i I S D
VA-quality =_’Z= ;
(3« 5 | L2+ L&
2]/‘5 X . I ceneea(l00)

>

. .} T % COB %, 0088 + Bind.sin s

Two sets of Vi-guality curves from equ.{(1l0e) with two sui=-
table values of (' =90° and¥=0° ) are shown in Fig.G4 for

60° and 90° matched burdens for comparisons.

ARV



() At nominal frequency leb

4., = &,

& ol {Inductive)
4y = (x 2,/ V3) /=(90°=) (Capacitive) .

bl Za X 38
" &l(k) = Ea sinY - j W

3%,(1:) = ZE gos '+ jk ZP B10T  cesaeravercvasssnneses(10g)

cﬂﬂ\f nO!Q'tt.l‘...."t'.’(lOf)

foc(k) = _Iab Zl(k‘) + ﬁ(xc’*j:c) Za(k)]pl Qnuotncnoonoo-(loh)

& from (10£), (Q0g) and (10h),

a_

£ (k)’
ldk oG =1

[

- Yo bl - Dy @
I+% X &, cos\f/30° + x %, uin\fégaolﬂ 1

51;{4.1’{5‘-’521 -....u.n.-,........n...(l()j)
From (1.0&), VQQ» = EOG moa2 W ZE If" i.aaoi!.stod.ﬂo.t!'l.(10-k-)

& From (6a), (L0J) and (1Ok),

o= Ga5 n..ooto-nog:owonao.noooo.unno-ooo(l()l)



APPENDEX XI CONDITION FOR A THREE ELEMENT NEGATIVE SEQUENCE
SERIES FILTER

Boe % tap 1 " Ty %2 v lgg 4
- « [+ ] =y @ - 2]
= V3 T, (2,307 + B,/90 1307 )

+ V3 I (2, /2500 - %,/90° - Byf30° )

& To obtain a negative sequence filter,

Zelé’é{)" + Z;%E}G“ - 33:3/*30" = 0
% &y

ory, 1 + %& [=60° & =2 f60° =0

2 “2



APPENDIX XIT DESIGN FORMULAE O BRIDGE FILTERS
(a) If ﬁl = w/ ¢ and ﬁa = n/ @

then the equation (&P) becomes

Lo om /=604 + m/G0%HB = O

ory 1 + n ¢os(60°-f) + m cos(60%+ §,)

“ im ain(66°~ﬁ1) ¢ jn sin(60'+ﬂ2) = Q

&1 +m cas(ﬁa'aﬁl) + m cos(éO°+ﬁ2) 2 0 casnesrescavesesnsellla)
and m ain(60°+ﬁg) ! sin(é@“«%l) = 0 evesensansannnassesl2b)
from (12b), #, = @, (= ¢, say)
Putting this value in (12a)
14+ 0os(60%+f) + m Cos(b0°) =

ory 1 «+ 2m GQB.(@O“’PM‘) m QO ti.ﬂ&tit&l'lo...l.illt'..*.'l(lac)

Hi

(b) If m L and ¢ = 120° which satisfy the equation (l2e¢),

2
it 4
N ° oL °
then Eg = 3 / 120 and Eg = 2{120 .

[s - o P & —
Leb By = zf=90° and By = 2u/30°
and 23 = 25' /=907 and ZQ = 2% /30°

. at :
and let TR X where 2 and ' are arbitary coanstants.

b leéta = 2 ( {'900 + Rgégo ) = VE‘ & OOD.OQ!0.0nnOiO!G.Q(lad)
and Z§+ zq = X 7 ( 8/*900 b /3&0 ) = VB X 5 /‘600 --ncnoo(lae)

E +z )( aa )
(ﬁ +f ) 4 (z“zﬁq)

» From (12d), (1l2e) and (12f),

"IQQQ.QQ.Q.Il!.ﬂ!.i.‘.illiili.il(laf)




Z. =1’?§SQ’\[‘5X2Z~“6(}0 =m-¢¥-ﬂ?£ﬂﬁ~*z :ﬂ% .q..ttttl!!'.(lag)
Y V3 2z o+ V3 x a_/=60° V{x"+x+1)

where CG$S== '1‘ +22x
2 Y(x"+x+l)
‘ i
and s:i.n5= 2}3
2 V(x"+x+l)
Ziny '3
Short circuit current = ISG = Iab T + Ibc' T
172 3 L
by
=3I_ ngo“ ..--.--.n--...u..u..-..........(l&h)
3 7h
ZE 25
= # [~}
(as, from (5a), A7 A /60° )

172 3k
/[60°

. I i = L
w T'rom (12}1)’ £80 - 3 :[a- {l P(Z#/Z§)§

- - (O = "
=31, %} +(192$£126'§ V3 1 /302 (124)
SO EFER PO

I
5C

by
?:;i + ziZe |
where @ is the angle of the matched burden.
e
Isc
Zi 000(121&)

) .;-é?-

erea (223

Burden current = 1“LL\ = IISOI

—
e

s fow = = 7
% Voltwamp outputb (Vﬁ)output lll‘

& TFrom (12i), (12k) and (127),

2
12 I Z I .
_ - i - ' V3 x 2
wﬁ)output - lZ—-E +ger? = 12 (=2 +/8| V(xc +x+l1)
. 2
% s Sz xz 1l ..(121)
V(xT+x+1). (l+cosd cosd =~ sind aind )
BT o
g . . . - = 5 - o ;
Impedance of Z, in parallel with Z, = o= 73 @ [=60° ,.(12m)

172



siuilarly impedance of %, in parallel with %, = 53-x 2 veea(l2n)

3

& From (l2m) and (12n), \
_ e 2 e - 2 2
S75 T =[ f:cab] 5 2=50° + |Lo|" 3 x=

= 2V% Vﬁ(xa-r-x-l-l) z I f

noaoo-ouoaw-otuiacno-tcoco(-:la?)

& From (121) and (12p),

_ .3 =% 1
(x24x+1) (1 + cogy cos8 = sing sin )

VA=guality curves from equ.{1l2q) are shown in ¥ig.G5 for 60°

0..-..0-(12q>

and 90° matched burden,

(e) zl(k) = = % ’ Zafk) = 2z( %i + 3 % k)
.?,5(1:) = - ji%-' ' 2.4(1{) = gt ( g—_é + %-1:)

~j“

By e) g k o sV3+ ok (122)
k - HE V7 - l - j N . 3 [ E RN NN N r
2 2z (5= + § 5 k) (V3k+ jk)

. -z-yz‘*(k) T ) (125)
Similarly = = jT’ 3+ 3 2k teoseservensennsasellls
dk 2;3 k b

2
e

& From (6f), (l2r) and (12s),

-1

% ] .
1 b Y3+ d2k , .. e Loira s
nom e (L o e ) i /=120° 4§ #(V3+j2k)
E 43 (V3 jk) 5

k=1

:-—0 COOQOUI!OGODQ'QQC.001.."0.."‘.!0.(12.‘;)




APPENDIX XIIT DESIGN FORMULAE OF A BRIDGE FILTER (SECOND KIND)

(a) If n = %‘-3- aﬁd g = 90° which satisfy the equation (12c¢),

4 g o By 3 o
then T = ﬁ i..go and ?(:; = ﬁ ﬁ 9(_;) .

Let %, = z/=90° Gy = V3 @
' [} ' 5'
ZE’: = V3 z /=90* , 2’4 = 7 and let === x

vhere 2 and =z' are arbitary constants.

b Zél*za == Z(‘r}*:}) = 2% c'-§0° .CQQQiaotplitOOOUQQC!.QlQQQ‘:LBa)

Z}"‘zl{_ = X 2 (1“3"[.}) =2 X 2 “"“600 OC'Q-!.‘l.i..‘.'l..i(le)
LY From (13%a), (13b) and (12%),

2 X % -
b, = “$D 00‘&0.'!0!‘!.Qlibtitllﬁ.l‘ci...(lgc)
. Y & +V3x+1) o

where ¢oB%= l"‘g?* ‘
2 V{x"+3x%+1)
and sin{ = 1[;’ X

2 V(x3+v3x+1)

From (12h), I__ = 3I_ - 124 /60° = 1.5 V3 I_ /30° 4a(134)
L+ 7
3

From (12k) and (134),

2
. 2 1 .
(VA)QU‘L{JU"} "~ ,7?» Biafﬂ I“ , :“é ". @; | zi 'oooocoot¢bobo|-(l3e)
Inpedance of Zl in parallel with Za

dq 4. .
172 y
.".'W ﬁ%Z/FGOO qnbaconoa--oiacogoooo--ootcn.oo.---(l}f)
.!' "
SimiYarly impedance of 33 in parallel with % g = %—tﬁ x g/=30°

¢-¢.q(13€§)




(b)

s From (13%£) and (13 g), (VA)input (calculated on the positive

. |12 U3 2 Y3 209 |
|xab\ 52 2 /=600 L2 x 2/-30°

%—4‘3- I_a g'l!-(xa+v‘fpx+l) sececsssssnsnnens(13h)

1bc

3

sequence bhasis)

9]

i

& rrom (13¢), (13e) and (13h)

(VA)= quality =7 = ; 5f§ X - : y c;nqonao(l}i)
? \(_-:__ 53_. i&_\ 2 V¢ xdﬂf}:wl)

VA=guality curves from equ.(l3i) are shown in Fig.G6 for
60° and 90° matched burdens,

?;1(1%:) = - % 3 Za(ls:) = V3 my 233@m - ;j% ' & z’q(k) = gt
. 2. k)
sa Byl . ,
1 ' = 3 i O‘Oitaiﬂo00!0'9.‘.!0&0‘0..&:;.(133)
zq(k) 1

and ‘é‘i? E';’E'y = ] ﬁ aQt-biht‘tcoco-aupwuasno-a.oototnno--.(lak)

1]

ZL} -] .&é
( 1 -l-"g‘f"" '2 4*3@" t&Qviéfitiitotlttlnoticll,.ii#!(lgl}
3

% From (6F), (123), (13k) and (131),

po= %gn. KE' 3 é;éég;u + 3 %g‘ J = 0429 ¢0(13m)
- V3 k iJ | sl



—CD D
Z; 23
Z, 1 Zs |
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APPENDIX  XIV DESIGN OF A BRIDGE FILTER WITH Iab AND Ipe
IN THE SAME DIRECTION

(a) Trom igsAPP,Ll441, short circuit current = Iec
-f§* e I wwiin
ab Zl+&3 be Z§+é4

= I

ttl#.Otel&idl.bttibﬂlQ’O.(lq‘a)

for a negatlve sequence filter the co=-efficient of I, must be

ZET0,y Z %
hence, from the above equation, g *Z gg Er;§}~g~90° =0
&

V4

b
Ory 1*7‘3“%;4200 +W%;é‘.‘f§0o = Q° uhiﬂiié&hiﬁiovﬁvuo-‘l‘q‘b)

To keep the same input as that in filter 2c, Table 2, bub still
to satisfy the above equation (14b),
let Z.= VY3 2 B, = 5f90°

4y= 2 ’ by = V3 2 /=907

Putting these values in (Lh4a),

& 2y
: = ""‘“"‘"""""‘2 . s Q mwww :* L]

zl“‘za = %(\f:ﬁs“j) = 32‘:{::.-?3.9._ ”**'iﬁ'ttiuconioctot:toﬁi:a-(li{-d)
and Z_”ﬁ.ﬂzix. = Z(l"j\!ﬁ) = aﬁé:ﬁ?.:. 'O*Httttptibco.o‘tac-ooudqot(lli—E)

& From (12f), (144d) and (lie),

i
Zin‘fa +(§+v§) /ql‘,ﬁo “.....ﬁl...'ﬁ"'!.....'.'...i.'.(ll"f)
From (123j) and (1& ), 1.5 1
Burden current = 'IL :_45 &;. 1
for & = 60° (i.e. '60% matehed burden)

Le5 X

i L=45" 1/66‘"

= J 3,)(3 T _ﬁuilﬁito*o-.dl-ﬁ'i.o‘uuod(lli‘g)

» Trom (14f) and (li4g),
(VA) = |1.% g

output L !O!‘Qi.tttu.b!l;'o(ll‘}h)

i




Inpedance of Zl in parallel with % pr— +

Similarly impedance of 7., in parallel with

5

T a

& From (A44) and (L45), (VA) .

1ﬂput 2

53 V(2473) 1%

L]
“

From (14h) and (lik),

ire v le56
VA-quality = '("" 1.5 V3 V62+4V3)

= 00313 (

172

L‘{.é ﬁ£“60° nno(ll’l‘i)
é-.ﬁoo .o(llf‘j)

‘é.é_ &, C_6o‘ V-EZ:-?O'I

0'..00‘!.!".0.!'(14k)

Z

=

for 60° matched burden)

() 7 (k) 7, (8) )
fso(k) = 1+ “*T“T - Ibc 1+ 35 ™
| % ate s
d 1 By (k) 2, (k)
£_ (k) T4 i I. d a_
@k Ceet ) {_ Zag ab 3k - Tye T8 T(mLEKR
k=1
&y ~a a %y (k) Zq(k)
i b~ o L
VLN T iy 2 Yy L4892 + &R 7, (%)
Ie=1
seekl41)
Z. (k) = V3= Z.(k) = =j 2 % (k) zyand Z, (1) = ~jw32
1. £ 1 ] .Ja . k ] 13 = 1] e
. 4 Zl(k) .
LLLL Em‘:/o ooucooo--oocctuuio.nttooo--‘rnoo-.oto-(lll‘m)
a 2,0 1 . l
and E?W ‘E{?D co»on..non-o-cno-ooa-o-ooooooootuo(lWl)
& From (141), (14m) and (1in) a_ f (k) = 23 I (14p)
! , Y lds TmeM ) Ity cerer AP
v . . V'3 _
« From (6b), (l4c) and (Lip), n = ﬁ:TTTS) = 0.866



APPENDIX XV  FREQUENCY ERRORS IN BELECTED FILTERS

(a) To find out !''Frequency Error'' in filter No. 1 (Fig. 3.8) .

£o(K) = - 3I_k R 902 + V3 I V3 R /90°
B j 5 I+ R (1‘k) o-oo.’noo-lqo-.-aoooqu¢uocn--}oacc(153)

o ¥ - 2y @
By = V32 + jR = 2R /30

e . _ o 2 -,
& 60° matohed burden = By = 2R/A00° w JYS R + R
(Here a typical impedance angle of 60% is chosen for matched

burden angle to find out fregquency error. )

it

Now, Zi(k) V3R + JkR
and Zt(k) = R+ JU3kR

A zi(k) + Zo (k) = (L4V3)(14JK)R enveovsosesasncescsnsssssnse(l5h)

L

& From (15a) and (15b) , Burden current due to positive
| 3I+ R (1=k)

I A3 (1ltik) R

L+

sequence conponent = =

..-.-(150)

=

T”ﬁ 1= k 1
l‘i"v3) .u"(l+1§2) -+
Open circuit voltage due to negative sequencce component

= *BI- 3/906 - 3I~ RZQO“ o= ”61_ B{QO" oooooo-oﬂoot-oo(lﬁd)

From (15b> Zi + ZL = (1+V3)(l*j) R = V2(1+v5)R£&5° Qootll(lﬁe)

& TFrom (15d) and (15e), Burden current due to negative sequence

61
ccsmpo.nent = IL““ = (l*"\f;) s i-uoothouu;o-o-subono-no(15f)
& From (15c) and (15%),
I .
Error = T&i = VE f”izg“ ....-.-...na-(lﬁg)
Ty V{+kS)

Curve of the above Lrror eguation is shown in ig.G7.




(b) To find out'Frequency Hrror' in Filter No, 2 (Fige3.9).

L, U3R , .
By (k) = = § = b (k) =R

short circuit ecurrent due to positive seguence component

son v— * o . R 2‘; e e O
= lger {;% 430, . j~§§ tB L I, éuggll
k

—

pod
kT e
= 11 e
BG+ ‘ "2 e I

Zy = R~ j V3 R o= 2 R/=60°

Let a 60° matched burden be considered,

I

or
! *

& 4 = R+ JU3R

FH
e}
H
[

& %i(k)

it

4L(k)

From (15h), (15i) and (153)

%, (k)
= |z - .
‘ L+‘ “Bo+ ‘Zi(k) + ZL(R)
it ]
o
= Le5 —h"gl - i I L ) .t: .t.‘.bl.ot.(lsﬂ-{)
V(ET+3) VY 3k « 2k™ +3 )
From Table &, filter 2% ,
ITF"‘] -_— llf} I‘.I ..!00!0..-’OOCOQ!.O0.0CD0.0.!.OC.GQQGO(]-&;}-)
% From (15k) and {151),
2
Error - k - l Nﬁ oouoc.(lﬁm)

' i N
V(%43) V(3K - 2" 43)
Curve of above errox equation ig shown in Fig.G7.

vna-otpo'--iiouooo.pn-nunhon(lﬁh)

1{  E NN RS R NN RN NN NN FE NN FNENENNENNXNN] 0-1i(3431)

R+ J VB Ik R cassssssssecasnrvadnunansnsavensesilsi)

nARYM



W AXVIL

(¢) To find out '‘Frequency Error'' in Filter No.3 (Fig.3.10) :
Ly, 1 -~ R « e : - - *V- R . T —
2 () = =3p 3 Bylk) = VR § By(k) = —-J—%— i 5,00 = R

' . Ea(k) . Zﬁ(k)
VBI+£2gn zl(k) 4 Za(k) * V3I+£:22~ 53(k) * Zh(k)

.
-

I$G+

From above, by simplification,
. V(ka~k¢l)
V(3k%r1) V(543)

12,00 + 5,00] {a,00 + 5,000
Zl(k) + ZR(k) + Zg(k) + Zk(k)

= ) R E:("J‘;slza-\rzm)- 3(4152-‘1}‘5}::‘2#5)1 eoeas(l50)
E(k"+1)Y(1+3) ‘

? . R T
From above, %, = ST (4~jby = v@rTi;vgjz 45

4 60° mateched burden = BL = ?§M%§:T§T /60°

: o 4R i ... B \
Iy éL(k) = VEFTT:T?T 3 + 3k ) T:vg'(VE + JVGR) ......(pr)

Zi(k)
GO+ Zi(k) + Zy(k)

oy

B0+ (k"‘l)l cevursevenanossesane(lbn)

Zi(k) =

I

.ci.ootooctcoono-oont.-0(15Q)

., (k)
. - \ i .
where the simplified expression of Zi(k) " ZL(k) is glven by

Now ,IK3 +

(150) and (15p) as follows :

%y (k) (VB 3eh) = (e a3 473)

Ay (k) w2y () ﬂcvmra W7 4 (4203 )k;i + 3 ixrskiu(v*s-.-\fé-a-ma-\f 3}}
- ....'-.......(15q1)'

From Table 2, Iilter 2¢, ]x

L”(n 2el2 X"I inooooanaocoooo(15x')

% From (15n), (15q) and (15r),




V(I& ""1’;.4-1) _ (k"l). A4 (k) B T . (\'553)

V(B]&. 41)..‘,(1{ +3) 4. (L)iZ (k‘.)

ﬁi(k)
where zi(k)*ZL(k) is given by (15ql).

Brroxy =

Curve of ahove error equation is shown in ¥ig.G7.
Computer has been used for Caloulation,

(d) Freguency Error of Filter No.i

X
From Tig.3.11, %,(k) = =38 ; Zy(k) = V3R + JkR

n _.ER . £ — WER gﬂ
Z:‘S(k) = -JE- 3 and ﬁh(k) = E= + 3 S
28
3R+ 3k E . .
icxsa ' “Vbﬁthf V3L, /300 + =~ k 5= V3T, /=907
VﬁR*gﬁ + JER («w +J£kﬂJ =)
2,2
o | 2 Cem3) Qe 2lem2) 3&V§ﬁk~l) (k+1) V% e (158)
V3l § (k21) VBkt § (k=)
[, 002 43,0)] [ (0043, (k)]
Zi(k

By (k) + %,(k) + Iy (k) - - %), (k)

EW3 * j(k**d][ié' 3(* - “ﬂ . (15w)
= ot R x u
V3 %2 + ( " ﬁ )

From above Ki = R/=30°

-

N 60° matohed burden = R/60°

V_%‘)

000.0&0&!00'0!00‘0ib.&lii!b.*lt'O(lbv)

1
z"
From Table 2, Filter 24 ,

-

* T — " e

\IL"’\: ‘2qib5‘ 1_\ Q.IOQ&#I!OOC.QDQ(15"")




» From (15q), (15t), (15u), (15v) and (15w),

-(k—l)a(@f+2k*2)_+32V3(kml)a(k+l) Zi(k)
Error = TG |?3k+3(ka*151!y3k +j(ka«4f1 Ai(k)+ZL(kTﬁ

.....-..'....(15}:)

Zi(k)

- — can be obtained from (1lS5u) and
éi(k)+ZL(k)

where
(1}9\") .

A curve of the above Error expression is shown in Fig.GY.
%}omputer wag used for the calculation,




APPENDIX ¢ XVE : TRANSIENT PRIMARY CURRENTS AND
CUTPUT OF FILTER NO.1 DUE TO POSITIVE SEQUENCE
SWITCHING,

(a) Referring to Fig.5.1 , let the sinusoidal voltage

tein(wt+e) df' imaginery part of V ¥ J(Mt’g)“7 be switched in

the circult,

Jlut+8)

Let ip be the current due to switching of Ve whoee

o 5

g fu

A
Laplace Transform is Ve

then applying Laplece~mathomaties in the network (Fige5.1),

~ : js 8
xp(st + R Y = Ve Py
= o .‘9 5
ory, i L (84?7 ) = Ve!® weBen where J= R L
! :pp( ! = ju o/ Tp
f?’ajg 5 .ole04-9»-oon.»&..oo:r-.to'o..n-t(lfsa)

ory ip = LP (o )(s~jn)

%oIf i& is the current in one phase of the three phase balanced

system due to sinmultaneous symmetrical three phase switching

- 20° - = o
then the currents in other phases are ipejlno and ipe j1eo
respectively because of 120° displacements of phases,

From equ, (16a), transform becomes

~ v 7L TR ~ . . -
N v e e L“egmt v 0 eg(wb+8)“ e t.ejaA
o TTC —jo- e 28 5]

P d Lﬁ%(w‘+7') e
wl
where @ = tan™* % = tan~t w§R
p

. V\ L !-9‘ -

oYy lpﬂ‘(,a-‘ [J(U}ﬁ'f-e ﬁ) t.ej(@ g)lectooo--odtcman-a-oo(l6b)

P

where % = R + L .
o V( D 2y




(p)

But the above currvent is due to the switching of voltége
Vej(wt+e), the imaginary part of which is Vsin(wt«+®)., 80 the
current due to switching of voltage Vein(et+®) is thelimaginary
part of the expression in equation (16b). Let this current be
called ia'

. . N -9 v -
i ow i [sin(utie-g) = e 0 sin(8] seareesererrenses(160)
a AP

Similarly the currents in ozher phases, in a balanced three
phase systen due to simulianeous symmelrical three phase

switching, are

i

H]

b g‘“ [;sirl(wt-kenﬁ-120°) - E}* Qtsin(é-ﬁfwlé?.(}")_‘ “SavssssRaese (16d>
g -

1_3.
h

. %w-[%in(wt+emﬁ+120°) -~ @ tsiu(@-ﬁ+laﬂ°) seassensssel(lbe)
p ™

Referring to Fig. 3.8y
Let Lm is the inductive value of the mutual inductor,

& Lm = = {as Xm g JR).

From (16c), (164), and (16e),
f

-~
=
!
.
=
~r
i
Je=2

, .
2%, [oin(ot@-ga30°) = o tain(@-—p#‘s-?)o"):] cesenss(16E)

o
=< g

[sin(utsomg=90°) = o %sin(g-ﬁ'-%")] ceveves(268)

,\
|
=3
i
)
[¢]
~r
[}
)

=
m i
= T

i
!

(icnia) = [%in(mh+9aﬂ~3ﬁ°) - e_?tsin(enﬂ~§0°i[ seassrelllh)

s

s

Now the open circuit voltage of the filter is

Tesp y s d - K3 K - ¥
e ~'VpRLib-lc) 4 Lm Es [glame)—(ic 1&i1



(2] =i

= VBR(ib“ic) b FElei

"i(,) |¢o'¢--.-;a;.:p...a..(lﬁi)
But Zi.a'i-ib'%*ic:() H s ib‘?"icﬂ "i\"l -.o'ac-t&ooonuovtt«nooou--(16j)

n From (16¢),(16g),(161) and (163

.. s . TS E - :1-'4 gn—-
Coc” v'.m(lb"”’c; * by dt("i ) = IR Eib "'c) * R dtU" ):_I

)

-‘9
J-EE [{-~cma(oz'§;+9m§f) + Q tcos(@w’f‘a)}

P i . “ L
> ;g- {wcaﬁ(mtw-ﬁ) v e sin(@wg)
VR -7t 2 Y
o= Z’ME;:-- ‘_e cos(G-@) « - 5131(9"‘?5)_[
»
o PUR :}:a r(g(Ooccauﬁ‘ + 3 sin{8-#) :]

]

..;" R - ) T '3)
:;:..gﬁ V(m‘g-w‘“) Isin;&‘ cos(8=F) + conf sin(@-;li)] e b
1»\!};’ _ .

(as, stated before, @= tan™* % )
Le, @ ;VR V(oPe £) sine.e™
=
= /VR v (‘-*-) - ‘-}?"'"} o si.n@
AP LP
w %%Eemgwﬁine P K9
P

Let the impedance of the mutual inductive coll he

Z= r+jol, seen from the secoundary side.

% Open circuit impedance of the filter = V3R4r+joL seveeses(16L)

Again let the ipedance of the burden be Esba: rb-t-:}me wesense(26m)

& From (Lek), (16L) and (16m), the thevenin's equivalent cilreuit




for Laplace operation is as shown in Fig.APPléa.

Now from (lék), Laplace Wransform of e is

~

| - VR . 8
Loc = wLp sine g:%?

% Qutput current of the filter (in Laplace Transform)
BﬁR 8 1

Bing -y ' ‘
wLp 8+ v (r+rb+V3R) + s(L*Lh)

H

éiﬁ sing e
mLh (s+?)(R$+ SLS)

-

I

;(wh§re R = rmrb+V3R

and L = L+Lb)

~ I%
VR B 2 ' 8
Wk sin@ (8+7)% (e+27)  ° ( where ' =g= )

i

AL
wLpLS

&
(s+7) {8+ »')

s5ine

« from above, output current

_ 3VR 1 ¢ -t -3¢
T oL L. e ==¢
P8 (=p)

= 4

) s8ind ...............(1611)



APPENDIX XVEI ¢ SAMPLE CALCULATIONS FOR TRANSIENT WAVES

Bquation (16n), Figehe3a (Art.d,3) will be referred for calculations
of filter no,.l. )

v= -U"av . ; 3v - ;‘;_f? vrmg

ems P = S y where Kpn reactance of the
L Ly system,
3 2 Vpps o 4
3 S o a8 gﬁ = 3/2.(Phase eurrent).ﬁg
P P p P
But,
Phase current = (ldine current in delta~side)/V3
5 . %
. J? = Line current in delta side W2, o
ol V3
» P
- gj
= {6,(Line current in delta~side). fL ’
P
If n is the turns ratio of the intermediate current transformer,
- 7
then, %%_ = Y6,(Line current in delta-side).n. ﬁﬂ evaernnes(l7a)
Y Y

from (16n) and (17a), Maximum Transient Oubtput

4
= V6.(Line current in delta«side).n.ia .§~.~:%:;~ (é’§t

b

- ot
o™ 'y

. Y P
Lg Ay
}'J w7t - .33
f(g”+ ) R ‘( te™ 'ty

-3t =g
= Y6, (Line ocurrent in delta«side).n;wcm :’ B (e  -e )

= V6, (Line current in delta~side).n,

vouovpoano-uo(l?b)
Fyrom Fié},‘dlhrﬁag V3R=-’+51+0y Rnaéa().(\-dtov!lbvtoa»i.mouoooo-iécq(l?ﬂ)

Internal Impedance of the network = 4540+288+j2680 (where r=288)n
= 4828432680 = 55404221&' ohm

90° matched burden is chosen for sample calculations :

Impedance of 90° matched burden =(522 + j5540) ohm
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& R = 4828+522 = 5350 ohm

and XB = ol = 2680*55Q0 = 8320 BRRGERNSPVERCOIIREDONGENSBRA £l7d)

[
R
& 'i. = i—:_ = g;ajgiz'lq = 204 n.....uunun(l‘?e)

The values of can be found from primary transient waves as
shown in Figs.APP,G.)l@a and APP.G.17b. Let the chosen wvalue

of » for aample ealculation be & 228.5 u.goa!ohotaoct.aoto(l?f)
From Tigel4e3a, = Efgﬂ twobncoaiao--n-n:ffo..bod;-q-(l?g)
When ¥ = 28.3y from Table 4., coluun 1, Line current in

deltawgide = 0,70 anp
oosottooo(l'?h)

From Art.4.2 and from {17e) and (17£), |
t (= time at which the wave reaches its makimum amplitude)

3 2 Ao 204 -
soleaT = sprisyry 108 gy ¢ 00112 sees  weveea(274)

-
=1

% From (17b), (L7¢), (174), (17e), (17£), (19g),(1%h) and (17i),
the maximun amplitude of the wave

- VE = V(3145428,3%) 2620 , =2843 x,0112 _ =204 ~,0112
= V6~ 70 s Ems B ¢ e "o )

= 3.52 -m,AJ
Similarly amplitudes at different instants are calculated as
tabulated below @

Time in seconds  Amplitude of
current (mA)

0 0

0.0112 Be52
00,0200 3610
00,0300 2435
040400 Lo 74
0.0600 1,01
0.1000 Q¢33

From above, the wave is plotied as shown by dobtted line in
FKSQQ-S(b) (Aft.#.é) »
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at the end of the protected section)  *°

Fig., APP.18b




APPENDIX ¢ XVIII $IMPUDANCE MBASUREMENT IN DISTANCE RELAYING

It is assumed that the positive and negative seguence iumpe-

dances of the source are equaly l.esy Z_ =3, = & (say).
- . . AR

Similar assumption is made for protected line alsoy il.e., ZL+ = zL“

=ZL (say) whore 3&is the impedance of the protected section as shown
in Fig.APP.lga.
At the balanca condition. v.. - I_Z = 314‘ - I‘* i/ ......‘..nun.(l{'}.a)

But V* = [ o I¢ ZS

-.lt'Qi"’b‘.ti'ﬂ‘.ll.’.ﬂ.l"...ﬁi.i.’.(lgb)

and V“ = 0 - I“'ﬁg

The equivalent circuit for the calculation of sequence components
in a phase to phase fault at the end of the protected zone is shoun

in Fig APPLL 8b »

i
From Fig.APPnl?:b. I == = , s -o-uroo‘000‘.:!0.300:...(180)
o+ EIZ$+£L5

~From (18a), (18b) and (18¢),

-Iﬂ(zs+ﬁ) = B o- I+(Z+Zs) 3 or, 2I¢(3+56) = B

(2 + ZH)E
oer = B § Oy d= BI: aoa-oononnctt-tooon-gol-albuccnu(lgd)

which shows that the impedance setting of the relay should be such
that it is equal tghfmpadance of the protected soction,

Now let the éanlt ke beyond the @rotected section and the
impedance of the protected section be zL' which is obviously gréater

than zL (=2),



« the voltage across the operating coil,

=V_=I_2=«f (a+ Zg) (from 138b)
B(Z+Z )
E‘{"Z“‘;é}"") ....uu...u.;...“...u-u............(18e7
8 L . .
and the voltage across the restraining coil,
=V+- I_iﬂl?wa-lI"_ CZS+2§)
E(Z+$8) m(zs+azL'ea)

w L - v e A W ; 0 ou.cnqno-ecv‘o--o-g-nooro(]-Sf)‘
eltg+ny ') 2(a + % V)

s From (18e) and (18f) it can be seen that
(Voltagekeross operating coil) < (Voltage across restraining coil)

¢ r s
(as Gt > o (-.z,L) e
Hence the operation of the relay is prevented,
Similarly it can be shown that the opposite action will take
place ( il.c. operation of the relay will take place ) if the

fault is within the protected saectlon.
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