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SWITCHING SURGE STUDIES

Dr. J.R. Lixcas

ARTICLE NO. 4

Abstract . :

L . : 1 ' Transformer phase current»
For " the calculation of - switching vector
surges -on - transformer feeders, -lL ' Line current vector at -
It is desirable that .all the system ' ' transformer terminal
components be adequately represented 1 ,I y : '
mathematically. . In this . paper S5t By ;:ﬁtﬁ,fsre: t,;r_ec:ors at.
3 representation of  the transformer [, - " Cransf b
is described  which is suitable . ransiormer 1nductance
for use in these calculations, matrix
The representation 1Is based on P ~  Fourler transform operator
the = transformer being viewed [R] ' Core loss resistance matrix
as . a 'set of  primitive windings S 1 .
with winding - interconnections [ eq] ' ig::::l'ent mverse 1nducrance
being performed ~with  connection o
matrices. This ' method,  not oxily» [U] , Connection matrlx :
accurately = models ~the transformer v _ 'Transformer V°1t383 VBCtOl’
under varying frequency conditions V_,V_,V
but also permits a -single representation st \;olt:get vectors at positions
to be used for all common winding v .
configurations, Single pole energisation [Y ] Combined Transformer- /'Load
of - .a 84 mile long transformer P admittance matrix -
feeder = is considered and results [y, Terminal Load admittance
obtained from the _.computer study ~t matrix
are compared with field . results., (Y..] Transformer admittance
The analysis shows - that improper t matrix
representation of the  transformer
results in grossly = inadmissible
results. -

List of Principal Symbols

[A]l, [B] Two pért‘ admittahée matrix
' .~ parameters of line .

[C_ 1 Equivalent winding capaci-
eq .

; a tance matrix

ICON] Connection matrix indicating
' winding type . ‘

(G 1] ‘Equivalent winding conduc-. :
eq .
S -~ tance matrix

i . Internal winding current

vector.
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1. Introdilction.

switching o
transmission
- economic

prediction of
voltages " in  electrical -
systems is . of ~ .increasing
importance. - Prediction of°
overvoltages at the design
~of -a . system can result

The

resulting in.  reduced
requirements. Prediction of
- overvoltages '1n - a, system -
‘operatlng can .- indicate how changes
in- system operation might obviate
" the overvoltages, resulting - -in
lower outage rates, S T

switching

When - sw—ltchlng .ov’ervoltage “calculations

are to be 'made by the digital
. computer, it is  first - necessary
to convert the comprex electromagnetic

~ and electrostatic ~flelds of = each
~component. . of - the system  ‘into
an equivalent. network. It is then'
necessary - to assemble - the individual f
- networks ' into “an overall equivalent
-network . that represents the entire
iransmission - -system, . . Finally,
- mathematical techniques “have
. to  be developed in .order . that
solut.lons_ - may be_ . ‘obtained = to -
the resultlng - network - - equations.

In the past, the. ec‘;uij_w-ralentf network

. for

the  transmission - line  has
been extensively  devéloped ' and
‘a ‘number. of techniques are avallable .
~ for. - obtalning" so utions to. the.
network equations™ °, - On - the

~ other . hand, .-
" of transformers for use “in switchlng

" surge studies’ have ‘received - little -
attention, Consequently, the calculatlon
“.of switching - overvoltages in trans-
misslon‘ . systems " has  generally -
.been . undertaken ~ with a . very
accurate representation  of  the
transmission  line, ~ but  only. a
superficial - ‘Tepresentation . of the
. system transformers. ' o
For power. frequency = studies, -
equivalent network . of . the

the

' ’(34)

multlwl_ndl’ng '
_ - -almost
_over= -

switching .
stage :
: in measures"
being taken to reduce the overvoltages _
insulation

‘the
‘a’. highly

already -

~in~ switching
it is
' range  of
- power transformers  and. the co‘mpionent-
" frequencies
surge waveforms, -Harner and Rodrlguez
in  an

- ¢omponents.

“studied.
- of the
-surge.

the . equivalent. networ ks

-will”

transformer ‘is governed
entirely by - electromagnetic
considerations. For surge distribution
studies,  the . ‘equivalent  network
of the transformer has to represent
_complex high frequency electro-
magnetic = and - electrostatic - fields
of - the. = winding.  Consequently,
detailed representation
of ~ the winding is necessary,
and the equivalent - .network “usually
takes the form. of an extenslve
dlstributed parameter network™ ., -

transfor.mer
calculations,
consider the
frequencies - of

In_ : representlng the
_surge
necessary to.
‘natural

encountered . in switch
. extensive .

characteristics of _
under - fault condltlons'-’ reported
natural  frequencies in the range
0.5 to 50 kHz. Binns' and Habibollahi
in a  frequency  analysis  study
of - _switchlng, ‘surge . waveshapes
observed that the major frequency
] were within - the range
100 Hz to “1-kHz  for - the. system
" The equivalent = network
- transformer  for switching
-S‘tud‘leS' must ‘therefore . be
valid over the range ' of frequencies
from 50 Hz ‘to 50 kHz. As a consequence
of this, - an- equivalent network
of the type used for surge distribution

study “on- ' the
] transformers

‘purposes  will . be  ‘too  elaborate
"and  an . equivalent : network of
- the 'type ~‘used for power ' frequency
‘studies will be insufficient. .
The purpose of the present paper
will, = * therefore @ be to. develop
©an  equivalent.  network = of the
transformer - for = use .-in - switching
surge calculations. In the equivalent
~ network, the distributed - capacitance
"and : inductance - of the windings
~will - be represented. by  lumped
elements, - Although this - simplification
neglect . the travelling  wave

N 'Enéimr'. Ju‘m{. 19&



properties of the windings, inaccuracies -

.result only in the case of extremely
high: speed - wavefronts
encountered in -switching -

considered in-  the
the mutual magnetic coupling
windings is - taken - into
. Furthermore, provision

‘are
studies,
between
account,

is made for formulating all inductances
par’ar’n’eters, :

dependant
‘been  ‘shown

as frequency
for it has:

inductance = of : transformer,
is frequency - dependant ’
the range of frequencies
Primary - to - secondary,
and . winding to earth

that :the
8, 9windings‘
- over
considered.
interturn
capacitances

are represented by lumped  equivalents.

between
phases can
these -

windings
‘also be
are. - not

Capacitance
of different
represented, if

negligibly small,

Considering  the
components and = the

the representation - to
a number of. terminal - connections,
it is desirable to have a representation
within which. the winding connections
can  easily be. - rearranged. For
this purpose, the equivalent network
is formed. as a primitive - set
of windings which are interconnected
as required by a connection‘ matrix,

need

. Fourler

In recent10 years,
" been applied

techniques ‘have -
to switching surge problems in
transmission -systems and -
been shown .to be extremely powerful.
In the technique, frequency - dependant
patameters can be included - without
dii‘fici\llty. Consequently,' the
work is based - on taking  due
account - of frequency .dependant
parameters by the use of the
‘Fourler tr’ansf-orm»‘ technique - in
the solution of the network equations,
‘The  emphasise  of the present
paper will be on

of . the - equivalent

than on a - detailed
parameters involved.:

the
- network
study  of

rather
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. rarely
‘surge -
studies; Since three phase transformers .

. present -

- earth, so -
‘elements - C

‘been .

" or  unearthed
,s'eries reactors.

- with
multiplicity -  of

| within-
allow. for.

transform

- have"

present:

development

the

2. Smgle Phase Transformep

A single phase. two-winding transformer

can' be represented by two magnetically
coupled.  windings,  together with
lumped capacitance elements ,
as shown  in Fig. 1. For  "most
transformer . connections, terminals.
1' and 2" will be connected to
that the capacitance

el Cez 3nd Gy Wil

- into the - calculations,
elements 'have',  however,
included, © in  ‘order ‘that
the representation can be perfectly
general and  cover  such
as transformers with - delta . windings
star. windings - and

notv enter
These-

voltages  being specified i
‘respect to  earth,.
the currents at each  node,

following equation is obtained

With - all
the ' 4

12 C2e*C22*C12

C.q¥C +C S YU I R |

o 4C+C ] V2

'.(.35)

. cases

equating



In compact notation,

I =
- ‘eq

Wi+

The voltages across the windings may
be expressed as ' '

- -
1 0 -1-0f |V ., Ly My
0 1 0 "1 vz - M21 LZ |
, V1 .
1
, _
V2l g
In. compact notation,
w v o= plLri. (2)
. Since i is the" vector ‘. of internal
currents, it is eliminated, ‘resulting
in the general equation of terminal
~voltages and currents grven by
l 1 [U] [L] [U] V + p[C }! (3)
P
In compact 'notation,
1 1 [Seq] + p[Ceq] \% (4)
_ i L _1.- t
where [S ] = 1 [U} [L] . [Ul
R ‘
' For the case ~ where both windingsA
~are solidly earthed at one end,
voltageVy -and V) ‘are zero, - and only
the = non-earthed ' terminal = currents
are of interest. In  this = case,
equation (4) will " have the vectors
1 and 'V reduced to- two terms,
and the matrices - [S ] and [Ceq]"'

will be of order 2x2. e
3. General Three Phase Transformer
" 3.1 Primitive windings

generarl

The - ‘derivatlo.ns for _ the -
single phase case can readily
(36)

- be extended to  the

plC_1Vv )

‘three

general

.. phase case, However, = in  this
case, it 'is more convenient to
separate. the voltage vector into
two vectors _corresponding to
the two  ‘ends of the winding,
and to. reexpress equation = (2)

in the form o ’
V-V =plL] i o (5)

where L contains the mutual coupling

between the. phases as well, It

"~ is -also sufficient to express the
currents .at only one end of each
winding in" equation. (1),  which
may then be rewritten in the
form o

'1 1+p[c1v-p[c1v"

“or in. the more convenient form _

1=1 +.rp [C ] -».[C'.] ! -t

R -Y) ()

. where [C ] and [C'] include all rele-
v_a.nt lumped capacitances. o :
_3.2 Connection_A Matrices ffor" delta

‘and star connections ' )

‘In  the delta WI_nding. ) 't'.he. - start
of one phase-winding 1is connected
to the end ~ of ° another phase-

-winding. This .is shown in ﬁg. 2a, .
and for this we. .can write -

. . 7

Vil 0 1 0 | VI o ,
' - ' Kt 2
2 = |001 , V2 , (7)
3 L oo .-V 3

-and the dlfference volteges may be
w-ri.tten‘ - :

v, - vl [1 a »oq ]

1 - 1| . aa Vl.‘ ‘
o - ) y . . -
—.yr 1.y = "
V3, V3‘ 1 0 1 V3 Il -
L - 4 -" ' __‘-' .5_ 'J
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Vi -V = [CONJIV - (8)
Similarly, _‘ if an  earthed - star
winding is  considered, fig. 2b,
then » o

[ | 4 e V) ‘= iy : |
S T T L T
so -that - '

- V! : : _
v, -vi | 10 0
- ' = ’
V2| = 001 0
- Yyt . 1o 1

: .\(3 V3 . 0 0- | 1
or in compact eotation

v - v o= [copsl*v S (9)
By compounding 'the connection’ xh_atrices‘
in equations - (8) ‘and (9), - the
total connection matrix =~ [CON]
for a multi-winding

Thus,

or in compact rioteti'on

may be formed.

for Vva - multi-winding " transformer
we may write :
V-V = [CONIV

Substituting _ equation (10) into equation
(5) gives

" [coNl vV = pILl i
or,  the 1nterna1 currehts may
be expressed as ' o :
=1 1wt oconi v (11)
Substituting ‘the ' result  of equetion
(10) in equatlon (6) gives __ :

1 = 1+p[[C]-— [C']] V. +

| pIC}] [CON] V C2)
Substitution ~of. equation (11) in

equation (12) results ln

1=1
p

¥+ pIC!] [CON] ¥
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I [CON] [L]
'L'

- where ==

transformer

-(1'0)*

‘where

" have

-factor

(1™l [con V+p [[C'e] - Cé]]'
- (13)

"~ the . currents

It ‘is, however, line

L and not the currents I that
~are’ usually  required ~and - for
this- purpose, - it can " be ‘easily
sﬁown that -

1, = ‘[coNlf 1 (14)
The line currents of the transformer

can now be found from

[CON]V + p[CON] _
[lc 1-1c: + Ic; ) [con]v (15)

In compact no_tation this may_'bei.w_rit,ten

C1e) .

N |
L =115 +_p_[Ceql] v

[Seq]_
and
[C:
- €a

' [C.ON]‘tA['Ll;l [CON]

¥

]

[con]® [[c ] - c'1 e
iy} 1coNI] ¥
Equation (16) may also be written in

the form -

_I_L~= = '\LY.tf]-.y_ (}63)

= transformer equivalent
admittance matrix

Yl

- thus  relates all’
with the
the terminals
The = matrices
not  contain

Equation  (16)
the  terminal currents
voltages to earth at
of - the transformer'.
[S,,} and " [C, ] do ,
yq frequency ?erms - and . therefore
need to - be calculated only  once
for use in the  modified Fourier
analysis, However, the  variation
of inductance with frequency will
to. be accounted for by a
multiplication of [Se ] by a suitable
at each q-frequency- - step
in the analysis, - '
A similar be carried

“analysis can

_out for the unearthed star connection,

the . . final
‘cannot

However,

‘ : - equation- then
obtained -

be simplified

(37) -



" is available . on

'in the same manner and the solution

. requires matrix inversion at each
frequency step. " _ |
4. Transformers with ~Tertiary

Windings -
'1‘,he. theory " for ‘the t_hree-wlndlng'

‘transformer can  quite easily be -
obtalned . by extending ~the - theor)
already derived ~ for . the  two--
winding transformer. .. However,
in the case ~ of three. winding

" transformers, ‘I and V.  are ‘both
vectors _containing . 'nine elements,
and the - matrices involved .

‘are
of the order 9x9.. :

If the tertlary windlng 1s terminated'.

load such = as a-

_ bank, then the
~ currents :
equivalent two

~in a
or reactor
. voltages  and
eliminated and an
port admittance matrix may - be
obtained. -~ This  takes into  full
account the effect of :the-
connection and its loading,
the -tertiary voltages -and
are not directly available.

tertiary

although

5. Autotransformers

{In the case. of the auto-transformer,
the - foregoing  analysis
applied  provided some
alterations -are made ' in the
"winding equations. S

mlnor

6. Inclus1on of Losse-s'

supply -
. ‘power

At normal

the modern’
has -a high efficlency, and copper
..and iron losses are ' very -small;
However, in - transient - amalysis,
" frequencies much -~ higher -
power  frequencies'  are -
. and iron losses are
. be . frequency. -dependant.

although  very - little
the
of transformer losses with frequency.
N A 4 is considered _ desirable, for
- completeness, to make

transformer

known ‘to

information

(38)

capacitor .

..may  be .

tertiary

currents

can -be

basic -

f requeneles .

than
p'resent -

Consequently.

. varlation -

provision

for the inclusion of losses within
“the formulation.. '
Core .losses may  be : ‘conveniently
. represented by~  suitable shunt
- resistances  across: the  winding,
. frequency - dependent = as  required.
‘This requires - some  “additional
formulation - procedures’ " which
-are - indicated” . in  the - -following
sections, L : '
6.1 Delta connected v:vlndlngsl'
In the  delta connected - winding
~shown' "in - fig. . 3a, the resistive
elements represent the  frequency
dependent  iron loss components
of the windings, The  currents
“clrculating in  these  loss  paths
‘may be written i
B TR ne
11 ;1 1/R© 0 70
g - = . ; .
IZ 2 0 1/}R2‘ -0
Iy =31 o o 1R
v, - VZ
12" Vs
v, - v
3 1
or in compact notatfon )
1 = [R'lj v (17)
-pJ D

These . resistor currents may be related
to the line currents by thf delta-
connection matrix [CON used

B earlier, so that .

I} = [CON ] '(l.'A - I)

L -L (18)
Furthermore, the dlfference E voltages,
-of equation - (17)  may - be related
to. the line voltages by the delta-
connection - matrix - [CONDI, 80
that" - i R

'Y'D = lCQND] v (19)

Substitution in equation (18) gl-ves‘ .

'Enginéer', June, 1988



1.

- SR TS §

[ =1 ¢ . n
| -1 [CONDJ. [Rp_ ] _‘ :
" ©ICoNgl V. (20)+
.Thus the equivalent ‘conductancer'inatrii: |
of the  delta  connected. winding
is ‘ ' R :

| [Geqlv = IQONDI [Rp], [CON,I. -
6.2 Star connected windings

similar-derivation 3 to

of the

that .

By a |
of 'the delta winding, and - with.
reference . .to -fig. 3b, - the resistive
current for the = star. - winding is
found to be - E o

R IR PR I

.I1 .Il 1/R1 0 0 | 1

B P - : _ :

~IZ 124 ' 0 ;/BZ‘ i) |

11 - I, . 0 0 1/R
or in compact notation -

' -1 = lR My
Foru the - star wi_ndlng, the ‘phase
currents . are equal. to the line’
currents so that Co '
.. : ‘ i -1 v‘ ] : ’ .

S = R 1) .
L= L o= IRTIY (2
and . the - equivalent - conductance
matrix . of the star connected wlnding .
‘1s : ) '

B |
G = [R

o [ eq] [ p ll,.
When: multi-winding _tranSforme'rs a
are considered. the total equivalent
conductance matrix . is ,cOmposed
of - the  sub-matrices (G ].. The
total equivalent conductanéd matrix
is added to the transformer admittance
matrix, The = resultant admittance .
matrix 1is the complete . admittance -

matrlx to be used in the analysis. .

Sln'ce Fourter ' an_alysis . 1s ~ used
in the calculations, -the admittance
matrix can - be computed at each
frequency

step and any dependence

'Engineer', June, 1988

core - loss with  frequency

can. -~ be . easily  accommodated by
claculating -

the " equivalent conductance
values at each frequency. : :

7 ‘Bnergisation of a Transformer'_,-

“from a Transmission Line

One frequency encountered 0vervoltage

problem . ‘in = transmission systems -
is. the  generation = of overvoltages
at ~ a  transformer supplied from"
‘a long transmission line,  Fig. 4
shows the_ equivalent circult . for-
a ~ loaded - transformer 'fed from
a transmisslon line. : ' '
“The currents. and  voltages .at -
the terminal load are ., related
by " I : o '
-Lt ‘= ‘ [Ytl_y_t | tZZ),
For - the convenience of . analysis,
the transformer admittance ' matrix
is . partitioned - into primary/secondary
~ sub-matrices, . and - equation = (l6a)
“may be written as L :
) e ||Meana! || ¥ | (23)
Y, 1[lV S
”tm’ 227 | =y
' Combining 'eQuations-" (22) " and - (23)
. glves o ' S
Lol =|Med| [Mena! [
O | (Mgl | thZl +HY,]
-r| , : (24)
vl T

from which V is elimlnated to give’

tflll [Ytnz] E‘tfzz-l +

.‘AI =
[Y ]] Yeea1! Y;X (25)
which in compact . notation can be .
" written as ' o
lr .’lYpll-!r, (26)
(39)



where _
= - - Y.+
"t .
[Yt.]} Yogz]
|Y | represents  the Combined_
admittance matrix of the transformer .
and load - as  viewed from thev
transformer primary terminals, . /
The two- port - admittance 10 ‘matrix
of the - transmission  line may
be written as . o
L (Al -Bl ||V )
= | S 27)
_I_r _ iB] N [A]: v
From equation  (26), substituting

for I in equation (27) and rearranging
leads to - .

- B \A

st =1 ' s | - (28)

lo |  |-B

In the case of single pole energisation-

of - a’ _circuit breaker.  (i.e. for
the first phase to close), = the
applied voltage ‘conditions - for.
the first phase are known - at

the

the sending end. of the line,
the sending end ~ currents of
_other two phases are also zero.

t28) may ,be solved
“to give the unknown voltages and
currents'. in the transform domain.
- By systematically. working' backwards,

Thus equation

the transforms of all the ' unknown -
voltages and . - currents may = be

determined in the transform domain.

The  inverse Fourier transform

then gives the  transient = solution

in the time domain, " T

8. Computer Study

To demonstrate = .the  importance

‘of  the _ transformer model, a study

was -carried out - on ‘the transformer

40)

“__In.the-

~closure

"~ as some  of
" the'

. supplying

feeder .shown in fig. 5.

particular system was selected

This
as field test results are available
for a similar system, = which |is
used in the present paper . for
comparison  of computer results,
The  field oscilllfograms ~ obtained
by Price et ~are ~“for the
sequential. closure of the circuit
breaker = at A, _with the.- second
pole closing . approximately ~ 6%
ms  after the first pole . closure.
The receiving. and transformer
~ in  the field test is three-
“phase transformer with a A- -Dcon-
figuration.
In order ‘to justify the importance-

of the transformer winding configuration:

on  switching  surges, computations

were . carried out for the - actual

configuration of - - - .as well

as forra - - - configuration.

Further, to show _ the importance -
of considering the interlimb magnetic

. coupling in the transformer core.

the - - configuration was ' con- -
sidered 'with and - without inter-

limb magnetic coupling., - These -
.two cases ' of ~ coupling, infact
correspond to a three-phase trans-

former,

and a bank of three single-A

‘phase transformers.

‘the
the

first pole’
sequential
“considered and  the
was made upto the
the. closure ‘ of the
pole . in  the field test.
‘comparison was not possible
the parameters  of
test system were not: available
some suitable assumptions
to be made.

study, only
to closer to "~ of -
was
comparison

instant = of

second
Exact

and
had
. o , |
The @ transmission line :
was -~ of .'a
and the

considered
typical configuration,
restt of the power system
.the . line was Trepresented
by its Thevenin's equivalent,
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A

The transformer at the

) receiving
end of the line was given - the
following data. :

 Rating of ‘transformer = 300 MVA
Voltage of primary = 345 kV
Voltage of secondary = 138 kV
Voltage of tertiary = 33 kv
Magnetising current = 0.5% .
Core less current = l1.08
Primary leakage inductance= = 5,0%
Secondary leakage  inductance= 5,0%
Tertiary leakage inductance = 5,0%-
Figure 6(a)  shows the = three-
‘phase  voltages of the  seéending
end of the fleld . test oscillogram, .
Waveform e " shows the  first
phase to c]lose at  the instant
§1-C  and e, and e, are. the
waveforms 3% the unenergised
phases. It . is seen that the
unenergised phases’ have bascially

the same waveform upto the energisation

‘of . the ' second - phase at . instant
Figure 7(a) shows ° the  three-
phase  voltages of the . receiving
end - ‘of the fleld . .test oscillogram.
Waveform e corresponds to the
energised 'prhase, - while e, and -
€., correspond to the unenergised
phases. ' :

9. Results |
To - investigate the  possibility
of = disregarding the ~ transformer
configuration in - transient calculations,
the system was first analysed -
with-a A-A-A transformer at the
receiving - end. ‘The computer.
results of  Figure  6(b)(1) and
figure . 7(b)(1) show that both
the sending end voltage waveforms:
and the receiving end  voltage
,waveforms .do not show any significant
voltage on the unenergised phases
unlike in the ~fiéld test result,

This 1is due to the absence of
the delta winding - on. the . tertlary.
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~These are

“Also,

. The

for a A-

‘Studles also showed * the receiving
-end voltages in this case is similar

to that of the open circuited
line. . S R

The presence of a delta winding
on either the secondary or the
‘tertiary, such as in A-D>-A or
A- A -D  transformers, causes a

- significant voltage on the. unenergised

phase, as -seen from. figures 6(b)(ii)
& (1) and = T(b)(11) & (iii).
also seen to be
to- those in the field oscillogram."
However, the period of the oscillation
is. not quite the same when
limb magnetic coupling s

while = the  receiving = end
waveforms © with inter-limb magnetic"
coupling (Figure - 7(b)(iil)] . agree

-in the basic shape of the recelving

end waveform - of the energised
phase, the waveform in the absence
of mutual coupling (Figure  7(b)(ii)) -
is completely different  in = the

" transient overvoltages,

10. Conclusion -

has used the

present study
Fast Fourier Transform with. connection
" matrices - to form the 'winding
‘configuration matrices of the trams-

- former, It has compared the transient

response of an. 84 mile transformer_
feeder obtained from field tests
- > transformer with inter--
limb magnetic coupling, with
analytic results for -A-A transformers
and A-A - transformers with  and

' .without - inter-limb magnetic' coupling.
‘The results obtained show conclusively
configuration -

that - only the
even -glves
reasonably close.

proper

results which  are
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