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From these equations we can derive that the switched current at the transition
cuitgits = 'becomes maximal in the “heavy" switching direction at the phase angle
;E;n;l;d:j::i;:;iﬂ:zb:d power factor of 1. The power factor only affects the
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By L‘“_'Mﬂ;: the main swilching contact of the closing side the diverter switch
Uperalion is completed (neglecting the operation of the maﬁn contacts).
For the Ilu:‘x'l tap-change operation in the same direction the above-mentioned
aequgn{:e 1..'.n!l be repeated, but now the side B of the diverter switch becomes the
opening side and side A becomes the closing side (compare Table 2.1-2)
Consequently the two sides of the diverter w.-hitch alternate operation Eun;g
uf_:-nm:n.:u_m-'c tap-changes. The arising stresses on the contacts are the same for both
sides of the diverter switch and only differ with the switching direction (addine or
subtracting turns). - | .

i Fig. 2.1;? shows the locus curve of the output

A - voltage U of the transformer when moving from one

4@’ e tgpping to th~:—* adj_'acem one, derived from the phasor
diagrams listed in Table 2.1-1. The shape of this

: curve 1s similar to a flag. This is the background for

518 the name of this method used to perform the tap-

u change operation.
o

: - Table 2.1-2 shows the operating order of the contacts

L of the diverter switch for some consecutive switching
Fig. 2.1-7: Locus curve of the| operations of the OLTC in both directions (adding
output voltage (unscaled) and subtracting turns). The duties on the main

switching contacts and on the transition contacts are
given in the Tables 2.1-3 and 2.1-4. In these tables also the number of operations of
every set of contacts is given in relationship to the total number N of operations of the
diverter switch.

The number of operations of the main switching contacts of the two sides of the
diverter switch can be determined simply as one half of the total number of the opera-
tions of the OLTC, since the two sides of the diverter switch alternate operation.

In case of the transition contacts the same is valid. In addition it has to be considered
that not every operation is a heavy operation. It can be assumed as a mean value that
the operations of one side (N/2) are distributed evenly into heavy (N/4) and light

(N/4) operations.

From the phasor diagrams we can derive that the power factor only affects the duty on
the transition contacts.
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Main switching contact duty
Contact |  Switched ' recovery ' Number of Effect of load
| current |  voltage operations power factor
T R T N/2 :
Ms, | 1, ] I R none
MS, JJ T ( TL-F{ j N/2 none

Table 2.1-4: Transition contact duty of a flag cycle diverter switch operation
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Contrary to the diverter switch operation it is typical for the ’f‘ficuu_" switch operatio
that the two transition contacts do not alternate in mnﬁ?w“w H?v”ch'ng Operations
(see Tahle 2.1-6). One transition contact 18 actuated on i}f In operations when turns are
added and the other one only when turns will be subtracted. It follows tha one
transition contact has to break in every operation the circulating current plus one half
of the through-current (“heavy"). whereas the other transition contact has to break in
every operation the circulating current minus one half of the through-current
(“light”), The mamn switching contact has to break the through-current in every
direction, :
The duties on the main switching contact and the transition contacts are given in
Tables 2.1-7 and 2.1-8. In these tables also the number of operations of every set of

CONIACES 15 given In relationship to the total number N of operations of the selector
switch. " '
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Fable 2.1-7: Main sw lehing contact duty of a flae cycle g :
. = BYCIE selector switch operation

Main switching contact duty
Contact Switched | recovery Numht:r of Effect of load
current ‘ voltage Operations _j;nwernfact{a:r
' It l R | N none

Table 2.1-8: Transition contac t ofF 2 flao avnls .
thon contact duty of a flag cycle selector switch operation

Transition contact duty
Contact | Switched current recovery Number of | Effect of load
voltage operations power factor
Iy (05 +TL -F{)- 1 Us +iLﬂ N/2 maximum duty
5 R atpf.=1.0
: — =+ A
B (Us‘IL'R]“EJ?H‘ US_ILH N/2

The different numbers of operations compared to the diverter switch results are due to
the different mode of operation as described before.

2.1.2.3 SYMMETRICAL PENNANT CYCLE OPERATION
(DIVERTER SWITCH)

Typical of this method used to perform a tap-change operation is that the circulating
current starts to flow before the through-current is diverted from the main contacts.
The transition resistors of both sides of the diverter switch are assumed to be equal.

Table 2.1-9 shows the different operating steps of a symmetrical pennant cycle
diverter switch operation and the relevant phasor diagrams for the "light" and
“heavy" switching directions (adding or subtracting turns). The principle effect of the
power factor to the currents and the designations "light" and "heavy" of the main
switching contacts are similar to that of the transition contacts of the flag eycle
operation and are given in paragraph 2.1.2.1.

The main switching contact of the opening side (here MS,) has to break the
circulating current ch determined by the step voltage Us and one transition resistor
R, and the through-current. The value of this vectorial sum of the currents depends on
the switching direction.

o= 2.1.7)
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For the next tap-change operation in the same dirm.jlir;m the 'uh{:n-'&menti:_}ned
sequence will be repeated, but now the side B of the diverter swltt_‘h becomes the
opening side and side A becomes the closing side {camp. Table -?'_*l'”)}' Conx?quentf}f
the two sides of the diverter switch alternate operation during consecutive tap-
changes. The arising stresses on the contacts are the same for both sides of the
dix'cr;er swilch and only differ with the switching direction (adding or subtracting

(rms).
[ P Fig. 2.1-8 shows the locus curve of the output voltage
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Vol Uperations of the OLTC in both directions (adding

and substracting turns).
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tap (m) to tap (m+1) RIS o A } | =)
| ’ . . s
| %, =3 L~ i Y 5y o - 1% . =% . f ‘;.1 0 - ; o ] wpf i : " a
I-'.il[’lm-"hh‘r['li‘ilﬂ'ﬁ:.i | T, makes | MSp breaks MS, makes | Ty breaks I;'}pu-] Lirlhh metaod used floy perioriy s lap-change operation is that, in one
' : ' - direction of movement of the s o T gt S e ; ,
) | ot | MS .« breaks | MSk makes | T. breaks ey [ | _OLTC. the ?.trau’mung current starts flowing before the
tap (m+2) to tap (m+3) | Lg MaRes | A4 77775 | B A . t1m|.1:.__1—uun;.nl s diverted from the main contacts, while in the other direction of
: | wveme : -curre ' iverted f v - .
movement the through-current is diverted from the main contacts before the

l
and so on and so on and so on and so on

| circulating current starts flowing. Tap-changers employing the asymmetrical pennant
j MSj; breaks | MS, makes | Tp breaks 331,-'1:1:: are m;rmu]l}r selector switches and are used with a load current flow in one
direction only.

tap (n) to tap (n-1) I T, makes

| |
tap(n-1) totap (n-2) | Ty makes | MS , breaks | MSp makes | T, breaks

1 A | = ., s ArFfara ks AT . . 2V ure s - R
| . : selector switch operation and the relevant phasor diagrams for both switching
J and so on and so on and so on and so on directions. The main switching contact has to break the through-current in ane
switching direction and the circulating current minus the through-current in the other

switching direction. The power factor only affects the contact duty of the main

Table 2.1-11: Main contact duty of a symmetrical pennant cycle diverter switch operation A . ' : : ]
switching contact, when the circulating current minus the through-current i1s being

Main contact duty switched. The maximum current to be switched appears when the vectorial sum of
Contact | Switched current e these two currents becomes maximal. This is reached
reCovery , _
valtase Numh?r PRt n.f load 345(1.29) when the phase angle between the two currents is 90
f = £ operations | power factor 2 () degrees, that means at power factor 0. The transition
| \ Il - ' 1 \
MS =l l( U. +1 *F{) N/4 maximum duty U contact has to break the circulating current in one
A R L o \vs T atp.f. = 1.0 A1(3) direction and no current in the other one. The
i | circulating current is determined by the relevant step
| L 2 5
— 1(0 -1, R N/4 U voltage and the transition resistor.
R * poAES ULt g
J 1 Fig. 2.1-9 shows the locus curve of the output voltage
“ﬁﬁ— +TL = (L_Js +TL -F{) N/4 maximum duty ‘ 4 U of the transformer when moving from one tapping
£ atpf.=1.0 ‘ L\ to the adjacent one, derived from the phasor
_5 = 1 (- N/4 { diagrams listed in Table 2.1-13.
- -—-...I ! ( -'_ ‘ )
e 2 US I" R Fig. 2.1-9: Locus curve of the
- — output voltage (unscaled)
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Operating order of contacts

Switching operation from ll
tap (m) to tap (m+1) l:

RN |
MS breaks | MS makes | T breaks l T makes

tap (m+1) 1o tap (m+2) | MS breaks | MS makes | T breaks [ T makes

tap (m+2) to tap (m+3) MS breaks | MS makes | T breaks T makes

and so on and so on and so on and so on

tap (n) to tap (n-1) T breaks T makes | MS breaks | MS makes
tap (n-1) to tap (n-2) T breaks T makes | MS breaks | MS makes
tap (n-2) to tap (n-3) T breaks T makes | MS breaks | MS makes

and so on and so on and so on and so on
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Table 2.1-15: Main contact duty of an asymmetrical pennant eycle selector swilch operation

Main contact duty

Contact | Switched current recovery Number of | Effect of load |
voltage | operations | power factor
1 '|L R N/2 none
MS b _
1 s i (R [ N/2 maximum duty
_H's_ﬁll- Ua =R atpf.=0
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Contact Switched rﬂngge [ operations power factox
VOILE
“ nl
== - N/2 none
Us U,
i | 1 -
i PR
R e Ry =
T* L— | 0 . N/2 none
0 .
PERATION

SIS ‘cLE O
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(DIVERTER SWITCH)

an extension of either the flag

| hanoe operation 18
a tap-change operd the f
o am in the previous paragraphs that the transition
switching contacts as well as the

ltace or the breaking capacity of

This method used 10 pe %
cvele or the pennant cycle. It was sho
cy

resistors determine L
anne current To 1ncrease

he recovery voltage at the main
the allowable step VO

circul b
the OLTC this method can be used.
the stress on the main switching contacts

rv voltace and wath this 1. . _
: - 1). To limit the circulating

To reduce the recove i e

1 sistor 1S re omp. eq. 2.1_
~ wnsition resistor 1s required (C : , At
it ition resistor is required (comp. eq.

current with increasing step voltages a larger ransi ST s e e
3 | 2). These requirements cannol be satisfied by only one set of transition resistors.

Therefore the multiple resistor diverter switch was designed to fullfill these

requirements.
Todavs most used multiple resistor cycle diverter switch is introduced here. This
diverter switch is equipped with two transition resistors each side which are
connected into the circuit one after the other during a diverter switch cycle. The first
transition resistor has a small value to reduce the recovery voltage at the main
switching contacts and the second one has a high value to limit the circulating

cument.

Table 2.1-17 shows the different operating steps of a multiple resistor cycle diverter
swilch operation and the relevant phasor diagrams for “light” and "heavy” switching
direction. The definition for the designations "heavy” and "light” was given in
paragraph 2.1.2.1. The first and second transition resistors of both sides of the

diventer switch are assumed 10 be equal.

In Ehe su}ning position of the diverter switch (main contacts are not examined) the
main swilching contact and the two transition contacts of the opening side (here
MS,. T, and T54) are closed. The main switching contact bypasses the transition
conlacts and carries the through-current. The main switching contact opens and

T‘I;_l.] ""mlr—; W

2.1 HIGH-SPEED RESISTOR Ty Py OLT(
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breaks the throueh-curre ; :
_ ugh-current usually in the first curren Zero afi

y {E T auench F- - : _ - = 2In 4 [er Oy . ~ Sl -

After quenching of the are the through-current | p hl‘ M

: s e e . - t P43ses thr h th ar

connected transition recicts T— Ough e allel
2L on resistors R and R,. The recovery volr. P

MS is c + Vollage at the opening contact

l:Jr_!,'_"-u_. = I- —————_.'.':_
(2.1_11)

In the next position the transition contact T, of the clos '
2 = e closing side (here T,p) closes.

T'he through-current i ML
J T I"-l.‘”L”i Is shared between the parallel connected transition resis R

and K, of the opening side and the transition resistor R, of th I. 10n r;;nui)ﬁ i
sition a eirculating current 1 ‘ : 2 ¢ closing side. In this

position a circulating current | ., flows. The circulating current is determined b th

step voltage and the transition resistor network:

U B Ua-{R:.éFi,:_j
RiR. _n R.-(2R+R,)

: (2.1_12)

Now the transition contac S - |

. il - / Cl T 'l_‘-'l lh‘: LB o s aqlre Tro -

is composed by z S © opening side (here T, ,) breaks its current which
P Y a portion of the circulating current plus or minus a portion of the

Fhmugl:l-currcm and is determined by the current splitting by the transition resistors

in the first current zero after contact separation.

4

_IFT*::TC.I-r_EE_]iI f__Rz__}' HE e 2
L_ R1 1 RE A E l Fh ,;_HE 'J ELRE _LR . i'—-l_l-ﬂ}
= BT - SRl

( ): current splitting between the transition resistors R, and R, of the

opening side
| }: current splitting between the opening and closing side

With eq. 2.1_12 follows

U-(H,Jrﬁ} R = .
: LA P L B (7

i
— | . (2.1_13b)
" R,-(2:R,+R.) R,+R. 2.R, +R, | ‘R -

The recovery voltage at the opening transition contact T, (here T, ,) 1s determined by

the voltage drop at the transition resistor R, of the closing side caused by the current

flowing through the resistor. After quenching of the arc the circulating current

becomes

(= Us (2.1_14)
2-R,

The recovery voltage at the opening transition contact T, (here T,,) becomes with

eq.2.1_14




28

S CONCEPTS OF ON-LOAD TAP-Clyang, RS

ontacts and phasor d;

2.1 HIGH-SPEED RESISTOR I'yre OLTC

ating order of ¢ agram
1-17 Cannection diagranis, operating o . 29
=17 WAV Jy aperdatit Y - > e .
T']blf ZI e resistor cycle diverter switeh « I IFable 2.1 !7 (cont.): Connection diagrams, operating ord :
of a muilip v diagrams of a multiple resistor cycle diverte i & O €r of contacts and phasor
ht switching direction . crier switch Op€ration
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¢ T, (here T,g) closes. [he [hmugh,L.L“_I_L_m
1 "1 i*llh'l g S . | L, . | i 1

pasition the transition con ) Rf of the opening side and the Paralleg|

. a1 H resi1sLor 2

he transition

the nexl : B : .
In i R. of the closing side. In this position e
and K;
’ -

is shared hetween | e
‘mnmcd transition resistors
i

.:jn:lliﬂ!iﬂ:.‘.' current hecomes 0 L_JS _{H1 +HT ) 3 I‘ (2.1 “._”
e e & i s
I cs= Fis R. R, (2:R; +R;) L
. . 3 2

| act T, (here T,4) opens and breaks Its current in the firg
Now the transition contact £ Y

current zero after contacl separation
R, -R. . b
R."'Fr DS"R:"'R;?) +| .R1'HE : (BITF:,?J_____
l=letlc—R R =R (2R +R,) ‘R +R, R, (2R, +R,)
i +R—-. +R,
I (G P | R +R; (2.1_17)
TI_L 5= LH1+H2 F{E,(Q,R!+H2)

The recovery voltage at the opening transition contact T, (here T, ,) 1s determined by
the step voltage plus or minus the voltage drop at the parallel connected transition
resisiors R, and R, of the closing side caused by the through-current;

0y, =0, +7,- D FRa

e =g == A H1 +HE —
By closing the main switching contact MS of the closing side the diverter switch
operation is completed (neglecting the operation of the main contacts).

For the next tap-change Operation in the same
sequence will be repeated, but now the side B of the diverter switch becomes the
opening side and side A becomes the closing side (comp. Table 2.1-2 ). Consequently
the two sides of the diverter switch alternate operation durin g consecutive tap-change
operations. The arising stresses on the contacts are the same for both sides of the

diverter switch and only differ with the switching direction (adding or subtracting
lumns).

direction the above-mentioned

—

l-“ aﬂd T
factor as sh

The switched Currents
affected by the power
maximum in the “heay

12 EIVEn in equations 2.1 13b and 2.1 _17 are

e g ¢ m"_’" i"_ Paragraph 2.1.2.1, The currents become a
Y switching direction at power factor I

TS NBI T AR
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F".ttj. 2.1-10 show

U of the transformer whe

5 the locus curve Of the oulput voligge

Ing from one lapping
N the phasor diagrams
I'7. This multiple resistor
also known as flag-

the locus From the phasor
diagrams we can derive that power factor only affects
the duty on the transition contacts. :

i miow
to the adjacent one, derjved frol
listed 1in Table 2 |-

—— ———iy

diverter

vitch cycle s 1l F
switch cycle | pennant cycle, |

derived from curve.

T - ""_' - 2 3 . g . L il

Idhh._._.l | 8 x]u.ma the operating order of contacts of
the diverter switch for SUME consecutive sSWitching
operations of the OLTC in both directiong (adding :mEi
subtracting turns). -

The duties on the main switching contacts and on the tr
the Tables 2.1-19 and 2.1-20. In these tables
set of contacts is given in relationship to th
diverter switch.

The number of operations of the main
diverter switch can be determined

operations of the OLTC, since the two sides of the diverter

In case of the transition contacts the same is valid. In ad

that not every operation is a heavy oper
the operations of one side (N
(N/4) operations.

3

6 (2)

s (4)
3 (5}

A7 (1)

5 —
3 Y
A7)

2(8)

et

Fig. 2.1-10: Locus curve of the
Liutput voltage (unscaled)

ansition contacts are given in
also the number of operations of every
¢ total number N of operations of the

switching contacts of the two sides of the
simply as one half of the total number of the
switch alternate operation.

dition 1t has to be considered
ation. It can be assumed as a mean value that
/2) are distributed evenly into heavy (N/4) and light

Table 2.1-18: Operating order of contacts of a diverter switch for some consecutive switching

operations (multiple resitor cycle “tlag-pennant cycle”)

Switching operation Operating order of contacts
from (br: breaks, ma: makes)

tap (m) to tap (m+1) MS,br | T\gma | Ty, br | Togma | Ty br MSy ma
tap (m+1) to tap (m+2) | MSgbr | T,y ma | T g br Thyma | Tygbr | MS, ma
tap (m+2) to tap (m+3) | MS, br [ T;gma | T br | T,z ma T,, br | MS; ma
ands.o. | ands.o. | ands.o. | ands.o. | ands.0. | and s
tap (n) to tap (n-1) MSgbr | T,y ma| T,z br Trama | Tygbr | MS, ma
tap (n-1) to tap (n-2) MS, br | Tjgma | T,, br | Tygma | T,, br | MS; ma
tap (n-2) to tap (n-3) MSg br | T,y ma | Tygbr | T,y ma| Tygbr | MS, ma
ands.o. | ands.o. | andso. | ands.o. | ands.o. | and s.o.
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L itched current recovery voltage [ opera- | power factor today. Especially  when | Preventiva 'I_-__" ?
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LT ‘ h = 2°R, +Hg 2 the breaking contacts are IhridJ_Lmz :.E‘ SWieh and wap selector (non-bridgine and
. Lo : : 2INZ position) TS
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(LJ5 — | L'Hi‘) SR <R 5 \Us ~ LT peed as as eSIStor type OLTC, In the beginning the reactor type OLTC
R, ! was designed for the application at the Jow voltage side of ? "
_ _ e R WY Vollage side of the transformer. Therefore
S 2NS10nec re; ake ; arrv laree o :
| "R.R ) R+R - = RB;‘R; | N/4 | maximum duty Qo D Dredk, make and carry large currents. Today such arrangements
’. TSR PR ) Us + 1 ‘-ﬁ_—ﬁ— at p.f. = 1.0 are used mainly in Northamerica.
T1 S L R.(2R. +R + 4 R
24 R, +R, /R, (2R, +R, FRalal
o . ale L L"I'. 1 =% s ; . - . l,' -5 B » e E - .
’ fl}l tap t.h;lln,__mg Operation acc. to this SWitching principle is performed in three steps.
AD-Chanoen & AneraTed Ko P S Srere s :
[f_ < o R +R i R, N/4 1€ lap-changer 1s operated by a motor drive mechanism, which drives the reduction
. I U, -1, - f H;s }H (21;:1 f_;q _) Us - | b gears o open and close the transfer switches and the lap selector in proper sequence.
| +
+ -+ 1 2
|\ i AL 1 2

When moving from one position to the next, the transfer switch opens first by a
spring-operated mechanism and breaks the current. Then the proper tap selector
selects the next position. The transfer switch is then reclosed. In case of the selector

N/4 | maximum duty

atp.f. = 1.0 switch  design  (also called
F arcing tap switch) these three
N/4 lap seleclor steps are carried out at once.
i }l_[ Sravariive The ~ drcing liflp ‘ swlltch
2 | 2 autolransformer combines the basic functions
N74 | maximum duty : , of breaking the current,
. vacuum interrupter - .
atp.t. = 1.0 i = " ' selecting the next tap and
bypass -
swilch : making current.
N/4 I | I

_ _ The second principle (Fig. 2.2-
Fig. 2.2-2: Principle scheme of a reactance type OLTC 9 i lceee RhedkuRniti
with vacuum interrupter, bypass switch and tap selector T T L e
(non-bridging and bridging position) '
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2.2.1 SWITCHING SEQUENCE

C57.131 [IEEE Standard 57 131 1995] there are three

f OLTCs or methods (0 p;:rfnrm d lﬂp-uhangf: nperalinn (arcing tap switch.
p selector. vacuum interrupter). Figure 2,2-3 to 2.2-5 show the
the switching sequences of these OLTCs. The different switches

or contacts are defined as follows:

arcing switch (transfer switch) (TFS 4 p):
A switching device used in conjunction with a tap selector to carry, make and
hreak current in cireuits that have already been selected. The contacts of these

swilches usually are made from a copper-tungsten alloy.

It is also possible to use vacuum interrupters as switching devices.

arcing tap switch (ATS, p):

A switching device capable of carrying current and also breaking and making
current while selecting a tap position. It, thereby, combines the duties of an arcing
swilch and a tap selector. The contacts of these switches usually are made from a

copper-tungsten alloy.

bypass contacts (BYC, B

;:nn s; ;fﬂ;l;zahig{h—currcm cm}dng contacts that commutates the current to the

Ny To-:f; u:?c;um ln[:?rrupter (VI)). Tf?ese contacts usually are made

= ﬁmmrmal.ﬁn _ € processes of commutation often the last breaking resp.

ey £ contact section 1s made from a copper-tungsten alloy to limit a
ontact wear,

MJ.! OLTC with ArRCing CONTACTS AND TAP SELECTOR

l‘m’niwlﬁng -
'he switching sequence for examp| =
ridging position of an OLT M;:;‘:;“ﬁ ﬂﬂﬂ-bndglﬂg ;toﬁltmn to the next non-
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Fig. 2.2-3: Principle switching sequence of a reactance OLTC with arcing swilch and tap

selector (a: non-bridging position at tap 4, d: bridging position between tap 4 and 5, g non-

bridging position at tap 5)

2.2-3. In this example the tap selectors are connected to tap 4 (Fig. 2.2-3a). Thisis a
non-bridging position. The through-current iLis shared between the two pathes A
and B, each carrying one half of the current. The switching sequence starts with the
opening of the arcing switch TFSg. The current breaks usually in the first current
zero after the contact separation (Fig. 2.2-3b). The through-current flows now only

through path A.

The tap selector of path B moves loadfree from tap 4 to tap 5 (Fig. 2.2-3¢). After
completion of the tap selector operation the transfer switch TESy recloses (Fig. 2.2-
3d). The through-current is shared again between the pathes A and B. In addition a
circulating current TC flows because the two tap selectors are connected to different

tappings of the winding. The circulating current 1§ determined by the step voltage and
the impedance Z of the preventive autotransformer. The magnitude of the eirculating
current often is given as a percentage of the through-current (pa)

-

= o L E

The circulating current is 90 degrees lagging 10 lhtj: step :agltage. This position 15
called bridging position and, usually, is used as a service position.

The next switching sequence is started by the opening of the arcing sﬁtch_ TFS .
After breaking the current in the first current zero after contact separation the

through-current flows only through path B (Fig. 2.2-3¢). The tap selector of path A
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|Fig. 224: Prnciple switching sequence of a reactance OLTC with arcing tap switch
| {a: noa-bndeing position al tap 4, ¢ bridging position between tap 4 and 5, e: non-bridging

| position at tap 5)

2.2.1.3 OLTC wiTH VACUUM INTERRUPTER

The introduction of vacuum interrupters into the OLTC technique brings the
ddvantage of a large number of possiblke operations combined with a small contact
wear. In addition there is practically no carbonizing of the oil by arcine with this
design. 1

The switching sequence of an OLTC with vacuum interrupter (designation acc. to
IEEE 5}:1 @?S?.Bl} requires more steps (o carry out the Lap-chaneir:g operation as
shown in Fig. 2.2.5. Starting from the non-bridging position at laE 4 (Fig. 2.2-5a),
tfli:?tnul;: :uvrp;zst f;}g::in l;YCe% opens. Dun’nglthis Operation the relevant part of the
VSl : lat.. .[0 the vacuum interrupter path (Fig. 2.2-5b). Then the
. texrupter VI opens and breaks the current in the first current zero after

(Figs. 2.2-5 i -

e o wﬂ*';; r::l;i;he l;eclos_mg of the vacuum interrupter g circulating current

-(Efm: 2250, Now the caf ml: b}’p‘m contacts BYCy the bridging position is reached
Hrellating current is shared between the vacuum interrupter

b L1

2.2 REaACTOR TYPE OLTC
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Fig. 2.2-5: Principle switching sequence of a reactance OLTC with vacuum interrupter and
tap selector (a: non-bridging position at ap 4. d: bridging position between tap 4 and 5. o

non-bridging position at tap 5)

path (approx. 30%) and the bypass contacts (approx. 70%). The distribution depends
on the contact resistance relation. Also for this OLTC the bridging position 1s a
service position. The continuation of the switching sequence to the next non-bridging
position is carried out in the same manner as described before. but now the path A

has to break the current (Fig. 2.2-5g to 1).

2.2.2 DUTY ON SWITCHING CONTACTS

The duty on the switching contacts of reactance type OLTCs depends on the me'_lht:fd
used to perform the tap-change operation. As mentioned above different basic

methods are used for this purpose [[EEE Std. C57.131 1993 ],
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- ' — | All these methods have in common that the
' . Tl ich flows dur

| circulating current lo. whic during the

position, has a 90 degree phase shift 1q

voltage, caused by the impedance

the
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the step
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preventive autotransformer.
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i = s I S or i considered in the resulting current whiech
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2 ¢ . 1o be switched during the tap-change

™ —_— HEI ‘< oiven in Fig. 2.2:6. The imn:
U operation and is given NEL1E. <.==4. LUC 1Impact
f le="1% of the power factor on the duty on the sWitching

. AT A ok . derived from this ficure
IF' > 2.5 Phasor diagram of e} contacts can be derive Its 1 ey

jg. 2.2-b: Fhas SR e : and results m a max

/_ ﬁEnIi o the switching CORIECIS | ation and resu 1 maximum
< «witched current at a phase angle of 90 degree

!‘uns‘c\lli‘d} _____________——————-______ = ‘ = - I
alues st hanced for 90 degree leading or lagging
power factor 0) The absolute values stay unchanged ging
power faclor.
juatine the duty on the switchine contacts, some basic definitions must be
Tl e E‘a uu = - . 1 .L y ' = B - (= &l 1= . S ¥ =
BHCE 4. From the above mentioned switching sequences we can derive that there
ced. Frc . : : . M
. h . different conditions al the prevenlive autotransformer regarding the current
are three figne
splitting that affects the duties on the switching devices.

The impedance Z of a reactor is proportional to the square of the number of turns.
Thus the impedance of one half of the reactor is a quarter of Z.

The relanons of currents and voltages do not depend on the different switching
principles and therefore do not depend on the two designs of preventive
autotransformer usually used (center-tapped reactor and reactor with two single

windings). The magnetic coupling M is equal to 1.
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Figure 2.2-7 shows the current splitting for both t

. ¥ - -1 Y1 ¥ . ! 3 - }'Tjt.'"\ f}r AT .

1 [hl.,_ non-bridging position of the OLTC (comsare ]_!'Hut.nm-c autotransformers

resulting voltages are given in equations 2.2 3 (c = 1igs. 1.2-33 10 2.2-5a). The
a'—."_._-_ Fe :".—_

S R )
Uf—‘zi-}—é-'é'm-ui:ll': J_.;_(___'ilj__ lx__
2 4 2 E"-D {?—2_331
- I, X . I i
U?r_—é—-l—‘i-+|v| Uz:*-li-l——-ﬂ L X _
2 4 2—:1—-0 (2.2_3b)
U==U£+EJ-3=U' 12'}3;:-}

Figure 2.2-8 shows the current splittine f
g SPULLing for both types of ‘enti rm
; T e a . | - Preventive autotransformers
when one side of the OLTC is carrying the through-current (compare e.g ]:5: ‘f;
'1 Ln '-" ~ - - 3 : 2 . p : = ¥
ib. 2 2-4b and _.3-3L:l. he resultine vcillaneg are o1ven - ‘. =
| g s+ it BIVEN 1n equations 2.2 datoc.

Fig. 2.2-8: Current splitting ¢ rentive - < : : :
2 phtting at the preventive autotransformer during opening of one side

sz e R

UE—IL-?+M-U3=IL-I+D=IL+% (2.:2.4a)
e <o e It ORI

U, =0+M.U, =0+1.T 2 12 (2.2_4b)

4 ‘4 Sp

(2.2_4¢)

Figure 2.2-9 shows the current splitting for both types of preventive autotransformers
during the bridging position of the OLTC (compare e.g, Figs. 2.2-3d, 2.2-4¢ and 2.2-
5f). The resulting voltages are given in equations 2.2_5a (o ¢.

O (TP = T =N S R .
0, = 2o [ 22400, =] 2t 3T | = S S E e e )
2= |7 e g T eS| e S e S
J I g )X ¢ I g )X I Tﬁ X 0.4 aass
Homr o [t MU= =le el aliSg T
. i
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I'FSR break 2
B YICdKS TFS = e
| - B rﬂdl\Lh hl—}:\).,!I brE:lL\"-. TFS ] makeg
. 4 racraphs show typical contact or switching device = =
The tables in the following pards apiis 7 ARt v, 7 X
e tak < are used for the above mentioned methods used to perform a tap- 2 e S u
arrangements WIIL ' iy e faor each function is shown in the ficyure: . T Us 4
chanee operation. Only one pair of contacts for each function 1s ¢ higures, A & Yarss e J ~ U=U; U.
R e T - ontacts. e T L iy = e ' =
. o .etice this may represent a set of con = / = - : .
although in practice y Iep U=Us; U, : 4 1) y l;_i
-4 = 4
U U
53.3.1 OLTC WITH ARCING SWITCH AND TAP SELECTOR ’ Y T
: 0 : (i) -/ ) ‘ Y - o P
Tahle 7 7.1 « e operatine steps of an arcing SwWilch and tap selector reactance L ) ) = ¢
Table 1 shows those LDLMU L P I ng swit h and ldp selector r L I L ] b >
2.2 : g A : ' 1 1
type OLTC which are relevant (o the switching duty or to the output voltage of the :
transformer. The whole switching sequence is shown in Fig. 2.2-3. The example D
. . i s iy heavy switching direction f
shows a lap-changing operation from the non-bridging position at tap 4 to the non- . 2 E
4 I . - s U = . ~
bridzing position at tap 3 and vice versa. m Us Us Us J
EE———— s - =
== == ¥ i _.l_‘ _|_ -; : : —
For the non-bridging position the current splitting and the voltages are given in Fic, LT TR L I 3 | £ 7o
197 . e NI o - 2 Z r h | ' k! | il Tk
2.2-7 and equations 2.2_3atoc. TFSMQ TFS:I{' J é Bl o '1 ! z'| 5
] = T LT 9 TFS*T TFS,
During the tap-changefrom the non-bridging position at tap 4 to the bridging position it ] _L.TTB‘ LT‘TJ ol
altaps <-3, first the transfer switch TFS ; must break its current: L | 1
i e l| 9 Q e —
o= ol (2.2 6) TES, breaks | TFS, makes | TFSg breaks TFSy makes
“ 1 " ljfTF'::u' ‘ I
The recovery voltage e v Fo b D i I} Us : -
" l:uzur} voltage at the opening contacts after arc quenching is determined by the = |l 4 g 5 U I
0 car ¢ ar : . " : U= £ ! # = 5
£ drop at the reactor (compare Fig. 2.2-8 and eq. 2.2 4a-c): S i I % ' Us )
A 4
G -2.07 E U J . U
(TFS8 I 4 (2.2_7) i Mo s §i
- u
After the tap sel :
SEIEClor operation fr ap : :
switch the bridging Pﬂsit?oen . reacr?:; [;P 4 1o I?P 3 and reclosing of the transfer S o’ -
ik and the voltages are Ziven in Ft 2.2 9‘ S b,”dg'“g position the current splitting N X I
I | & =.2-2 and equations 2.2 5310 c.
[ | e — —— e
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The E€ fer switch TES, 1

ag of the ran>

mn-e:nl and the circulating current
I . L =e Ty
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- o contacts becomes:
The Jltage at the opening contacts bec
] 'l:ﬁ Vi 1-_' |
reCcOVeT) jX @2 o

- b
L-J-'?'Fil =U‘3 _-2[ IL 4 |

. - called a "light" operation (minus signis-_in CqUE.Elll‘_;nh :',E‘H and
This operation 15 Calies = “from the non-bridging position at fap 5 10 tap 4 is a
22 9). The opposile HPefJf'”"I; squations 2.2 12 and 2.2 13). The distribution of
“heavy” operation f{'lu;j :in:ﬂ! [hjlmn%f‘—’r switches or to the switching direction

; el CTallUHiz o =
Epf:niinh:;;g:g:: the through-current and the step voltage.

tap 5 to 1ap 4
iT__':“::—‘I--_I“ [22_][”
e 2 &

_ X
0res =2 | IL.‘?J (2.2 11)
| L (22 12
ITF“:;E:E I+l ce_12)

¥ _ X

UrTF55=U5+2-(|LJLJ (2.2_13)

Fig. 2.2-10 shows the locus curve of the output voltage U of the transformer when
moving from a non-bridging position to the next non-bridging position. This figure is

derived from the phasor diagrams listed in Table
| 51} 2.2-1. The shape of the curve (compare designations
or o412 of the high-speed resistor type OLTC) looks like a
- pennant (non-bridging to bridging position or vice
Lo Versa) or a double pennant (non-bridging (o non-

bridging position).

Table 2.2-2 shows the operating order of the
switch-ing contacts for some consecutive switching
Operations of the OLTC in both directions (adding
and subtracting turns), The duties on the switching
contacts (ransfer switches) are given in Table 2.2-3.
In there, also the number of operations of every set of

2.2 REACTORTYPE OLTC

Table 2.2-2 Urn_'r.:lm;: order of contacts
arcing sw ich and lap selecior lype OLTC (tran

for SOTTIe
ster switches)

i In'a.__[-,_.ut IIL:
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SWilching operations of an

Switching operation from

Uperaling order of contacts

non-bridging to bridging (raise) TFS,, breaks | TFSy, makes ]
bridging to non-bridging (raise) TFS , breaks TFS , makes |
non-bridging to bridging (raise) TFSg breaks . TFSy makes
bridging to non-bridging (raise) TFS , breaks | TFS , makes

| and 8o on | and so on
non-bridging to bridging (lower) || TFS{.,L breaks .l TFS , makes
bridging to non-bridging (lower) TFSg breaks il TFSy makes
non-bridging to bridging (lower) TFS, breaks \ TFS , makes |
bridging to non-bridging (lower) TFSB breaks | TFSB makes

I| and so on i and so on

Table 2.2-3: Transfer switch duty of an arcing switch and tap selector type OLTC operalion

Transition contact duty
Contact | Switched current | recovery Number of Effect of load
voltage operations power factor
1= | 1= ' N/4 none
: —-[}; —- |, <jX
TFS, 2 2
= - 1=, N/4
l.|L_FJ_5 Ug ——-1+jX
2 iX 2
= % N/4 none
l : IL ey lL _lx
TFESy 2 2
= Il = 1= N/4 maximum duty
S et Us +—-I JX A0
2 LT 2 “P

contacts, in relationship to the total number N of operations of the OLTC, and the

effect of the power factor on the switching duties are given.

With the definition that one switching operation of the OLTC is the Uansi'fiun from a
non-bridging (o a bridging position (or vice versa) the uumb_er_uf operations 'Qf ﬂw
transfer switches can be derived from the switching sequence _(F‘E- 2_-2"3{ and 'm“l s
to N/2 each. The duty on the contacts for half of these operations (N/4) is according
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2 DES
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= ek, 2.a IV RS nefer switch heavy oper: . T, I, P (S S oo
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The ql.lﬁ depends on the SIEN>S _ﬂj [h[-.; - nower factor on the duty on the sw itching 1B switching direction
gperation CSET - ins the effect of the pe S o - 3 = _
= F -‘1':-h C\P dil. : "‘LI al ﬂ“,'ﬁ[' IHL[“T ' 1 Us 3 :
b:lﬂl'f i‘_f N - siirrent 18 fL‘L!il.‘hL . F - U T
4s. The maximum cun : -f-‘f_‘-:‘_- F_ [Epaa g=—— -1 = 5
contacts. = oL L B B e ——
[ ] ! i A A — = =i e
TAP SWITCH U _ﬁ*’; el —~ L b II-_
S RSTR ING 1A ' 2 2 . P = \
o =M= ] .- g 1_ :
] - . LTCs is 5 SO A ! "‘L_‘ L—l-—-‘ 4
ds to the switching duties ol these OLTCs 1s the same BYC, LT 6 BYC, " sveA M & 9 ﬁ =4
. - — < I . = : oy g ] . : D & BYLC y
The switching principle in re&t7 ‘tch and tap selector. However, the switching device L ! hd ; T o
. b arcl SWilCH & “ i
a5 that DEOLTC:' with arcing » 1 L{ . which e break the current and select the T ) Ll
' . _-ce (he arcing lap Selectots L e /1 breaks T malkes
s in this case (e 200 P »n the arcing [ap switches, the number of operations, L AR V1 breaks VI makes
wapping. The resulting d'—‘”“’d‘ . o “Fihe power factor on the switched currents N 1 iX
1ONS § € - . : e L
heavy and light C‘P”ﬂ“ﬂn; - he previous paraﬂmph 2. 2.2.1 for the transfer switches A i LS i
—ame as mentioned 10 e et =L : p o T - — . 4
are the same as fﬂf: t 4 tap selector type OLTC. For this reason a description can be 5 % U Us v U=0. D
of the arcing switch and tap SEEEEEE Il A IETOI 2\ 2 k| Yw A
at this point. U=Ug i s ¢ ¥ > =
left out po U, d, J U,
u
- - T U G “d
5.2.3 OLTC WITH VACUUM INTERRUPTER s i
st v/ ‘ ' .
Y 0o P ) Q
I X [ T

steps of a vacuum interrupter reactance type OLTC
or to the output voltage of the transformer.
2.2-5. The example shows a tap-

Table 2.2-4 shows those operating
which are relevant to the switching duty

The whole switching sequence 15 shown in Fig. xan 0\
ng operation from the non-bridging position 4 to non-bridging position 5 and

Ue Us

el e
e
§ BYC, H

% iy

changi
vice versd.

T

For the non-bridging position the current splitting and the voltages are given in Fig
2.2-7 and equations 2.2_3a to c. During the tap-change from the non-bridging
position at tap 4 to the bridging position at taps 4-5, first the bypass contacts BYCy

must commutate its current to the vacuum interrupter (VI) path. Then the vacuum
interrupter opens and breaks its current:
o e
= 2.2
1 > I (2.2_14) VI breaks VI makes VI breaks VI makes ‘
S . i . s e by U
IE recovery voltage at the opening contacts after arc quenching is determined by the 1l
voltage drop at the reactor (compare Fig. 2.2-8 and eq. 2.2__4a-c): U=Us | Us fips
L =
= X 1 '
U, =o.]7.34 U i
w =2 ['L 4 ] (2.2_13) Y Uel 'g
After the tap selector anerat; o ;
s -p_wf?ﬂl:gbﬁf’:;?;;pﬁr:it}ﬂn from tap 4 1o tap 5 and reclosing of the vacuum / ‘
e | POSILON IS reached. For the non-bridging position the current & . y -
L ' L

splitting and the voltages are given in Fig. 2.2-9 and equations 2.2 Satoc.

.
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ae al the i"‘!“i-'?”n:"
s recoven vol@ge d
and the v .

. e e
light” © seration (Minus S1Igns 1N equalions: <o 16 and
This operation is called a “hight pers

33 17). The opposite operanon from the
- 1 equatons

shasy” aperation (plus s1gns i re » Ste
S e [hi* vacuum interrupter when the through-current or the step voltage
1 = ;s

non-bridging position at @ap Stotap 4is g
32 20 and 2.2_21). These relations can

change relared K
are in an opposite directon.
! id for the te operaton from the non-brideinoe
ollowing equ - are valid for the opposite operatt ging
The following equanions are
position at tap 3 10 ap <

f,'l—-;- I (2.2_18)
Em=2iﬂa§] (2.2_19)
L,:% ! (2.2_20)
U.H=US +2 UL'%} (2:2_21)

A comparison of the equations 2.2 6 to 2.2_13 with equations 2.2_14 to 2.2 2]
fs.hn*r'.x"s that the currents switched and recovery voltages for the transfer switches are
identical with those of the vacuum interrupter.

The l_ﬂf.‘llﬁl curve of the output voltage U of the transformer when moving from one

non-bridging position to the next non-bridging position is the same as for the arcing
switch and tap selector type OLTC as shown in Fi g.2.2-10.

Table 2.2-5 shows th ‘ " SWi
i) f e er ntohi - e - g
switching operations Df?ll: g{-ﬁg l{Fdﬂr ol 5}xllt!1|ng contacts for some consecutive
Shi gt 0fthe OLTC in both directions (adding and subtracting turns).
& on the switching contacts (vacuum inte are g ' I

. In there, also the number of _ crrupter) are given in Table 2.2-6.

. ol number N of Opemtinnsog;zﬁ:mgid Every set of contacts, in relationship to the

- ¢ OLTC, and the effect of the power factor on the

: switching duties are given.

—’—miw‘m i
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(&1 Hil CVEry o
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_ nean value
VALCLILEEY I'IllL'IIlI]"llL'I ul'c l.ll\l'l'lhul.,_-._i evenly into Value that t

heavy (N2

Fig. =.=-0 explans the effect of (he power factar

e lL

contacts. The maximum current will be r
W I'L‘.tn.'llcd Jdi POy ]

¢ VEr factor O

T o By ML .y

lable 2.2-5 Operating order of contacts for some ¢
. L

vacuumoanterrupter type OLTC -
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SPeration of the OLTC . If the
ersa) s defined as one

nterrupter can be
PEration is neither a heavy
1€ operations of the
and hight (N/2) operations,

On the duty on the switching

mse e . -
THCULIVE Swilching operations of &

Switching operation from '

| "Jpcruting order of contacts

non-bridging to bridging (raise) VI breaks |

V1 makes

bridging to non-bridging (raise) VI breaks |

VI makes

non-bridging to bridgine (raise) VI breaks

V1 makes

i ———

bridging to non-bridging (raise) | V1 breaks VI makes
and so on and so on

non-bridging to hridging (lower) . VI breaks VI makes
bridging to non-bridging (lower) VI breaks | VI mukes
non-bridging to bridging (lower) VI breaks V1 makes
brnidging to non-bridging (lower) V1 breaks V1 makes
L and so on | and so on

Table 2.2-6: Contact duty of a vacuum interrupter type OLTC operation

Transition contact duty
Contact | Switched current recovery Number of Effect of load
voltage operations power factor
1 7 1 T X N/2 none
VI Bl 2 !
S 1 = N/4
179 Og-=T X
2 X -
- B, N/4 maximum duty
%.|l+%]-x§. Us"'E‘IL'lx mp.f.=0
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the rotary 1t ion 18 choosen, one method of drivinoe
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hy Geneva
or doubl A
en operations. Other Syst
an methods
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When USIng
manner or on t
guch a device 15
provides the single-
firmly on position hetwe
nﬂrm:'ll and pﬂﬂml oothe

. l
. A Jvever des

Trele. Whicheve . ALl :
L cam (Geneva crank). This methog

wheels and driving -
but also 10cks the moving contacts

e-selector motion, the |
ems include elliptical drive gears or

d gear-reduct [Webb J]O79].
a tap selector with contact terminals
eased until the distance between the

number of posIoOnS for
tolerated 1n regards to

Theoretically, the :
arranged in & circular manner cdn h::_uyh.r B
adjacent contacl rerminals reaches the m.mmmm J gt et s
the Wi'!hﬂaﬂ(j E'D]lﬂgt‘.‘ herween (wWo I;]p_'i. If a \}fmm_elrh.‘ll contact PILC "I_ IS C “]Uh,cn‘ ”1C
ge stress appears at those (WO adjacent contact terminals which are
y ap winding. The voltage between two taps

and end of the t

maximum volla
d with the voltage across the whole tap winding.

connected 1o the beginning
heing insignificant compare

in the range of 17 to 35 positions. In

[n practice, the number of positions is mainly .
some special cases (industrial ransformers) OLTCs with up to 107 operating
positions have been realized. It needs to be considered that the number of tapping
sections of the transformer winding is determined by the transformer design and is
limited by the impulse level that appears across the tap winding. To increase the
number of operating positions but not the electrical length of the tap winding, the tap
selector can be equipped with a change-over selector (reversing or coarse) which
approximately allows to double the tapping range and with it the number of operating

positions (see paragraph 3).

When using a tap selector with change-over selector, a fully circular tap selector is
mandatory to allow the tap selector to move through a second revolution.

an ﬂ'lﬁ: basis 1uf different OLTC designs (in-tank or compartment type) and different
switching principles (resistor or reactor type) different tap selector designs are
mmd:: :§ve been 'mlmduced. The single-muluway selector design is only
T j.s:mg d resistor type selector switch, whereas the tap selectors of all

er DLIC designs (resistor and reactor type) must be taken as double-multiway

selectors,

2.3.1 Tap SELECTORS OF IN-TANK TYPE OLTCs

mt.and;a chanoer i |
T Wﬂ;l;;ngfzsslrnﬁbzl (Fig. 2.3-1). The oil compartment is a
nowadays made fro glasshibre reinforced epoxy resin (FRP), and is gas and

: lesigned according to the selector switch prineiple consist basically of an oil

2.3

TAPSELECTOR

— - - = = -___‘_-__\_-_'_ #g
—
oil Compart
thgng;‘._:wef elindac amieni
selector -
':':'.'.Hff,:i‘unrj
glamen
1 InZJJi.;_'Hl.:n
onve gh aft
common
terminal .
lap selector
tlerminal(s)
e 1.1: S g S _
Fig. 2.3-1: Simplified diagram showing a selector switch of an in-tank OLT
-lankK type C

oil tight to the surrounding transformer main tank The fixed ¢ s of

switch and, if present, of the change-over sel ecmr-, dre al;ran:;lmacg ol the selector
levels, ”TUUHIEG on the internal side of the oil compartment cﬁindgr z:gefﬂe c?ntacl
the outside terminals. According to the switchino principlé of the ltffilneuet_:l 1o
(compare paragraph 2.1.1) only one contact cinfie (one level) is ::ei;[{:;:f:

multiway indexing switch) per phase.

The tap-changer insert comprises the entire movable contact system of the selector
switch. It consists of the selector switch insulating drive shaft, nowadays also made
from FRP, the switching elements and, if required, the change-over selector contact
carrier. The selector switch insulating drive shaft is connected at the top to the

Geneva gearing mechanism.

The tap selector of resistor type OLTCs consisting of a diverter switch and a tap
selector is located in the transformer main tank without a separate compartment. The
tap selector is usually located below the diverter switch oil compartment. The
insulating drive shafts of the tap selector are coupled through a Geneva gearing
mechanisms to the motor drive through an additional drive shaft, which may be

located at the center or outside of the diverter switch o1l compartment.

The fixed contacts of the tap selector are arranged in a circular manner and mounted
on bars made from laminated paper or FRP, or on shells made from FRP (Fig. 2.3-2).
The tap selector may also include a change-over selector. Each phase consists of two
levels of contacts (even and odd contact numbers) which connect lhmugh.the
movable contact assembly (called contacl bridge) to take-off rings. The lakl}‘-.qff ru]'_gs
of the two levels of every phase are connected through leads 1o the corresponding side

of the diverter switch of every phase.
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: N tarminal(s)

= = contact 14 ,
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.m showing a tap selector of an in-tank type OLTC

IJFig. 2.3-2: Simphified diagr:

As described in paragraph 2.1.1 the contacl bridges of the even and tﬁdd contact
circles alternate operation during consecutive tap-change operations. For this purpose
the searing may be a step by step gear operated by two Geneva wheels and a Geneva
crank with two driving cams. With the tap selector design shown in Fig. 2.3-2 the
two concentric insulation drive shafts are coupled with one Geneva wheel each. Such
a desien requires that the leads, which connect the diverter switch with the tap
selector take-off ring, must be located outside the tap selector cage.

The coupling is designed in such a way that in the event of a reversal of the tap-
change direction the motor drive action does not move the movable rap selector
contact bridge but only the diverter switch.

The insulating distance between the first and last fixed contact of the tap selector (this
means the beginning and the end of the tap winding) often is enlarged due to the
impulse level, which appears across the fap winding.

2.3.2 TAP SELECTORS OF COMPARTMENT TYPE OLTCS

Physically, there are two basi :

, 0 basic configurations possible fi
- - 1 i b}, Dr w

OLTC with a circular tap selector: P the compartment type

The tap selector in line with the barrier board (Fig,
_ The tap selector Perpendicular to the barrier hoard

23-3)
(Fig. 2.3-4)

—

.

2.3 TArSELECTOR

I —_— = A 31
lap selactor \
\erminals transformer
fank
rolating =
barner board switehing insulation
elemeni orive shafy drive
coupling

tap selector

leminalls) commaon terminal

{rear)

Mo, 2.3-3: Simplified diaeram showine a selee SN
Fig. P g showing a selector switch of a compartment type OLTC

The first option makes for the simplest electrical path while the other allows the use
of a single drive shaft, although connecting leads to the terminals mounted on the
barrier board are needed.

The tap selectors themselves are divided into three individual phase assemblies. In
case of the resistor type OLTC with diverter switch plus tap selector each phase
assembly comprises two tap selectors, one for the odd numbered and the other for the
even numbered tappings. The two contact circles can be located on the top of each

tap seleclor 4 barner board transformer
lerminals tank
el — == - _ VA
current take-
— =L ¥ off nng(s)
oy B | I contact _ ".'__‘ -__7.
L : IL 1l F bridge(s) —
ClI=! F |-y - NG
1l =~ N || B2t W | IS | & 5w, ==F S5 % o —
1 I_ | _—' E—:_ _|_‘ 1, ! | 1] %
| N e ons NlEls= 105 | R = ==
= .i | _i = | | S— e
= 3 1l = . 1 L \ %
L | L - drive =L __ & -
Wl ==l i1 =" coupling “A—
| = A =
.' s u . — insulation
" insulation spacer(s) drive shaft
lap connecting |
lead(s) selector board(s) . tap selector
fixad contact(s)
. . o i ™ 2 18% DLTC
Fig, 2.3-4: Simplified diagram showing compartment reactor Lype
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3 CIRCUITS FOR REGULATING TR.-WW{'}Ruch,
PEUKMERS WITH OLTCs

3.1 F UNDAMENTALS OF REGU] ATION

A change of the transformer ratio i< etfected by add
| Y ac

the primary or secondary winding

in Figure 3.1-1. Depending on sy

of these schemes can be applied.

e OF subtracting turns to either
€Cling schemes are used as shown
Jarameters of th

. Three basic conn

stem and design ¢ e transfi
g > transformer any

On power transformers the linear connect: - !
=unnecing scheme (Fig. 3.1-1a)

:_ippi.md iurla moderate regulating FANEE up 10 a maximum of 20 per cent. Howeyv
for industrial process transformers this scheme is also U%J fo -L it e
regulating ranges. Generally such transformers work wi.[h Yan hlr f_l""‘--m‘ﬂ}' el
A S W ' d vanabple flux density and

this scheme allows a variable number of turns between taps for optimum proc
X : . FOCess

Is generally

control.

-

e
' e
|

Q2

21

reversing change- fwo-way change-
over selector aver selector

a) linear D) reversing

3

coarse change- multiple coarse change-
over seleclor over selector

c) coarse/fine

Fig. 3.1-1: Basic arrangements of tapped windings (single-phase diagrams)
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ows schemes with coarse and fine tap winding arrangements. The
'I!hc coarse winding is ;mprn.\jnlﬂ[e[}' the same as .I:T.'n[ !h_e fine tap
<cheme lies in the lower copper losses in the tap
.ber of effective turns. From the dielectric point of
guires a more sophisticated winding layout. The
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winding, The advantage of this
position with the minimum nun

- AT oE ever, re
view this arrangement, hOWe : ol i W
: ple coarse scheme lends itself for laree reculating ranges as for example, used in
HE COdrl L e : = =

multi . o
ransformers. For the multiple coarse arrangements each coarse

chemical process or the £
winding has the electrical length of the fine tap winding plus one step.

As described in paragraph 2.3 the moving contact of the tap selector of an OLTC
with chanee-over selector runs two revolutions when moving from one end-position
(o the other. Unfortunately, the contact circle must therefore always be a submultiple

of the required tapping range.

This will be demonstrated on a resistor type OLTC. For a particular type variation.
for example a 19-position 18-step transformer. the transformer manufacturer will
prefer to provide the minimum number of steps on the tap winding. For this example
in case of reversing change-over selector it means 10 steps and 9 in case of coarse
change-over selector combined with a coarse winding with an electrical length of 10
steps. This requires in both cases a tap selector with 10 fixed contacts (selector switch
dei_.ign: one selector contact circle with 10 contacts per phase; separated diverter
5wnch am;l lap selector design: one tap selector contact circle with S even contacts
and one with 5 odd contacts per phase s shown in Fig. 3.1-2).

I?::juw of th:g l"ur every possible number of positions required, the OLTC would

wm:ﬁ;fa{:;ﬂ; In case of compartment type OLTC; this will affect not only the
By dg and the Geneva geometry, but also the terminal or selector boards. For

practical an economical reasons the method of "rup through" or "dummy"

18 introduced. This method allows o distribute the OLTC

the twa end-positions of the tap selector,

can be made to rup through

_ unused positions between
A Electrically or mechanically, the tap selector
€€ common contacts dutomatically. This allows a

e — —
e e
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i arrerer 1
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designation of lap 4 - _ E
selector contacts c|1314|5|6|7 BiglK|ltloe 3 |4l sl 7S

pasition of - ———— — ] bk, I ===
change-over — — - L i B
seleclor = —== =4 —_ = —

- E - - 3 Ay or 3 3 .- ’ - - ny e oL ~ = o
Fig. 3.1-2: Circuit diagram of a reversing and a coarse change-over selector with 19 positions

standard contact circle molded in a selector or barrier board to be used from e.c. 33 to
39 positions [ Webb 1979]. =

The in-tank resistor type OLTC with seperate diverter switch and tap selector is more
flexible regarding this problem, but also needs the method of “dummy” contacts when
using a change-over selector. If the number of steps (number of required pesitions
minus 1) divided by 2 results in an odd number. usually, no dummy positions are
needed, but if the result is an even number. the OLTC must have two dummy
positions . This can be explained as follows. The tap selector consists of two contact
circles (odd and even) with the same contact pitches each phase. Hence both contact
circles have the same number of contacts, which results in an even total number of
contacts. During the running from one end-position to the other, there is one contact
(K-contact or mid-position), which is operated only once. With this the number of
contacts which are operated twice (this number corresponds to the number of steps

divided by 2) must be an odd number.

Selector switches of the in-tank type are not subjected to these restrictions. because
they have only one contact circle each phase, but for economical reasons (decrease of

type variations) they follow the same circuit diagrams.

With the method of dummy positions the above desf{ribﬁd tap selector (Fig. 31;2)
with 10 fixed contacts must also be used for a 17-position lﬁast.;p tfansfﬂr;nf:;il -mlﬁ
OLTC has two dummy positions (positions Ya and 9¢) as shown in Fig. 3.1-3. The tap
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induction. Table 3.1-1 shows a COMparison of the re
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l€vant data

‘ Table 3.1-1: Comparison of data relevant (o the O TC for

(circuit diagram as shown in Fig, 3.1-4} Arable or constant induction

_ fe | B constant induction| v
St | [ swilc | L : mduction | vanable induction
ey coarse change- oulput ' : U . < » |
e "TE;.:;JT '--GUE" selactor terminal | l. 1 | M — U1_ — U.mﬁ, U'r - Cﬂﬂﬁt.
Ei;' .‘;-E*EC?'D-.; termenal - ll-”--'”"u]"}- Vi li [-'.ii_:'_\'.
N | = e r——
> | 8 9a9b 8¢ (10 [11 12 (13 |14 |15 |16 |17 | I.'I*,u U: = const. | U <U. <y
Cesignabon 1 2 (3 5 3 - . = == ’ . ollaoce i douny =V =WVomas
oot < [ alwl1|2|8|4(5|[6|7|8]¢g secondary voltage
gesignatorioftap | 4 | » '3 /4 /5|6 /78 £ ~ = U, =
sefacior contacts — = , — — >} Ur 8= Virax = Uy LU U, - Yomay ~ Ui,
= ] —_ . 1 : e Rmax — Wy
e Y — CE Urre
selscty =t o - = | S S
. - A thange-aver selector with 17 positions - urrent (OLTC b = 3 J lnax = —— = const
’Fig. 3.1-3: Circuit diagram of a reversing and a coarse chang ‘ max. through-current ( ) Ui | U,
- - ’ : "change-over selector used. If
winding must have 8 steps. independently of the type of u:_h 1N g Us = U., e U
e i rheed also has the electrical length of 8 steps. el e S Smax =
a coarse winding 1s used, 1t also has the e = step voltage
| : ; Hlle o linear regulation
In the following an arrangement according to Fig. 3.1-2 will be called QLTC with 8 .
“one mid-position” and according to Fig. 3.1-3 OLTC with “three mid-positions". Uy Uz = U Ui =Y
. _ ! : ‘ voltage across tap winding
Physically, every regulation can be carried out with constant induction or with
variable induction. Fig. 3.1-4 shows one phase of a two-winding, three-phase power regulation with reversing change-over selector
transformer with tap winding and linear regulation. If the winding that includes the i U. m ¥ e 1
ap winding (in Fi 1-4 th imary winding L I mid-pos. | Uy =—-—— TVmax = =
tap winding (in Fig. 3. the primary winding l o eAins PO R 2 m-1
i - : Tif VoIlage across ap wi g
| - 1UI-102) is fed with a constant input voltage U, , - U U
11 " ¢ . { . . ; = ; = -
2Uy 9 the induction is variable. The number of turns (Wiy 3 mid-pos. Upy = > Uty max 2
3 + Wry) that see the constant input voltage varies
f and leads to a variable voltage per turn. This affects regulation with coarse change-over selector
’ the secondary winding 2U1-2U2 and the result is Y U, U = Yam
i:j' Ly S == ; L U —_—— T™Vmax
£ vdriable output voltage U, corresponding (o the 18 s e 2
e ! voltage across tap winding
| constant number of trns w,  of the secondary Uit = i o0
indi Is indi | mid-pos Ugy =Ury +Us C¥mat: T TV X o
il Winding. Also the step voltage at the tap winding Uey ' g
varies w.nh the number of active turns and reaches voltage across coarse winding 3 mid-pos. Uy = Uny [ Yovmes =Hrvpas
I8 maximum in the QLTC position with the
! minmum number of turns (maximum vollage per : : e (ransformer
Fig 3.1-4 Single-phase diagram| turn). This has to be considered w] i E f]h : (with: Sy: 3 phase power of l‘h:. lrr:r . e
"’T linear regulation (w: ums) OLTC HESWIIED sclecling the and’  m: number of steps of the tap winding
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33 CIRCUITS FOR REGULATION AT THE NEUTRAL END

st popular arrangement is the regulation

On two-winding power transformers the mo
-~ I - ’ . ‘ - - 3 . _ :
a1 the neutral end of the ) _connected windings as shown 1n Fig. 3.2-1. This solution

provides a mosl economical tap winding arrangement and generally graded insulation

combined with a compact three-phase star poin! OLTC.

The following data is important with respect 1o the dimensioning of the OLTC
(regulation as shown in Fig. 3.2-1. symbols see end of paragraph 3.1):

U_. <U <U, _ ;S,=const ;induction=const.
UT\J

S
U=t o =U . and L. :F—“— and Us=—— (3.2_1,3.2 2,32 3)
V3 'Utrrun m
for linear regulation (constant turns per step):
Un
UETZ 75_ (3.2_4)
for regulation with reversing change-over selector:
1 mid-position: U, = Us _m . .
2*\@ T (3.2.5)
3 mid-positions: (o= Up
A /3 (3.2_6)

EEE—
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e~ N f.f‘ N\
T L
e
] r' requlating
o4 it A
r e T —
Us o e U | |Us

—

Uny : vollage at the main winding Uty

Uey : voitage at the coarse winding U

voltage at the tap winding

. voltage al the transformer terminals

W]

Fig. 3.2-1: OLTCs in Y-connected "*"-'Ilndlﬂf__-"h

for regulation with coarse change-over selector:

U
Uy =—= (3.2._7)
> 3 D2
| mid-position: Uey = Uy +Ug (3.2._8)
3 mid-positions: Usy = Upy (3.2.9)

3.3 CIRCUITS FOR REGULATION IN DELTA CONNECTED WINDINGS

For the voltage regulation in delta connected windings the arrangements shown in
Fig. 3.3-1 can be applied. This figure only shows winding arrangements with
reversing change-over selector. For the other regulation principles (coarse/fine or

linear regulation) the tap winding arrangements have to be replaced by the

corresponding ones (compare Fig. 3.2-1).

The choice of the winding arrangement (3-pole line end, 2-pole + 1-pole line end or
3-pole mid-winding) depends on the highest voltage for equipment U, and
parameters such as transformer impedance, BIL level and the OLTC design ilse‘_lf. In
case of the 3-pole line-end arrangement cither a three-phase OLTC or three single-
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he It ]n iIng data !h important with respect to the dimensions

(regulation as shown in Fig. 3.3-1, symbols see end of para E“;’E;ﬂ:ﬂg R
: b paragrapn 3.1 ).

< : :
U':rrun — U1 E: U'lr'ne.;. " S“ — CDﬂSt _ |nduc.“0n = COﬂSt
U,=U, . —U,_ . anc S U
Tmax Tmin and lma, = —0 and U — — 1Y 2
S g (3.3_1.3:3 2,33 3)
for linear regulation (constant turns per step):
U =
v =Ug (3.3_4)
for regulation with reversing change-over selector:
| mid-position: Ug m
position: U, = (33.5)

2 m-1

reversing

coarselline

U tesi

s in delta connected winding arrangements during
connection schemes in the delta connected

5

Fig. 3.3-2: Free oscillating tap winding
dielectric tests (the figure shows all three
windings)
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3 CIRCI
0l
l - -L-in (3 6)
s Un="7
3 mid-]')ﬂﬁl[lﬂn :
Hhanoe-over seleclor:
laton with coarse ¢ hange-0Ve
op
- Uy = UE' (3.3 7)
v >
(3.3 ¢
- LJW:LJ?~ +Us »
H-posion. .
| md-p - -
UE‘.- ==ie Tl _

3 mid-posiuons:

ST w IN BOOSTER TRANSFORMERS
3,4 CIRCUITS FOR REGULATION I

.re often used for industrial process transformers
adjusting the data of the intermediate circuit to
: le mode of operation. Booster
autotransformers.

Circuits with hooster Iranslqrr11cr>
.nts of some kiloamps)
suah-currents 0 5C Lk ey
”hr‘:m‘ﬁu{e OLTCs. Fig. 3.4 shows the princip
,-.*‘._ l_ sl — " - ! - - At e e - e }
o5 i< can be applied (0 (WO winding transformers as W ell as Ic
C”-il'l.” g . y
| For the calculation of the data relevant
for the OLTC (voltage across the tap
winding U, . step voltage Ug and max.

through-current | ., ) details of the
primary and secondary circuits only are
not sufficient. Also the details of the
intermediate or booster circuit are needed
(mimimum data: the turn ratio of one
booster of the circuit).

Usually the principle of the regulation
i il with a booster ecircuit works with
constant induction. If a regulation with
variable induction 1s required, the
regulation takes place on the primary

Fig. 3.4-1: Single-phase diagram of a booster
| Ciroul

winding as shown in Fig. 3.1-4.

With the circuit shown in Fig. 3.4-1 the primary voltage U, is constant and the
secondary voltage U, is varied with the aid of the booster transformer:

primary: Sy, U, || = constant

secondary: S, = constant, Uy =l 1) I

2max ! 2 max

With the definitions chosen in Fig, 3.4-1 follows:

3.4 CIRCUITS FOR REGULATION IN BOOSTER TRNASFORMERS
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Ui =U,; =, and U, e = UL+ U
_5"

=] =

"3, 2y =

=0

(3.4_la, 34 _1b)

| P

2min

—

S,
U (34 2a. 3.4_2b)

I
JF'-.,'|

In case of constant induetion the voltage across s
position of the OLTC. P ding is independent of the

The current |, represents the through-current of the OLTC. |, reaches its maximum
s ] m 1 a - _" . . - - i j - ] . !‘

when |, reaches its maximum (equilibrium of dmpere-turns). The maximum of |

. o = 1 K - ] 1 i " e . : . E

correlates (eq. 3.4_2b) with U, . This corresponds 1o the minus end-position of the

OLTC as shown in Fig, 3.4-1.

The following basic equations are valid for the OLTC in the minus end-position

main transformer

from the equilibrium of the ampere-tums follows:

: i m-—
I Iﬂld-pﬂﬁl[lﬂﬂi l‘I : w‘l = lmau : WW : 1 + !'.‘-r-" : Wa (.“.4 33]
= m 2T iax - ——
3 mid-positions: LWy =1, Wy W (3.4_3hb)
from the turm ratio follows:
U L U
L= -3 (3.4 4)

booster transformer

from the equilibrium of the ampere-turns follows:

Imaua W= lzman Wy (3:4.5)
from the turn ratio follows:
5 U U UL Tnsl |
] mid-position: e e (3.4_6a)
W, W W; m

., U. U e

3 mid-positions: i -3 -0 (3.4_6b)
W, W. Wg

The OLTC relevant data can be calculated from the data of the primary and
secondary circuits and the turn ratio of the main transformer W, / Wy,

With equation 3.4_4 follows:
i (34_7)
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2 CIRC ”\_J'HF. A

g \'L'.'!lﬂ* 2 .
and the TP Upe (3.4 8)

jetc rmim‘d wilh c:qll;ilium 3.4 3aresp. 3.4 3h
w* delc

hrmh_'hﬂ:urrcnl can |

- {aand 3.4_1Db 10
asing 344, 34 W m
| U mae ™ Uzmin (. 2L —— (3.4 _9a)
. = il . __———-——-—“‘ ~
| mid-position: bnax = 1~ fams 2-U, Wiy
"': J Usmar © li—’-’l] - Lk (3.4_9b)
3 mid-positions: max :L 1 g RaN 2-U, Wy

: . TC relevant data 1s also P”“ihlc with ithe (Cata of the
of the UL e booster transformer W, / W,

~alculation . o
The calculat he turn ratio of th

secondary Circulls and t

primary and
From equation 3.4_6a resp. 6b follows using 34 laand 3.4_l1b:
. _ Uznas—Uomn Ws T (3.4_10a)
| mid-posiuon: Uy = 5 W, =1
. . y U = UEJ_T-EU » Ugmlﬁ - w5 {34_1{}]‘_1*
3 mid-posiiens: v - W,
: U
and the step voltage can be caleulated with eq. 3.4 8as Ug = ==

The maximum through-current becomes with eq. 34 5:

wd
max 2max
Ws

(3.4 11)

A typical application for industrial or process transformers is the regulation of the
secondary voltage to keep the secondary current constant (furnace transformers). The
above equations are also valid in this case, but with S, =variable and
L., =L =constant.

3.5 CIRCUITS FOR REGULATION IN AUTOTRANSFORMERS

ﬁingle aulutfansformers (one three-phase unit or three single-phase units) working as
inlerconnection transformers between two high voltage networks must be solidly

grounded. If more autotransformers are connected in parallel to the high voltage

o sysiem (e.g. cmnanqed 10 one bushar) and feeding seperate mean voltage (autopoint)
H Syslems, 1t may be advantageous not to ground solidly all starpoints of the

e . ruh.tg:' S N ——"—
e J A > - - )
1F

3.5 CIRCUITS FORREGUIATION 1IN AUTOTRNASFORM?
‘RS

3 _ - — 65

— =

U — I_J{ ' i [ '-J r —_ U — U 2
‘l } 5 i f}.ml 1 S d S P
¥ [= |

U

il
1 T

9 U,

U,

~,

a) ;
. t” CE'I d]

ci)

Fig. 3.5-1: Basic arrangements of the T
& : e tapped winding in autotrans fe ,
autopoint £ 1n autotransformers for regulation of the

|
autotransformers with regard to limitati -
: S itation of the eround-fa - e
1961, Schlosser 1965]. E ult current [Schlosser

Regulu%ing n_ulmrﬂnsfﬂrnmra can principally be classified into units with direet
reg_ulul?un usIng a regulating winding on the autotransformer and units with indirect
regulation using a series regulating transformer. Different possibilities for the direct
regulation are given in Figs. 3.5-1 and 3.5-2 and for the indirect regulation in Fig.
3.5-3. Principally, for the evaluation of the OLTC and the type of ;egulatiun. it is
necessary to consider if the high voltage is constant and the mean voltage (autopoint)
subjected to variations or vice versa [Heller 1973].

The winding arrangements according to Figs. 3.5-1 a to d serve for regulation of the
autopoint. The high voltage stays constant. The advantage of the direct reguiation in
the neutral point of the autotransformer (Fig. 3.5-1a) is that an OLTC with a lower
highest voltage for equipment U, can be applied, irrespectively of the rated voltage of
the high and mean voltage windings. Nevertheless, considerable variations of the
magnetic induction and tertiary voltage are associated with this method of regulation .

The following data is important with respect 10 the dimensioning of the OLTC
(regulation as shown in Fig, 3.5-14, symbols see end of paragraph 3.1):

U, £ U, €U, 5 Sy = const. induction = variable

U
=U, 0 —Unpin @04 Ugpras e (3.5.1,3.5_2)

m

| =_S_DLJ[,___1 ._._1_] (3.5_3)

U

Amax




- TRANSFORMERS WITH QLT

s rok REGE LATINC

3 CIrCUY
[
5 - g™ 1"
nu]umn ICU['I'\I;H'II [uIms pq.l s}
for linear <& £ Lh_ : -
U ' - * 3 § U
; se-over seleclor-
|gtion with reversing change-0t el
{ [
for regu . ! - =2
er e —— o— —————— ——
y — e " -
! mid‘f’c‘"'“”“- UT-""E" \'3 2 [ ¢ T W2max ]' m
UF_F—:-}_ __—____EJL_____,_ {-1-5. '.\j
3 mid-posinons: e — T U Ui

! .1 o change-Over seleclor:
for reculanon with coarse change

_ Ve i e LT (3.5_7)
UT-.‘-mEI_] — \._’5 2 (U‘ = UEmll ]
= +Usa (3.5 8)
| mid-position: Ut mas = Uy rex Sman
UC'.f#_:_t = UT‘L' MmAX ' -‘-3_{;}]

3 mid-positions:
The other variations of the autopoint reculation operate pithiconstagt incuciion. Fig,
¢ othe - o 3.5-1d a rezulation with coarse and fine tap

3 5-1h shows a linear regulation and ki . 2 |
windine. The arrangements in Fios. 3.5-1cl and ¢2 are equivalent with respect to the
trancl'mirrer desien ;nd the reculating range. In arrangement ¢c2 the common terminal

(take-off terminal) of the tap selector, which is directly cnnner:.[_ed t:? the diverter
switch. has a fixed potential during operation, whereas the potential of the common
terminal in arrancement cl is variable. The highest potential of the diverter switch
determines the insulation o ground of the OLTC. However, the insulation to ground
i dimensioned with respect to the rated withstand voltages determined by the
international standards [JEC Publ. 60214 1989] and corresponds to the highest

voltage for equipment U_.

The advantage of arrangement ¢2 shall be demonstrated with an example. For an
autotransformer e.g. 700 MVA, 400 kV /240 kV £ 10 - 1.5 %, the maximum voltage
al the diverter switch becomes 240 kV + 15 % = 276 kV when using an arrangement
dee. (o ¢l. This requires an OLTC with U_ = 300 kV, because the next lower U =
2435 KV is not sufficient. When using an arrangement acc. to ¢2 the maximum voltage
al the diverter switch becomes 240 kV = constant. In this case an OLTC with U_ =
245 kV can be chosen. .

:’Ih.e: withstand voltages of the lap selector (internal insulation) are the same in both
arrangements and do not depend on U =

The calculation of the throy
S '- gh-current and the step v : el
the equations listed below: ep voltage can be accomplished with

1.5 CIRCUITS FOR REGUIATION IN
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3 =) I - {1 - - -
= 1 r JMax § S?, - CDnSt " }ndUCth=EDnslani
UF‘ = U.':-.'r-.‘*r = U ~ and U- = ET'_ 1 S —
3 i (3.5_10.35_11)
(o= S
J3.u, (3.5_12)

for linear regulation (constant turns per step) as shown in Fie 3 < "
S | F R ke

C
—j
L =
I
%
& |
—
lad

or regulation with reversine chance-over ceolerts ,
for reg crsing Lhd[‘lgL over selector as shown in Fig. 35Tl andied:

| mid-position: U, = UF'__ i 1S 14
2_‘\;!3 ﬂ"]-—‘l [..-_14‘}
3 mid-positions: U, = Un_ 35 15)
2-+3 =
for regulation with coarse change-over selector as shown in Fie. 3.5-1d:
U
Uy =—= (3.5_16)
2-43
1 mid-position: Ugy =Us U (3517
3 mid-positions: [ =1 (3.5 _18)

The winding arrangements shown in Figs. 3.5-2a to d serve for regulation of the HV
line end of the autotransformer while the autopoint is Kept at a constant voltage level.
The difference between ¢l and ¢2 is the same as mentioned before for ¢l and ¢2. In
this case the arrangement acc. to ¢l is advantegeous with respect to U, For an
autotransformer e.g. 700 MVA, 400 kV = 10 - 1.5 % / 240 kV, the maximum voltage
at the high voltage terminals is 460 kV. When using the arrangement ¢2 the
maximum voltage at the diverter switch is 460 kV - (400 kV - 240 kV) = 300 KV,
whereas with arrangement ¢l the voltage at the diverter switch is constant 240 kKV.
Alternatively, the tap winding can be located at the line end of the HV side, but thep
the OLTC must be designed according to the insulation level of the HV. For this

reason this method is rarely being used.

e induction in the starpoint as shown in Fig. 3.5-2a,

For the regulation with variabl q _
lated with the following equations:

the relevant data for the OLTCs can be calcu
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a e — E— - e — E— e 1
Uy = U, = const.
r/"’/— U.”,-_:'-. - U1 = U"ﬂ‘a! / :
D Uy
¢ U, U, |
i € | =Moo
| o090 S

| oo ol | 5 feas
| . 5 . |
’ - = '
e |
R |
' 2

‘ 0 ? A

d
c1) c2) )

winding in qutotransformers for rcgulzﬂnm of 1i;¢|

|| HV line end .
U <U. <U,.., ; S,=const , induction = variable
St = imax ! ‘

r | vl S oY
| Fig. 3.5-2: Basic armangeime ts of the tapped

U.  =U._.-U. and Ug.,, = = (3.5_19, 3.5_20)
- ::—S,i—‘-( ] - 1 ] '[3.5__2]]
mar \'!3 UE UTrr-.a-
for linear regulation (constant turns per step):
Unymar = Unnax . U (3.5_22)
\fa U‘Hn-:r _UE
for regulation with reversing change-over seleclor:
. 3 U U m
| mid-position: U, . = —fmex 2 : (3.5_23
Hog 'JE 2'(U1rmn_U2J m-1 gt
: - U U
3 mid-positions: U = —hmar s 352
TV max Ja 2-(U1m.m —UEJ [-..,_._4}
for regulation with coarse change-over selector:
U U
UT‘J — _Amax ?
meax Ja 2’(U1mm U,) (3.5_25)
| mid-position: -~
UC‘-’m,q B men L Usm f35_26]
3 mid-positions: U ~U
CVmar ~— TV max (35_2?)

e TR e ——_———

-
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For the regulation shown in Figs. 3.5-2b 16 d the

calculated as follows relevang OLTC data can be

U.. <U . <U o _ :
s } = Mimay + Yy = CONSL, :nduc!mn:mnatant

Us=U. . =) =y U.
El e P .._]_ni_j U__‘ - g ,_‘: Y - AI

= rTI l‘.-.:}_.--H-. 3-3_‘-9}

S,

fMax

!

——

va-U (3.5 30)

1men

The following equations are identical as fi

or the regulation of the autano
T — e idlil the autopoint. wey
to facilitate the calculation they P L2

are listed here again:

for linear regulation (constant turns per step) as shown in Fie. 3.5-2b:

as 3.5 13 U, = U:
v3
for regulation with reversing change-over selector as shown in Fie. 3.5-2¢1 and c2-
' i c U
| mid-position: as 3.5 14 U, =—F m
2.3 m-1
I i ik S U,
3 mid-positions: as 3.5_15 Uy = =
2:4/3

for regulation with coarse change-over selector as shown in Fig. 3.5-2d:

dS 35 ]!6 U'I"'..r —

1 mid-position: as 3.5_17

3 mid-positions: as 3.5_18

Figs. 3.5-3 show two typical arrangements for the indirect reculation of an
autotransformer. The mode of operation is described in paragraph 3.-4: Both
arrangements can be applied in cases where transport li.mil-atin_n?. restrict the
incorporation of the OLTC in the main uulnlrunsft?qn_er. Additionally, these
arrangements haye the advantage of providing the possibility to carry out d phase
shift if the primary of the booster transformer 1 ccmm*._'cled_ to one of the other two
phases of the autotransformer. The arrangement sl!uwn. in Flg. 3.5-3b can l:re used on
autotransformers where the mean voltage (autopoint) 15 higher than the highest U,
available for OLTCs.

With the above mentioned features autotransformers with booster circuits are also
built for regulation of the high voltage U;.
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4 SELECTION OF OLTC s

U,

-

- IHI' i L‘r‘rl- =
‘ VOV D : . «Ildif] ; i
! rn,u_]n_ VETr'Y L.IILHI”}-, :l|[|]11|_]:u_1|'| the (JLT(. represer llfilﬁilt.._lllnmrq Or tr
= CNES '”ﬂ-‘\ y
Y & small p

_ _ _ ansformer must be
of the equipment in which it is used. H
3 . How

-anas transformer : :
sanes lransic arl of the total cost

@ series i - CVET, the o
a | hows that the S an & ﬂ € eXperience of it
e L__ g ranstormer sh | l (1t OLTC is dil Important Factor With re 3 pt IEnce of the passed 70 vears
—y— - i - IMETL. mseaue APCL s rallals i
% Wi u, equipment. Lonsequently, aceoung should pe ke 10 the reliability of the entire
— Ao | TCs which : A _ dKC e avails '
_g booster 1 | OLTCs which should be chosen preferent; 11y Of the available standard types of
= e hoosler2 g BALY s TRES
@ Wa J T : >
| [EC Publication 60542 [/Ec Publ. 60542 197
| : - - b T L 4 ﬁ v . _2's -
f . ( . selection and points out most of the feature .; SIVES a guideline for the OLTC
\-I-_mj‘ﬁ: < ES 10 t}c L[}nﬁldtrﬂd du

ring the specification
€5 a list of all the information
TMEr manufacturer together with the
election. However. in case of special

shifting transfor -
2w ; ; s - AMOTIMETS or HVDC rortif = e -

‘ | of thg ()I,TC. Additionally, the publication 60547 i

required which should be provided by the lr-ma-{'c o
inquiry or order, to enable the Cl’lrrr;:{.'l Ol T( §
b) | applications such as phase : .

w number of turns

d)

Fig. 3.5-3: Basic arrangements of the tapped winding in autotransformers for regulation of the ‘

sulapoInl USINE & series translormer . 3 A
[2uttop: : — The following items. that need to be

considered duripe TC calane:
from the IEC Publication 60542 and g the OLTC selection. are taken

Some ddditional comments are added:

It is impossible to decide universaly which of the above mentioned regulation e
methods 15 more advantageous or to define limits for both. Each of them offers a row
of advantages. The direct regulation is more economical, the indirect regulation is
able to carry out also a longitudinal and transversal regulation (phase shifting) and is
more suitable for transportation when the regulating transformer is located in a
seperate unil.

All voltages occuring A w , -
tages occuring on all tapping positions of the transformer must be verified

against the permissible voltage siresses guaranteed by the OLTC manufacturer. In
accordance with IEC Publication 60214 these voltages are:
o e L -

I. Normal power-frequency operating voltages appearing on the OLTC in
Service.

Power-frequency voltages appearing on the OLTC during transformer tests.
Impulse voltages appearing on the OLTC during transformer tests or in
Service.

Additionally, it must be considered that with some winding arrangements (e.g.
neutral-end regulation in autotransformers, line-end regulation in delta connected
windings, regulation with booster circuits) abnormal high voltages can appear.
These voltages can be affected considerably by the choice of the type of regulation
(linear, coarse/fine or reversing tapping arrangements). Variable induction
(variable magnetic flux) in the transformer core can also influence the voltages
appearing on the OLTC.

Very fast transient overvoltages (VFTO) arise in networks during faults and
switching operations. Sources of such VFTOs are high voltage air blast or SF-
breakers with reignition rates below 10 kHz, medium voltage vacuum breakers
with reignition rates up to 500 kHz and gas insulated SUbSW‘iﬂﬂﬁ {QIS}. The most
important factors that originate oscillatory waves are the switching of reactor-
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i i inrush currents, close distance faults (2
. I ! =
rmer s fnterruplion « o Tine
formers, the | v terminated lnes
joaded ranskt " eraizine of rransformer (¢
SR ptigee) and the enerstEE
| ‘)« originated 1N GIS are different from those
N " i ‘_-1, H ) .
G VLS 3 e tumes of J 1o 10 ns are usual 1n

S[eriSucs
_ charac (Cris
The nires

wrth breakdowns OF d
MHz-range due 1o |

. ‘ollaps
S substations. € PO LB are
nrigiﬂﬂ[‘?‘j in conve inl st isconnector reignitions. Lhe frequencies

. nductor-¢:
oase of ¢0

of the waves lie in the
damping in GIS.

he short dimensions and the smalj

. stress the transformer as well as the OLTC. Therefore, the
i :_‘l\'c:‘ﬂ'l?‘“ﬂ_ﬂ*:_i‘ h EL .h wuld know the problems 1n the system and state the
user of the [r;inhh?l'lﬂ!hf iqt;: of critical network conditions [e.g. Miiller 1993
il “m‘*'“‘;q;tf“gj”::.;‘t., 1 1992, Miiller 1992, Stein 1985, WG 12.07 1984
ﬁ::::if:rﬁnnun 1984 D'Heure, Even 1954, Miiller, Stein 1933] .
systems are equipped with surge arrester, they are
~ When using three-phase OLTCs in line-end
at the phase to phase distance of the OLTC

Usually when networks or
installed phase 10 around.

. > ypltage appearing
applications the voltag : _ T Ty
DC‘;”_. .;n case ﬂ!- [hn?{l-ph;]\f 'x.,'i,'l,‘”{_‘l'lj[]l_-:' (H'Cr'\.'{.‘lllilgtfh ’ﬂ-'!‘lﬁﬁ [hﬂ}J dre 1n ]"hﬂ“il.':'

CUrs : / - = =

oppositon
A detailed examination of the insulation distances at the OLTC is given in

paragraph 4.1.
Rated through-current

The maximum rated through-current of the OLTC (I, ) should not be less than
the highest possible current which flows through the tap winding of the
transformer and the OLTC (rated through-current I or I ). Examples for the
caleulation of the rated through-current depending on the regulation circuit are
given in chapler 3.

In paragraph 4.2 remarks are given in regards to the raied through-current and
the power factor.

Overload current

In transformers and OLTCs subjected to overload conditions in accordance with
(EC Publication 60354 [TEC Publ. 60354 1991 /. the OLTC requirements in
dccordance with IEC Publication 60542 are met ., when the maximum rated
through-current of the OLTC s at least 1.2 times the rated through-current or
P OLTC docs not exceed. the temperature rise limits given in IEC

y 1.2 times the maximum rated through-
the contacts above the surrounding medium may

Publicaﬁun 60214 when the contacts carr
current. The temperature rise of

== "-'-_'ln!r: 1;". T
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not exceed 20 K in the sleady stare fc
. Y st .

- . w - " "j‘l '.
environment dependent on the cont | eny

'irignm-. 5 = . = : »
dCl materjaly 5 10 65 K in air

The transition resistors meet the v
1€ “‘Lt‘l‘}n'ld re
 IEquiremenys

does Nnot exceed 21sn v
| ; __ L Exceed 350 K fe
for air environment) when carry > o
ALIYIng 1.5 times
JANE 10 €S th
12€S for each oceac:
| | - = < OCCasic
limited to the number of OPEralions required | .
i 1 5 e : IJ n]l
range to the other. This caorresponds to the
resistors given in [EC Publication 60214. For

T the temperature rise

Ol environment (400 K

€ maximum rated through-
m;il Overload period should be
OVE from one end of the tapping
L-emny. conditions for the ransition
turther details see paragraph 4.2

above the surrounding medium

current. The number of tap-char

Short-circuit current

The capability of the OLTC 1o Withstand a certain
specified 1n IEC Publication 60214 should be nn; les
current resulting from the overcurrent of the assoc
IEC Publication 60076-5 [IEC Publ 600765 1976

short-cireuit current as
S than the short-circuit
lated transformer as TIVEN 1n

Particular care should be taken in case of low-impedance and Hooster

transformers. In some instances, the short-circuit current magnitude ean dictate
the OLTC selection. £

In general the OLTC is only able to carry the short-circuit current but cannot
complete a tap-change operation under short-circuit conditions. According to IEC
Publication 60214 the r.m.s value of the short-circuit current (2 seconds) which
can be applied to the OLTC is 10 to 20 times the maximum rated through-current
depending on the value of the maximum rated through-current. The initial peak
value of the short-circuit current is 2.5 times the r.m.s. value.

Breaking capacity

The rated through-current (highest tapping current) and the highest voltage per
step of the transformer should be within the values of the maximum rated
through-current and the relevant step voltage of the OLTC. In many cases the
maximum rated through-current can only be applied with a step voltage (relevant
step voltage) smaller than the maximum step voltage.

[n general the transition impedance is adjusted to the relex'u_nl lhrﬂugh{urran_t
and the relevant step voltage of the transformer so that the switched currents and
recovery voltages in the OLTC do not exceed those covered by the type (est For
the determination of the transition impedance, the contact wear and the

temperature rise of the transition resistors are also considered.

« such as furnace transformers, the OLTC may need to be

in application :
In certain applic < of two to three times the

operated during periods of momentary overload
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must be chosen with respec
Motor-drive mechanism

~ rhe OLTC

imum conlinous raling

lranﬁ'ﬁmn.-cr max
(o these rt*quirrnwuh

2

he 1 ~dr i
If the motor-drive mechanism is purchased f

OLTC m: ¥l viars TOM a manuf
SLTC manufacturer. then it is the \ Manufacturer other than the

: . ] PurL'h'._j'\;:;' -, _
motor-drive mechanism 18 suitable for all tf > TESponsibility (o ensure that the
all the .

' (hrough the variation of the magnet|c

yulatot :
affect the step voltage, and

& of transformers with reg
B s at this will

in wed 1
. . y e k-nnﬂnhiu l .
iyducnon, it has fll e capadiis (examples for calculation of the maximum o
h "",' | "..I L i . x 5 B
el iven in chapter 3). ceessary duties,
Pressure and vacuum tests

,_‘mgrqucml} th

- SANC induction are g
step yoltage 11 CANC ¢

Wf variable

pedances with respect to the ratings of
; Modern OLTCs are able
able to withstand the vacuyum proced dur
edures durine the usual

Irying proce it franch
Li' 2 | I_'- L;.'-.'-. ol the transformer {vacuum and Vapon h
qlso carried out at the OLTC X dpour phase). Pressure tests are
;‘H:I'rﬂl‘lllt‘d o il “"i- Té}dlf- I special vacuum or ety ‘; Ll.:Lﬂl;ML
(- . S b es51s S [
and the associated transformer. all hh l:}Ml 5
Li, 4 ine reievant

adjusted gransibion 1

The consequentes ol i
aph 4.=.

the OLTC will be shownin paragr

Number of gapping positions
- sfarablyv be mac information ¢ s nreu |
The selection aof the service tapping posiions should prefarably be made within I tion should be provided to the OLTC manufactur
1e sele 3 . : - : er.
- A1 TC manufacturers (compare paragraph 3.1).
Rl o ardized by the OLTC manufacturces : '
(he range standardized b Low-temperature conditions
” ceo tapping ranges the voltage stresses al the tap winding during : L
With ancreasing W@PPIIS “78 - ~ocially in case of furnac - Should the OLTCs be operated _
festing or service conditions may 1Ncrease also. Especially in Gdst © turnace or nanufact d perated with an o1l temperature below -25°C. the OLTC
. & . . . ’ . | o . ; -2, S . manuiaciurcr necdas Lo pe cc Y _ T 5 (e
rectifier transformers feeding electrolytic plants, W ide tapping ranges are often be taken int = to be consulted and the quality of the transformer oil needs t
: ~ : WY - T L T ¢ [aKen Into Consider: : - =0 c 0
When the OLTC is in the winding with constant voltage, the voltage int and nsideration. Important factors are the kinematic viscosity, the pou
= yoint and the arc extinguishine c: = ' ISCOSILY, our
! ‘ 1e arc extinguishing capability of the oil at the lowest lempers?ture

pecessary
s(ress ocecuring at the tap Wi
winding positions has 1o be considere

nding when operating oOr testing at the minimum . d [IEC P
. = LI l""h & - - )
d as well and precautions have to be taken. required [IEC Publ. 60296 1952].
Continous operation

Discharge problems with change-over selectors
If the OLTC is required to make several operations after another, the temperature

ange-over selector takes place in the mid-position of the peAe q

CONAILIONS ay neec > vernibie
(he load current does not flow through the tap [ARTEE ILCNEIUIET:
temporarily disconnected from the main

The operation of the ch
QLTC. During its operalion,
winding. Therefore the tap winding 18
winding and the potential of the winding floals. In such cases, discharges between

the opening and closing contacts oceur during the operation of the change-over
welector. In order to avoid difficulties regarding the dielectric stress and the 4.1 INSULATION LEVEL
possible formation of gases, special precautions may be necessary.
4.1.1 INTERNAL AND EXTERN *
. els NAL AND E NAL INSULATION
detailed describtion of this phenomenon, the calculation of the stresses and the
counlermeasures iven in paragraph - Y s(ress insulati ' '
asures are given in paragraph 4.3. The w.u}lage stress on the insulation distances respevtively materials of the OLTC 1S
Mechanical life dctcrtn{ned by the t.runsi'nrmer data such as nominal system voltage, regulating range,
regulating mode (linear, coarse/fine. reversing), type of winding (e.g. disk winding,
n *. cylindrical winding, coil winding, layer winding) and the winding arrangement.
e mechanical duty may need consideration if the expected number of operations 3 -
_ : — grations
per year exceeds 50.000. For example, this can oceur in transfi = _ The insulation of an OLTC is divided into inte _ _ R
in A ple, this can oceur in tr Snifarmare s nce i sulation of an OLTC is divided into internal and external tap-changer
s C}'LTC\ }11:|plfmlh or furnace applications. The mechanical life time insulation. The withstand voltages of the external insulation are standardized by
_ | § usually 1s 1n the range : 11 : national and 1 ational st 15 g . e hi '
higher. ge of | (o 1.5 million operations or even : |.u..nal and uﬂernutmn@ ‘bldﬂdﬂl‘d& and correspond Lo 1?1:. highest voltage for
equipment U . In case ol single-pole or three-phase star point OLTCs the external
insulation represents the insulation 1o oround. When three-phase OLTCs are used in

ernal insulation represents the insulation to ground

delta connected windings, the ext
and between phases, both determined by Up,




coarse change-
LR !’i A\ reversing change- over selector
over selector
_ﬂ—
(I vinding of the same phase Of between the end

along the fme-1ap ¥
a4 o the fine-tap winding

same phase
1ape ol the fine-1ap winding ol different phases or

bemween any
h t@!‘:wﬂt‘*ﬂ the ends of (ha coarse winding o! ddierent phases

(not appdcable In Case ol single-pole tap-changers)

hatwean the beginnings of Ihe Coarse windings of differen! phases
0 ¢ (not applicable In CaS€ of single-pole tap-changers)

and the end ol the coarse winding of the

batween beginning and end ol the COArse winding of the

d same phase

g Dbetweenhe beginning of the coarse winding and commaon terminal
or curment camying coniac (depends on the lap-seleclor design) |

between any par of the 1ap seleclor and ground (in case of in-tank

T\{_‘ [ f type OLTCs with seperale diverter swilch and lap selector this
! insiiation distance is not pan of the OLTC insulation)
withoul change-

pver seleclor

Fig. 4.1-1: Designauons of specific voltage stresses on the tap winding

With respect to the internal tap-changer insulation, a standardization does not exist.
However. it is determined by rated withstand voltages that are based on the
experiences of the stresses appearing during transformer testing and corresponds to
the grading required in practice. The voltage stresses which occur on a three-phase
regulating winding can be described by 6 values. Since the OLTC manufacturers use
different designations for these values characterizing the tap-selector, the
designations shall be defined here as shown in Figure 4.1-1.

These values are often called “insulation distances”. This however is misleading since
l.hﬁse values do not represent physical distances but the withstand voltage of the
rdwam part or the internal OLTC insulation, which is stressed by the difference in
mﬂﬂ:lzusadﬂ:ay ﬂ“m] tap win'ding, These difference in potential of the tap winding
R 'Ilaﬁ' ':rfindf?u a“:ﬂ_dlalanc-es at l-"hF 0].:1“(3 through the connection leads
phmmm insulmionl d,igman_ O.LT.C. Every insulation distance” consists of several
fﬂ;é ) e dl';? which are connected in parallel at the OLTC. With this
£ WAt E ned by the OLTC manufacturers represent the withstand

voltage of the relevant poorest distance.

4.1 INSULATION LEVE]
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The H“'L"ih- agn the mnternal msulation 'LIE‘]'}CHS.J& on the (Jl TC = - B .
the transformer testing, and on the transforme —+1%- Operauing position during

. : b deston . devseialle oo i
”npuliu test. Due to the multitude of transforms el L\T-‘U.ld'il} in case of the

€r designs a ¢l :

~rle betwee 2 Taual wf . classifics

made between impulse level of the transformer and the Ferie N.ISL:J.'IID-II ce;nnm bef
withistand voltages o

the tap selector. The OLTC manufacturers have designed different tap sel 1265
which correspond to certain withstand voltages within one ; _ldp gl ot
phases. phase or between the

In case of in-tank type OLTCs with seperate diverter switch and lap selector, the

internal and external OLTC insulation levels can be chosen independently from each
other according to the requirements. y

The stresses have to be distinguished between stresses occuring during service
pperation H.ﬂf.] stresses occuring during transformer testine. Usually. the f;“egsﬂs
occuring during service operation should be covered by the standards valid fnr‘ the
equipment. But the tests and the procedure of tcst*ing transformers are under
discussion worldwide and different users prefer different testing methods.

To meet these different demands, the [EC Publication 60076-3 [[EC Publ. 60076-3
1980] offers different combinations of the following tests depending on, e.2.. the
system voltage and the procedure of testing (method | and 2):

- applied power frequency voltage test

- induced power frequency overvoltage test (short duration)

_ induced power frequency overvoltage test with partial discharge measurement
_ full-wave lightning impulse voltage withstand test for line terminals

- chopped-wave lightning impulse voltage withstand test for line terminals

_ full-wave lightning impulse voltage withstand test for the neutral terminal

_ switching impulse voltage withstand test for line terminals.

These tests cause different voltage stresses on the insulation of the transformer and

the OLTC. Under the lightning impulse test the dielectric stresses are distributed

differently depending on the OLTC position and the general design of the

transformer. Therefore, if the position of the OLTC during transformer impulse
testing is not specified by the customer, usually the two extreme tapgi?gs afld. the
principal tapping should be used (minus and plus end-position, mid-position). L.e. the
impulse test should be carried out in one position at a time for eac‘h ut-the three
individual phases of a three-phase iransformer or in one position at a time 1or each of
the three single-phase transformers designed to form a three-phase bank.

oltage test it has to be taken into aceount

In case of the induced power frequency OVErv ol |
3 on the OLTC position. Therefore the

that the voltage per turns varies depending
position to be tested has to be specified by the customer.
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(Isl of abbrevialions

S service voliage [KV]

PF: power frequency
test voltage [KV]

FLI: tull-wave Lightning
impulse [kV]

CLI chopped-wave
lightnimg impulse [k '.‘.-;

ansformer windings during testing with

ng along the Ir : : :
MVA. 400 kV £ 16 % / 120 kV / 30 KV, coarse/fine

Fig. 4.1-2: Voliage SIEsses Gecur
different voltages (transtormicr data: 400

| : yoner 198
winding amangement, regulation at the neutral point) [Breuer 1954]

. . . 3 s " the 1 mo windine anc D ITHE T
Fig. 4.1-2 gives a basic idea of the stresses of the tapping u_mdm: and [h-t.. OL ] C _Inr
ation at the neutral point using a coarse/fine winding

a power transformer with regul |
of the lichtning impulse voltages are maximum

arrangement. The listed values
values. which do not occur each in the indicated OLTC position.

The highest stresses at the internal insulation of the OLTC occur during full- or
chopped-wave lightning impulse withstand tests due to the non-linear voltage
distribution along the windings. Hence, these stresses determine the necessary
insulation distances. Stresses due to switching impulse tests (voltage distribution
along the transformer windings is almost linear) or induced power frequency
avervoltage tests (voltage distribution along the winding is linear) are comparatively
low and are controled adequately by insulation distances dimensioned for lightning
tmpulse stresses. During testing with applied power frequency voltage the internal
nsulation of the OLTC will not be stressed.

For the correct selection of the internal OLTC insulation it has to be taken into
dccount that the withstand voltage of an insulation distance is determined not only by
the pmk value of the stressing voltage but also by the voltage-time area of the
g:f;r;ﬁi voltage wave. Frorp a high_ number nl: ‘i')scillograms of impulse voltage

WHOR measurements with: ransformers of different power ratings and voltage
Fanges, one can derive that the insulation distances relevant for the internal OLTC

;::J:Imn will be stressed by unsymmetrical oscillating and damped voltage waves.
irequency of such waves lies in the range of 20 to 50 kHz.

Usually, the lightnin
full-wave lightning

£ lmpu.ls‘e withstand voltages of the OLTC are determined usin g
impulses (1.2/50 ps). As the standard impulse voltage has a
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higher streéss lime compared with the wave appearing in 1k
. » that the OLTC. when teste i | N Ihe trans - :
AssSuIme the OLTC, when tested within the transformer I”‘*”f‘f;rm“- ptcs
' » Wil withstand a higher

level than that one given h},-‘ a lest performed on the seperate OLTC
- dle OLTC using a 1.2/50 ps

wave form. One can assume a gain of volt: '
. g voltage withst: arahil; :
1Bleibirets, Widmann 1976, Breer 1984] E dnd capability of 5 to 10 per cent

Today the tap windings and, if applied. the coarse W
increasingly equipped with ZnO-varistors 1o limit 1hr
windings. With this measure smaller tap selector
considered that the relation of impulse 1o pow
Following this the importance of the power
may lead to the conclusion that the power
limits the tap selector size.

indings of transformers are
- e 1mpulse stresses along the
S1ZEs can be used, but 1t has 1o be
er frequency voltage stresses decreases.
Irequency voltage stresses increase and
frequency voltage withstand capability

The external insulation is decisively determined by the apllied power frequency
voltage test. Impulse tests (lightning and switching) play a minor role with respect 1o
the dimensioning of the OLTC. :

The ab!._u.-e mentioned etfect of the individual test voltages to the internal and external

insulation becomes clear when comparing the pairs of values of lightning impulse

and power frequency voltage stresses. In case of the internal insulation the ratio of
lightning impulse to power frequency voltage stress lies between 4.5 and 20 (compare

Fig. 4.1-2). The voltage stress on the external insulation, however, is defined by the
values of lightning impulse and power frequency voltage levels given in the national
and international standards. Depending on the highest voltage for equipment U_ the
above ratios lie between 2.5 (U_ = 72.5 kV) and 2.26 (U_ = 420 kV). The compari-
son of the internal and external test voltage ratios shows clearly the increasing
importance of the power frequency voltage stress in case of the external insulation.
This becomes also true for the internal insulation of OLTCS of transformers with win-
dings equipped with ZnO-varistors, because the test voltage ratio also decreases.

4.1.2 VOLTAGE STRESSES ON THE INTERNAL OLTC INSULATION
DURING TRANSFORMER IMPULSE TESTING

In the following example the stress levels of the internal insulation of an OLTC will
be described when testing the transformer with lightning impulse voltages. As a
standard for comparison of the stresses on different insulation distances of the tap

selector the stress-ratio will be introduced:

: stress as percentage of the input impulse
SHESSEANG = regulating range as percentage of the nominal voltage

This allows to compare transformers of different designs and ratings.

._



there is no value g
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The stress-ratios for the insulat
a1s0 valid for linear and rever

I5 Nol maxim
inhlllﬂli”n distance with the OLTC
hecause the coarse and fine t

Table 4.1-2 shows the stress ratios for an autor
autopoint with a reversing ch;mgu-m'::r selector.
definition 1s valid as given above. In this applic
is valid when using single pole OLTCs Also
distribution measurements
of different manufacturers with power ratings from
nominal voltages between 345 kV / 140 kV
ratios are in the same order as in case of
shown in Table 4.1-1,

10n distances "a" and "H
SIng regul

Table 4.1-2: Stress-ratios during impulse tlesting of an autotr
reversing change-over selector at the autopomnt [Breuer 1954]

. . 8hi
| dling modes, In the
IVEN lor the stress on Inst
diagram the Insulation distance "R
insulation distance "h"

ation distance
IS Ot indicateq. becau
ally stressed. The m
N mid-p
ap winding
position (-) they are connected in parallel

these stress-ratios
or calculations carried out
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Wnoan Table 4.1-1, are
column mid-position (-)
'b" and in the circuit
¢ in this position the
o dXimum stress on this
'SILON oeeurs i the mid-position (+),

dre connected in series, whereas in the mid-

ranstormer with regulation of the
For the stress-ratio the same
ation only the insulation distance "a”
are based on voltage
on a multitude of transformers
140 MVA 10 1500 MVA and
and 765 kV / 340 kV. Most of the stress-
a coarse/fine regulation at the neutral end as

ansformer with regulation with a

S e daring impulse esting of (ransform
'mm‘!‘ll::::;:;ﬂllnn at the neutral end [Breu
—— | |
|‘,
|
max. number mid-position n1id—;:wj~iliun mi:‘:i_ ?L:l:::wr max, stress x 1)
of tums (+)
‘: .2-26 1.6-3.5 1.0-33 1.7-3.5 3.5 2.63
b | 1.2-26 1.6-3.5 =&) 2.0-35 3.5 7 67
c 22-40 1.7 =27 | 1.7 - 3.1 : 4.() 33&)—
d 14-24 1.8-24 |.8-24 20-34 oyt 255
e | 22-42 : : - 4.2 329
e’ : | 3.0-5.0 - . 5()
Remarks:

1) mean value of maximum stresses of all evaluated transformers

2) not evaluated because stresses in mid-position "+ (coarse and fine tap winding
connected in series) are greater than in mid-position "-" (coarse and fine tap winding
are connected i parallel)

e') sume insulation distance as "e" but with freely oscillating fine tap winding

Table 4.1-1 shows the stress-ratios for the insulation distances dependent on the
OLTC position in case of transformers with coarse/fine winding arrangements and
regulation at the neutral end. The values of the stress as percentage of the input
impulse are based on voltage distribution measurements or caleulations carried out on
a multitude of transformers of different manufacturers with power ratings between 15
MVA and 850 MVA and nominal voltages between 110 kV and 525 kV.

The Stress-ratios determined for the different insulation distances vary in wide limits.
'I'_he. pairs uf‘valuqs given in Table 4.]1-] represent the minimum and maximum
;fﬂ:awldwpﬂmun of the }valuus Is caused by the variety of type and arrangement
" Windings. A direct correlation between the stress-ratios and the rated power or the

‘nominal voltage of the transformers cannot be f Iy i
e e | ound. Generally, it can be stz (
mth.mnrmﬁng.tnunga of the transfo STt e

bigger l.l:l:tul more efforts are undertaken to Optimize the voltage distribution along the

i

“—

;

-

rmer the stress-ratios will decrease, as in case of

- ity . e TR E
1) in singular cases the stress-ratio can reach this valu

max. number | mid-position | mid-position min.ﬁnumber max. Stress
of turns (+) (=) of turns . .
.50
a 1.7 - 2.5 22-3.1 2.3-3.7 1.7-32 . 3.7-5 |
Remarks:
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xS AT TAP SELECTORS OF
, rr ATTON DISTANCES
e RNAL INSULATION AN
4.1 L DIFFERENT DESIGNS
OLTC represents a device to he

ansformer the A= = 1
rvice conditions. ['herefore, the sdine

em of the r
f the transformer insulation. The

hanically under S€
qs 1n <case {

¢ msulapon svsl
d mcc
annot be used el
s of the OLTC consist
ation mediums:

Within th
qwitched or operate
insulation SYSIEMS
differcnt insulation dlﬁl;lll'lft‘ L
donnﬂcﬁm of the following three 1nsu

pure oil O fluid 1
insulation distance along
pure solid msulation distance

1 almost every case in the paralle|

nsulation distance
a boundary fluid-solid insulator
ightning impulse SIFESSes m'curing l}*picalii}' at lhf: internal _C’L'_I"C‘
: : d their relation (O each other determine the insulation mnrflmutmn
lﬂ_ﬂll'ﬁﬂﬂﬂ"‘ﬂﬂ celector and the change-over selector. Not only the design and
.::iih;lsig:l:n;apnir the particular insulation distances bul .ulm the ._‘_J*fﬂmel‘riu
cumhinminnhﬁ!' tap selector and change-over seleclor are mmmutc_d by l]'n_: insulation
of the mechanism design.

coordination together with aspects of the technology

The values of the I

tap selector is determined Dy the necessary

The inner reference diameter of the
which are dimensioned according to the voltage stresses between

mnsulation distances, _
ce "a"). and by the space required as a result of the

any contacts (insulation distan
piich. Usually, all terminals are designed as electrodes.

Naturally. the differences in potential within the tap winding have their maximum
hetween the electrical extreme taps, this means the beginning and end of the tap
winding. These taps correspond to the tap selector terminals | and n. Generally, with
respect to the OLTC only the withstand voltage of these terminals or contacts will be
considered and is called voltage stress across the tap winding. When designing the
tap selector or selector switch one has to taken into account that this voltage stress not
only oceurs between the contacts | and n but also between 1 or n and the common

contact.

113 case of lap selectors with reversing change-over selector the maximum in-phase
@ﬂmuﬁ i potential caused by the voltage stress across the tap winding occurs
hc;vf'een contacts K and n, when the change-over selector is in the minus position,
ﬂ;i:lhm .K:Iand I, wﬁen the ?hange-uver selector 1s in the plus position. Figure
-1=3 shows a single-multiway resistor type selector switch (in-tank) and Figure 4.1-4

ﬂlmamﬁ;‘iﬂf type OLTC with vacuum interrupter (compartment type), both
mlﬂw : }’f’l{h;;vcfmng -c_hange-uve'r selector. In case of single-multiway OLTCs this
mmﬂwblm-mumsal;ur:z’ [Eﬂntact distance in the contact circle. However, in case of
pr i ly resistor l?pe OLTC not only the contact distance between these
“WO contacts but also the distance between the two contact circles have to be
ed for this voltage stress, Although the vertical distance is on I‘ SAry
: 15 only necessary al

the contact distance K and ;
_ mmmﬁm:m ;:;]liﬁmpare Fig. 4.1-3), for physical and geometrical
| < contacts of the same phase lying above each other.

P

4.1 INSULATION LEVEL
N3

E— —
_—-—_________“_-
e —

—b
i W i )
WO,
‘r?

7
E'“LP 1] 1 N
'\kh'f S w-ﬂ'

£ross sechion of the
change-over selector level

5
:‘ ¥ E
circuit diagram f}ffrfh\‘@;
./ -
%
.m‘-"-'rL o -

E OLTC head, connecied to eanh o 3 L? S
o \' i @
=Y OOTb3—0) A e N
V- Ve E 0 o W- C‘L : ﬁ\,‘ \I': ﬂ
(Vo 'I';‘\ —OrJo—— _'"‘"""‘:}WD.\ : =¥ |

B K a

D
a a
0= Owd;\ﬁb—c"—h@@ cross saction of one
U3 U2 UtaUK U3 UB U7 Us selector switch level
V — —
O C——sp O
|
d a b
OO0 O—OFOOX-0—0—0

V2 ViaVK V3 V8 V7 V6
)/ 0O O =t curreni take-ofl nnogs
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developed view of the selector switch compartment cylinder
(resistor switching

. Insulation distances at a selector switch of the in-tank type

Fig. 4.1-3 : .
hange-over selector (17 positions electrical)

principle) with reversing ¢
A method to decrease this distance is [0 turn the even or odd ;m:}tacl_ circle b)*ezﬁﬂ
degrees. With this measure the K-contact lies above the contact ughlch 1S cunt:;:t_ d ;2
the middle of the tap winding. The stress on this distance can be assumed O

roughly 80% of the stress daCross the tap winding, caused by the non-linear voltage

- | even and odd
distribution. In case of resistor type OLTCs nf_ the campar_mjenl l}_rdpe lg;;*‘i;‘ﬁ:'_;d o™
contact circles are often arranged on the terminal board side by s1 <. Rt es1al = _.__'
the even and odd contact circles can be turned by 131{3; deg;ﬁSS-lﬂ eac o reach
| and n

closer dimensions (the distance between CONtacts resp Iy K

hecomes then two times the contact circle diameter).
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—_—

W E .
F’Siﬁ‘%Pz
C = 40
designations of connection
terminals of one phase

terminal board with tap selector and connection terminals (3-phase assembly)

Fig. 4.1-4: Insulation distances at the tap selector of a compartment type OLTC with vacuum
interrupter (reactor switching principle) with reversing change-over selector

The voltage stress across the tap winding also appears between the change-over
contacts 0. + and - of the same phase. It depends on the design of the change-over
selector, if this stress determines the contact distance horizontally or verticall y.

Usually, the impulse withstand voltages
a three-phase OLTC for application at th
thc in-phase insulation distances "a".

impulse testing of one phase of 2 three
ﬁﬁnﬂded directly or through low-

of the inter-phase insulation distances "b" of
€ neutral end have the same order as those of
This can be explained as follows. During
-phase transformer, the adjacent phases are
ohmic resistors, For OLTCs connected to the

4.1 INSUEATION LEve;

i

Circunt diagram

L10ss section of the
tap selector

cCommon lerminal

Uﬂﬁ U1

5 U5
W @ Us
O : (v5)
va) ez (ve
ws) Ws)
W) (2 g

comman terminal

developed view of the tap selector and the change-ovar salector

Fig. 4.1-5: Insulation distances at the tap selector of an OLTC with seperate diverter switch
and tap selector of the in-tank type (resistor Switching principle) with coarse change-over

selector (17 positions electrical)

During induced overvoltage testing the above relation is not valid. The stresses

oceuring on the inter-phase insulation distances "b" are greater by the factor J3
compared to the in-phase insulation distances "a”. As mentit?ned before, when
selecting an OLTC this fact has to be considered, because the mter—p!msc voltage
stress at the insulation distance "b" can become the determining factf:}r _w:th respect to
the tap selector size, especially when using ZnO-varistors to limit the 1mlpulse
stresses. Usually, the power frequency withstand vpltages jnf the tap selector
insulation distances are two times the maximum permissible service voltage.

When considering tap selectors with coarse change-over selector, tﬂf{lgcﬁli&:hi
above mentioned is also valid, but the designations differ. ng_l_.;]re d;;a sqlactur
double-multiway resistor type OLTC with seperale dwerler‘ls:u(zn n::nml_;m tzp&);
(in-tank) and Figure 4.1-6 shows a resistor type sqlectzr SWi i;e chanzel-ﬂ\#&t o
both equipped with coarse change-over selector. With the coarse char
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3" l_:»\]\i-n'-nru‘cll-:.ll
LAR a
: | {‘“
Yy Uers
-~ HAT
. Jem If__‘_"ﬁ '{u
) SN
circuit diagram . 4
|
All insulation distances (b and ¢) T X
: m here. '
s gre not ﬂﬁ:n salector board with selector switch and
a;: | ﬁﬁﬁ coarse change-over selector of one phase
sepadate seed
Fig. 4.1-6: Insulaton distances in a compartment [ype selector switch (resistor swilching
principle) with course change-over selector (17 positions electrical)

in the minus position, between the contacts K and n (here 9), the voltage stress across
the coarse winding appears. The insulation distance at the coarse change-over
selector is called "d". Practically, there is no difference because the fine tap selector
desien, usually, does not change with different change-over selectors and results in
e.qu:Il withstand voltages for the insulation distances "a" and "d". That seems to be
tolerable when comparing the stresses on these insulation distances as given in table

4.1-1.

However. the voltage stresses on the insulation distances between the open minus-
contact of the coarse change-over selector and the current take-off terminal (common
terminal. insulation distance "e") and between the open minus-contacts of different
!ﬂ:_w {insulation distance "c”) reach higher values compared to the stresses on the
m;mhnm distances "a”, "b" and "d", which are all in the same order. This 1§ caused
iﬁf the fm that in this change-over selector position the fine tap winding and the
coarse winding are connected in series.

M m“’ma‘ specific c_haracterisuc of the tap selector with coarse change-over

4 g@_“mﬁfﬁmmlﬁm, wher? the coarse change-over selector is connected (0
mmﬂmm lh:t tap selector is connected to the K-contact. In this position the
fiseep windio @MB m‘ -9;5 'I?hm lcan’jﬂﬂg a current 1s connected to last contact of the
i -53Me ablt;to - C'l:ﬂr end of the fine tap winding, which is linked to
difference in potential (o the Povidie freely. Thﬂ-‘i _'lhe contact | can reach a very high
-1 the relevan wﬂ?ﬂﬂ:"““mﬂu’l of the cllli‘inge-m_fer.sclﬂcmr. In table
mfﬂmﬂﬂu Ance tn th:_s OLTC position is indicated with "e"".
R e distance depends on the OLTC design. In case of
S seperaled tap selector and change-over selector, usually. this

4.1 INSULATION LEVEL

T T - .
The specific characteristics during 7

the indug
: ; . Ced overy
those ol the tap selector with revers Wervoly

dEC 1est are comparable with

INg change-gver Selector

4.1.4 INTERNAL INSULATION DISTANCE A1 THE DIvER

' . CRTER SWITCH
within the insulation system of a resistor ——
and tap selector, there is one insulation distance at (he “l'uh Meperate diverter switch
highly slrcus'ipd L_]UI'II'IL‘ the testing of the transformer -r;-(_nﬁlf:r HWIICI!IWhiEh can. be
internal OLTC insulation and is found between the i-a 15 distance (ag) is a part of the
tap. apin service and the pre-selected

During normal service operation of the transformer the . _
frequency, overvoltage stresses occur which can r::-ur:h. 2.5 lin:t:L 1th? '-JLLq .I?“Twr
voltage. These stresses do not depend on the OLTC Pm‘i-l.inn *md t:u:; I:Erkil‘ul H'iifl
casily. When testing the transformer with lightning impulse vL;llugeu {full-:::.f;uaﬁd
chopped-wave) transient overvoltages can appear on the insulation v S e
the OLTC is in the mid-position. The magnitude of these overvoltages iﬁ"rnainly
determined by the oscillation of the transformer windings and by the GI_;FC: position
during testing.

Fig. 4.1-7 shows the principle winding arrangement for fap selectors with reversing
and coarse change-over selector as well as the voltage stresses occuring at the diverter
switch. In case of a tap selector with reversing change-over selector the maximum
stresses in the two possible mid-positions (change-over selector on plus, tap in service
on K, pre-selected tap on 1, or change-over selector on minus, tap in service on K,
pre-selected tap on n) are almost identical, In both positions the oscillating potential
of the tap winding occurs at the ag-distance. When using @ tap selector with coarse
change-over selector the two mid-positions (change-over selector on minus, tap in
service on K, pre-selected tap on 1, or change-over selector on minus, lap in service
on 1, pre-selected tap on K) can lead (o different stresses at the ag-distance, but
usually in the same order. The stress on the a,-distance of the first mentioned critical
mid-position is characterized by the potential of the oscillating fine tap winding,
whereas in the second mentioned critical mid-position it is characterized by the

potential of the oscillating coarse winding.

transformers of different designs
¢ winding arrangements Very high
n the two diverter switch sides. This

uency voltages is only one Step in case of fap
ase of tap selectors with (hree mids

The voltage stresses measured on several
demonstrate clearly that especially in coarse/fin
impulse stresses must be expected hetwee
although the stress caused by power frequency
selectors with one mid-position and no step 1 €
positions (compare 3.1).

-
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coarse change-
over salector

r
reversing change- & g]
over seleclor

a
0
9n

e 10% - 20%

full-wave 370~ /s G
lightning impulse max. 12% max. 25%

_i.

el 0 . 'D_."

chopped-wave 5% - g:;:, :1? IE;': 430{1;0
lightning impulse max. 15% . &

Ascrn .oy ALY r c1l £ 1. o0arce rths [ o rer sl
| Fig. 4.1-7: Voltage stresses on the a-distance with reversing and coarse change-over selector

The measurements (Fig. 4.1-7) show that in case of tap selector with coarse change-
aver selectors upto 25% of the input impulse level appears at the a,-distance when
testing with full-wave lightning impulses and upto 40% when testing with chopped-
wave lightning 1mpulses respectively. When considering a transformer with
U, =245 KV and a BIL of 950 KV, the stresses on the a,-distance can reach values of
238 KV and 380 KV respectively. For economic reasons the insulation distance aj,
within the diverter switch cannol be designed for stresses in this order. Usually,
lightning  impulse  withstand
, voltages in the range of 120 kV to
160 kV can be accomplished.

To guarantee a safe and proper
operation of the OLTC
countermeasures have to be taken.
Fig. 4.1-8 shows two possible
principles of overvoltage
_nw,mm“ overvollage protection pr_nteic[iun of the aj-distance

spark gaps with non-linear resistors within the diverter switch. The
voltages that stress the insulation
can be limited by using spark gaps

?‘5" 4.1-8; Qvﬂﬁﬁﬂl—lﬂgt protection  devices

- = - =B rm
insulation dnstanu d, Within the diverter switch

4.1 INSI LATION LEVE]

a8 well as non-limear resistors. They are e
: A . “d k INStalle _
EIJHHEL-[L‘U In series with the ir 1”""{[ 1o the d

ANSION resistgre Both o : WVerter switch and
IO s

cessfully. = |
Pl afe applied today
The response level of spark £4PS, usually
: 10) -\,n" [i“”r:‘ ' Wh " . S : [
and 130 k d I e 7 en the spark 24p fires a foljoy urre o
<D yoltage and himited by the transition résistors '[hiL et Hows caused oy i
:. . I : = SR o o B =] # -

current zero and 1s normally in the range of 100 A (o mﬂwmm Bsakihe i
- e 16, wpariof Lieatsi t (;.. Lr&. The firing of the spark
_ “PATK gaps should be '

, e used in
£ Ol the overy
& Ol the overvoltage protection system is
| h@ to be considered that
0ssible when the pccuring

15 chosen ; C
SEN in the fange between 890 kV (0

lea . s, Therefor
applications where an occasional or rare firin

to be expected. During impulse testine of the
a firing of the spark gap in the critical
impulse stress exceeds the response leyel.

transformer
mld-pﬂﬁilil‘,‘ll‘l 1S p

Non-linear I‘t‘.‘\i&lﬂl‘i‘hhﬂum be used as Overvoltage protection of the dive R T

applications uihur:: ?reqwnl SIresses caused by overvoltages have E:mli;:,r B
to the connection of the non-linear resistors in series with ﬂne lranqitiuner??Cleq- ﬁ'-.“‘-
are continuously exposed to the step voltage. The electrical luﬂe;. causc?lt?f:t:: 1:1:;
n-linear resistors are d-esig-ned for a
SETVICe power frequency stress caused by

voltage can be neglected however, sinee the non-li
protection level of 15 times to 20 times the
the step voltage.

Non-linear resistors limit the overvoltage without delaved and with continuous action

and prevent an overshooting of the voltage above the protection level set by their
characteristics. This overshooting of the voltage cannot be avoided when using spark

gaps because of their response delay time.

In the early stages 25 years ago, silicon carbide elements (SiC) were used as non-
linear resistors. After introduction of high power zine oxide varistors (ZnQ) 20 years
ago, today mainly these elements are used. In Fig. 4.1-9 the current/voltage

i S : : —_—
- |
i - : e = ¥ _i_.
| || [sc ]/ Jliear7s0nm| |
s e :|"" N TE“T ERE
| I ' ] g

0 < 2 a3 -
106 100 107 102 102 10! 1w o' 0% 10% (A 10
current

N . -l ﬂI'WSiStﬂIS —
Fig. 4.1-9: Voltage/current characteristics of linear and non-linears
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Kide elements and those of linea;

o

silicon car
rison all pl
A '-,-;‘ () s0 that all three Curves

T *Aa varislors, . = e
< 0 21nc oxide Varistors ots of the resistor L|L‘Hh‘.‘nh are

char!ﬂlgnﬁllth 4 better compe
resistors arc s 2 500 V/100 AR
. - for 1 avnntace of ZnO resulting from ite
yimensioned ¢ advantag £ t
l - [ =

meet this point Fﬁig
extreme non-linean y.

hown. To allow
he working poinl
4 1-9 demonsiraies th

o of the non-linear resistors B pcrlh:‘.r!lcd i'““_"ﬁi‘dl.m”} lj},”w,[:}lll-(l
‘L: ld‘m-: o the stresses of the OLTC HP.I‘“N““'{ j.h“'ri voltage,

manufacturer accor i :! for full-wave and clmppnl—u;nul__ OLTCs h‘n.u been

lightning impulse I“LI nlwn-linf;}r resistors for more than 20 years. But still these

lt:quiptpesju;‘;i:;?ﬂ]ii:r:L1rn:u:nr: inspections of the diverter switch.

gvelobec =

The dimensionil

4.2 SWITCHING CAPABILITY

dine to [EC 60214 [IEC Publ. 60214 1987] the following definitions apply:
According [C e ‘

h-current (L or 1.0 YIS '
rated throug L, max TC towards the external circuit, which the

The current flowing through the OL _ |
apparatus is capable of ransferring from one tapping to the other at the relevant
lip voltace and which can be carried continuously while meeting the technical
S -

data of the OLTC manufacturer.

maximum rated through-current (I, ) i
The rated throush-current for which both the temperature rise of the contacts and

the service duty test apply.

Within the maximum rated through-current of the OLTC there may be different
assigned combinations of values of rated through-current and corresponding rated
step voltage. When a value of rated step voltage is referred to a specific value of rated

through-current, it is called relevant rated step voltage.

The OLTC manufacturers cover the wide range of rated through-currents needed for
different transformers with a limited number of OLTCs of different designs. The
rated through-current and the rated step voltage determine the dimensioning of the
transition resistors of the resistor switching principle OLTC (see 4.2.3).

When fulfilling the IEC 60214 requirements, the switching capability of the OLTC is
also tested (40 operations) by switching twice the maximum rated through-current
lum_-al' the relevant maximum step voltage for which the OLTC is designed (breaking
capacity test). In addition the contact wear is verified by performing 50,000
Operations at the maximum rated through-current (service duty test).

;‘fl;:;;:ritc:ingl_n; brearl;ing capacity test of OLTCs using the resistor switching
APIE Nds 1o be performed at the maximum rated th -
faﬂqu(mC.PuhL:E{)ZH}, rough-current and power

4.2 SWITCHING CAPABILITS

a1

il

current 1o be switched

2. re-stabilization of the
swilching distance _ l

3. recovery voltage without
phase shift

4. recovery vollage with
mediurn phase shiff

9. recovery vollage with
large phase shify

I -
i |
I'r

I
L

|

— & o o ™ . l '] = L . . nte =
F ig. 4.2-1: Pn ‘ILI{J|L grdphh ol switched current. [{;'-H[ilhi“.r’.’.]nn line and ltae
ale . recovery voltages of a.\

switching distance

In case of OLTCs using the reactor switehs o .

srformed at the maxi ltching principle the service duty test has to be
per ‘ ¢ maxinum rated-through-current, a circulatine current of 50%
(generated by the preventive autotransformer) and s power factor of 0.8 i[EEE
Standard C57.131), and lhe breaking cdpacity test at twice the maﬂ,—ﬁllm rated
through-current and power factor 0 respectively.

4.2.1 POWER FACTOR

Although material characteristics, geometry and velocity of the opening contaets
influence, the arc quenching capability of a switching distance, it is mainly
determined by the shape and magnitude of the current to be switched and the recm-'er')f
voltage. Fig. 4.2-1 shows as an example the graphs for the switched current. the re-
stabilization of the switching distance and the recovery voltages for different phase

shifts.

The recovery voltage without phase shift (curve 3) corresponds to the breaking of an
ohmic load. It can be recognized that the re-stabilization line (curve 2) is transgressed
only if the peak of the recovery voltage (sine curve which starts at current zero) Is oo
high. In such cases only the r.m.s. value of the recovery voltage has to be considerad.

But things look different when a phase shift arises due to an inductive or capacitive
characteristic of the recovery voltage. In such cases it is important how large the
phase shift becomes (compare curves 4 and 5). A transgression of the re-stabilization
line may result in a re-ignition of the switching distance and may lead to a short

circuit of a portion of the tap winding.

garding the influence of the power factor on the

OLTC users often have questions re _
shift. In the following the

switching capability and on the aboyve mentioned phase




4 SELECTION 01 OLTC

02 | |
| shall be demonstrated for both switching

itching conditions with power faclor =
3 scistor and reactor).
i es (resistor d
princip!

4.2.1.1 RESISTOR SWITCHING PRINCIPLE
duty and on the phase shif

n the switching i
switching distance of resistor

y voltage at the

. hall be demonstrated for a flag cycle operation. ']'hp ruuung\ are ko
4 L eal and asymmetrical pennant cycle and the multiple resistor cycle
b ﬁWS}""mf_“'"-:l mr_;lri.r;u . flag cycle diverter switch operation was described jp
] T ﬂ-tmi - tLI I-'I:nriahs}n-;:lummn of the influence of the power factor on
paragraph 2.1.2.1.1n detai - Fi i e T o e POt faeor on
the switching duty. the two moments oI € e ,If )
contact and the (ransition contact have (o he examined ClOSET.

The influence of the power factor ©
between ewitched current and recover

25 through d show the circuil diagrams of these two moments (Just before

) for a heavy switching operation. For the further evaluation it
age U and the step voltage U,

Figures 4.2-
and after current zero :
chall be agreed that the phasors of the transformer volt

are on the real coordinate axis. The through-current |, shall have a phase angle ¢ to

the voltage as shown in the phasor diagram in Figure 4.2-2e. With this the through-

current can be expressed as:

TL={I_L[*(cosq1—jsimp'J (4.2 1)

During the swilching sequence, first the main switching contact MS , opens. Until the
first curren! zero after contact separation, an arc short-circuits the opening contacts
(Fig. 4.2-2a) and the through-current still flows through this path. At the current zero
the main switching contact has to break the through-current

Tysa=|1.|-(cos - jsing) (4.2_2)

Alfter quenching of the arc a recovery voltage U, ., arises at the open contacts (Fig,
4.2-2b). The recovery voltage can be determined as the voltage drop at the transition

—

resistor R , caused by the through-current | :

Comparing equations 4.2 2 and 4.2 3, it can be stated that the switched current TMS,Q

and the recovery voltage U,,., are always in phase (at leading as well as lagging
power factors):

Py = Im( s, ) —sin Im(C
Rellyss) " cosg 09 Re(D,,.,)  uMsn )

o 93
|
|
g |
= |
3 AUs :
k /T_ '1
I cosm l ;’;
| i ; 1
!F'r'-,agmar_f &_‘i’.l,a " 'f r \
— —— -L..___-_
4 \lsing l
&) 1

Fig. 4.2-2: Breaking at lht-f main switching contacts (a, b) and transition contacts (e d) just
before and after arc quenching 5 1¢. d) )

Following the further switching sequence the next event is the current breaking at the
ansiti ontact. A D > has not extineuis -'
transition ¢ t. As long as the arc has not extinguished the through-current |,

shared between the two transition resistor pathes A and B (Fig. 4.2-2¢). The share
ratio i1s determined by the impedances of the two paths. For the caleulation of the
phase sljift one tap section of the tap winding is represented by its equivalent voltage
source Ug and its reactance Xg.

15

The portion of the through-current which flows through the path A can be determined
to:

HE
R +R, +Xg

Ra | |
: _ coOS{— |SIN (4.2 5)
Rg +R, + [ Xg ( °-l tp)

i,

In addition to the through-current, the step voltage Us generates a circulating current

|- that flows through the transition resistors and the impedance of the tap section:

Us (42.6)
R, +Rg+ Xs

|C=

With equations 4.2_5 and 4.2_6 the switched current at the transition contact T is

calculated to:
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U.
o e - (4.2 7a
2= T 1] =— _HE_" — [CDS'J""lsth R,y +Bg + | Xs 1 e
t.m_-_- Lh'ﬂf"l,_-—“ L H,q. JHH 4 th.
with: i |.R.((R, +Rg)cOS X sing)
iR, o)+ [T Ral(Ra +Pa)c0S0 =2 00T
HEUH}:‘H_-_— i (HA+RE} s
s : +R.)sing+ XsCOSQ)
: ;Ux’xt*h FLI_E{_(_FL E:{E} jm___ - (4.2 70)
Im(iu]-_#_#_'_; {HA+HH)L+xbL
oig )
‘-f'rm =4 g E(ITA)
(J_ X< +[1 I-H-((RA +Rg)sing+ Xscmsm)]
- IUEIJ = | Lr = (42_?{[:’
:ar{:tg— ||
|

1.|-Rg((R, +Rg)cOS® -~ Xssing)

i

n

= i} |8
=

+

o
m

e

. e 2y ey aftn snichino . 2 are .
The recovery voltage at the open transiion contacts 'l;,,i after quenching of the arc is

" i | i ¥ qo0¢ n =
determined hy the vectorial sum of the step voltage Us and the voltage drop at the

> 0 i 2244
transition resistor R g caused by the through-current |, (Fig. 4.2-2d):

ﬂfm :US "’TL'RE = 05

+M.HE (cosp—jsing) (4.2_8a)
“’TL"HB sing

Re(U-,) ‘DS‘ + 'TL.-RB cos

(4.2 8h)

Now the phase shift between the switched current |1, and the recovery voltage U .,
al the transition contact can be calculated to:

|AQ4[= |Oura — @iz (4.2.9)

In the following a caleulation of the phase shifi Pyra 18 performed with exemplary
values to get an idea of the order of the phase shift:

step voltage: US =2,000V

- transition resistors: R, =R, = 1.5Q
rated through-current: |, =1,300A

_ power factor: cosp=0.8

reactance of one tap: X =50mQ

phase angle of the switched current; = ~3,688VQ°

| i @ =arct i 0
- ™50 621 50v07 ~ 01
L Pseangleofthe recovery voltage: g, =arctg 24170V _ ;g 1g¢

: 3,560V

4.2 SWITCHING CAPABILITY

95
phase angle between switched
current and recovery voltage:

| |
|APracoss-aa| = |(~18.19%) ~ (_19 15 | =0.96°

The calculation of the phase shift at the tr

dansition contact for =U
cos @ = 1 shows the same result: * i

'“['—' TAcosg .rjl =0.96

It can be stated that the phase shift between sWitched current and rec
does not depend on the power factor. but is determi

values of the transition resistors

overy voltage
. ned by the relationship of the
| and the impedance of one tap section. Considering
the fact that a reactance of 50 m£ of one tap section of the tap winding is on hiﬂ;
side and the resistance values of the transition resistors used in the ca;:ulatinn :rﬂ
usual, one can state that the phase shift between switched
yoltage is in the range of | degree. A phase shift of 1 degre
1.75% of the peak value of the recovery voltage sine Wav
I]E:___T,IEL‘[EL].

current and recovery
¢ corresponds to only
€ and therefore can be

The same conclusion can be reached when the following relation is considered in
equation 4.2_7d:

R,=Rz=R>>X.=0 (42_10)

Using this relation the phase angle of the switched current at the transition contact
can be simplified to:

—(D +|TL~ R ~[(2R)Sinlp + 0]]
lUSl (2R)+|1_|-R- [(2F{)cos<p—0]

Pirp = arctg (4.2 _1la)

and becomes equal to the phase angle of the recovery voltage at the transition contact:
_.|L

Sl—r]TLl-Flcosq)

Rsing

= Qura (4.2_11b)

Oira = arCtg |0

As shown above, the phase shift generated by the power factor does not increase the
switching duty. However, the power factor does affect the absolute Vﬂ]ﬂ?b of drecover}tr
voltage and switched current. With equation 4.2 7a follows that the switched curren

|, reaches its maximum when | , and | are in phase. 'ljhis occurs at power fflcmli
|. The recovery voltage L_er (eq. 4.2_8a) reaches its maximum at POWer factor .li ga.
well (l:ls and TL R, are in phase). With this the m::.:ximurrf duty on tt;e in:ﬁz:
contact occurs at power factor 1. This fact is considered in the standar

o cADACITY tes wer factor
require (o carry out the service duty test and the breaking capacity test at po
I,
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% ) )
A 1 eque 2 10 1s true

o dusions are only valid il Lquhn!un 4 "[.' S true, This i«

e *ui;Jm within the fine tap winding. In case of

rating from the end of

r selector when ope
ling, or vice versa. it can happen

The Jast menton !
normally mer with alnost all tap opel

e OLTCs with coarse change-0ve 1
. of the coarse wint

se shifts can oceur (for further

resistor type QL4 %
tap winding 10 the end of | i
f[:?tﬁzl?:;qﬂaﬁnn 42 10s nol fullfilled and large ph
a - -
information se¢ paragraph 4.5).

R SWITCHING PRINCIPLE

demonstrated in the forecoing chapter that a leading or lagging power factor
e » = = : ) : : =1 T ‘
I ';Lﬁaﬂ'egts the absolute value of the switching duty. but does not produce a phase
oy . v voltace. This maximum value occurs :

g ' = bod current and recovery VOI@ge. S T4 - S at
shift berween switched
power factor l.

ase of reactor type OLTCs. The switching sequence

OLTCs were given in section 2.2. From Tables
e switching contacts are summarized for

4.2.1.2 REACTO

These relations may change in ¢
of the different types of reactor {ype
22.3 and 2.2-6. where the duties of th

it can be determined that there are [wo values of

different reactor type OLTCs,

switching duties which must be controlled.
y, the two

For the evaluation of the influence of the power factor on the switching dut)
current breaking moments at the breaking contacts have to be examined closer.
Figure 4.2-3 shows as an example the circuit diagrams, just before and after current

sero. of these two moments for a reactor type OLTC with arcing switch.

For our purposes, the through-current is expressed in the same manner as given in
equation 4.2_1. With this the equations 2.2_10 to 2.2 13 and 2.2 _18 to 2.2_21 reach

the following forms.

Tap-changing operation from a non-bridging to a bridging position
(Fig. 4.2-3 a and b)

Switched current at the breaking contact (TES,) (compare eq. 2.2 10 and

2*2_18)
(4.2_12)

e
— ol

13
g kT o

| 1'TL[-(cos<p—jsin<p)

Recovery voltage at the open contact distance (compare eq. 2.2_11 and 2.2_19):

O =of7 XK _m( X[ .
TFSA Z(L. |4_J—,|L|'-2-'($Intp+_jcos¢p) (4.2_13)

P
97

Fig. 4.2-3: Breaking at the transfer switches during operat;
osition (a, b) and from a bridging o2 Operation from a non-bridging to bridging
pos a, b 4 DridgIng 10 a non-bridging position (¢, d) just before and af garnr:=
g - e an er ai

ﬂuenching
Imi{ 1 ‘
With Pitrsa = Arctg R arctg=Sne |
Fie( lwsﬂ g c0s0 (4.2 14a)
|m(UTF5A)
and Pyress = arctg — = arctg C?Sw (4.2_14b)
Re(Ures ) sing .

the phase shift between switched current and recovery voltage is calculated tos

COS @ —SIng
A = - =larctg———arctg——— 42 l4c
| ‘PTFSA| |‘-PUTF5A ‘PlTFSAl g sing g o050 (4.2_14¢)

With the relation arctg(X)-arctg(Y) = arctg ﬁ;ﬁ follows:

sing  CosQ sing _ cos@
. cosq  sing | |, COS® SINQ|_gns (42 14d)
|AQrrsa| = |arctg ~sing_cosq arctg—-—3
cos(p -sing
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98
oy ant and recovery voltage at the breakine 99
Bhift between switched curte b b ANE
1 Ph?‘-" \,:‘.'lf: tap-change operation from a non-bridging (o a bridging positigy, [ X
urime « . = i S T L arees, - | : =Rl
mlw ected by the power Lacltor and is always 90 degree | =i 2 - U |
is not affected by (¢ [ [ \l x4 x SN+ 1oL
e o ‘ IS it TFS AR -
Kift 3 90 deerees is the mosl severe swilc |'IIH:.: condition tor an ”l}":”l”ﬂ with: Prresp = arCtg :_B‘r = arctg X XE,
o ST L o = P e AvI e - A = ( | = ‘
A ‘:ha:c[wcau-iﬁ the recovery voltage reaches its maximum (peak value) when the Re | 1esa o (4.2 18b)
-l:ﬂﬂ ﬂcv 3 - |-
. 5 3 T | |
menishes in the currenl ZET0. loj—2
arc extingu My cos e
. . 5 . = Mo E = - x .
Tap-changing operation from a bridging g}da non-bridging position in case of = !‘L\ —sino+|U |
itching direction (Fig. 4.2-3 c and d) Pirres = arct ' =
; irection (Fig.4.2-3¢ ITFSS O = )
heavy switching d & U | X - (4.2 18¢c)
_ . = J S L‘ = DS!Q
For the following evaluation one tap section ol the tap winding is represented by 2

its equivalent voltage source U. and 1ts reactance Xs, the winding resistance shall The recovery voltage at the open contact distance of : ;
- = B e W ce of TFSH 1S the verctonial sum of
be negzlecied. the voltage drop at the preventive autotransformer caused by the th "
and the step voltage (Compare eq. 2.2 i3 and 2 7 513 : Y the through-current
The switched current at the breaking contact (TFSy) (compare eq. 2.2 12 and - 22 2T):

2.2 20)is the vectorial sum of the portion | 5 of the through-current which flows Unpsa 3 05 T iTL A T iiL M-E(- = 03 +jl e (+.2_19a)
through path B and the circulating current | : 4 4 _— 2
] gL i e T T e e S I= | X
'TFSE='LEI+IC {4+2_Iﬁ} U;TFSE _UST”LLE:MUS\-FIILI—Q_Smw-*!l.ld_g_cnsm (4.2 19b)
I, can be derived from: | lm(DrTFSE) \TL' ‘)%'30541
with: Puresg = arctg - = arctg (4.2 19¢)
i g+ MTs ot T Xs = [Tt MT X @2 160 AelUma) 0 ofi K sing
4 4 LA 4 LA 4 = 2
and 'ua“-‘lm=1 (4.2_16b) The equations 4.2_18c and 4.2 19c show that the phase angles of the switched
X current and the recovery voltage do not depend on the reactance Xg of the tap
, oL, P section. With this the phase shift can be expressed as:
2 lg=l, - 4 _
X+Xs (8.2_16c) |AQresa| = |Purrss — Prress| (4.2_20a)
-ﬂ]-E Ciﬂfll]ﬂ[l'_ng current TE IS determined b}f ITLll( COS Y -Uosl'{!"TL —E"SIH(P]
: g |AQrrsa| = faretg——E———-arclg——— 2| (4.2_20b)
=Ty — 8 I, |-=C0Ss
IE Jx+xs {‘4'2‘17] ]US""]ILlaS'an l L‘z q}
For the switched current at t Al ¥ = =¥ .
9 1. dt the breaking contacts (TFSg) follows with 4.2 16¢ and 1“*1 5 cos g lUS) +]l‘-|§ SINQ
- +
X ( ‘U l+‘T Iisintp FL - cos®
2 S bl frotg— 112 T 2L 2
Ken, o ) Jx*xs sing + X+$xs (4.2_18a) 1L!-2-COS<P |Us +\|L| 5 Sing
lihe=—— e T I)
\ - 1 = | X
J R~ — COS
‘US'+IIL| > Sing .‘L,Q P




100 l
i | X coso }UH!«L]IJ sing,
NS l,|=coso
| : | n 0 |
|U5;’ F_II_L!_Zj—.{-i:’—'—"_ I 2 _-,i — 90 (4 : _1'”[“
O arclg—— S l

The phase shift helween switch
contact during a fap-change opet
i< not affected by the power factor
when considering
The resulting phase shift mus| be
switching duty 1s less severe.

It was shown above that the phase angle between switched current and recovery
voltage for operations from & non-bridging to a bridging position and vice versa is

4lwavs 90 decrees and is not affected by the power factor. Only the phase angles of

these two values relative to the step voltage are affected by the power factor.

One can conclude that the maximum switching duty occurs when the vectorial sums
of the switched current on one hand and of the recovery voltage on the other hand
reach their maximum. This occurs at power factor 0 ( TLE and Tc are in phase). This
fact is considered in the standards which require (o carry out the breaking capacity

test al power factor 0, which represents the testing of the switching capacity of the
OLTC.

4.2.2 PERMISSIBLE OVERLOAD OF OLTCS IN OIL-IMMERSED
POWER TRANSFORMERS

The basic demands for overload of power transformers are given in IEC Publication

ed current and recovery voltage at the breaking
ation from a bridging 1o a non-bridging position
and is always 90 degrees. Things look different
in addition to the reactance of the tap section also its resistance.
smaller than 90 degrees and that means that the

g::.-rlm :qu':;er'TbI:lnﬁf?rfners - General, HEF? Publ. 60076-1 1993]. 1f specified, the
Iémparﬁry Jna;} ' Iﬂbﬁigl;l_ecl. in addition to its rated power for continous loading, a
Mﬁ&d' IEC Lyc? “; tch it shall be capable of performing under conditions

ied in Publication 60076-2. Power Transformers - Temperature Rise, [IEC

Fubl. 60076-2 | it '
and gllﬂl':ni:s 991-" I:;:i:ptmn 15 o be used in particular (o give a basis for design
NMHifrriore. & lemporary emergency loading of large power
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- | i
when OLTCs are used in transformers which

their selection should be such that they do
rransformer. Same is valid for bushines

dlf¢ § 3t ap
not re Ubjected 1o overload conditions,
S or other :J.I‘;‘:llz}u the h'u“““? capability of the
|ilf‘_-,. L“-{Ulpﬂ"t‘ ~
ent.
All OLTC contacts and current paths which carry ey
; 3 . 5 . ; - . Yy € T T _ - : .
dm«,._,m.mr_ml_ for all current stresses that occur on the tr; '-n| continously must be
and permissible overload. If the overload ansiormer under rated load

| conditions are : |
publication 60354, the requirements with respect to the O1 TLEL”T{JJHLE s
- -1L ar¢ met, in accordance

; E= i R S -

with IEC Publication 60542 Application Guide for On-Load Tap-Ch .

maximum rated through-current of the OLTC i« at lu:uxt' 1.2 u&p- e

current or when the OLTC does not exceed the tcmperalu-l:. ibmalire
e

S ' i rise limits given i
Publication 60214 On-Load Tap-Changers. when the Cﬁmuc{: ~un~:H Fl';“: in [E:
ate : e ’ e hs - § carry 1.2 times the
maximum rated through-current. In addition. the transition resistors meet th
. SiStors e

overload conditions if the temperature rise ahove the surroundine medi

exceed the temperature rise limits given in [EC Publication ﬁi]?l;xiﬂer:uz dmi T];
times the maximum rated through-current. The number ofhtap-{:han ;qngjfcea:h
occasional overload period should be limited 1o the number ugf -o eralian
corresponding to one halt of a complete operating cycle (number of nperaliinﬁ 555
required to move from one end of the tapping range to the other). _

Also according to IEEE Standard C57.131 Requirements for Load Tap Changers
[IEEE Standard C57.131 1995] the OLTC is suitable for the overload conditions
specified in IEEE Standard C57.91 Guide for Loading Mineral-Oil-Immersed
Transformers [IEEE Standard C57.9] 1995] when the
requirements are fullfilled.

above mentioned

For particular applications, when OLTCs are subject to overload conditions that are
not in accordance with the limitations stated in IEC Publication 60076-1 wath regard
to IEC Publication 60354, the OLTC manufacturer should be consulted for the correct
OLTC selection based on the current magnitude and overload duration.

The Loading Guide for Oil-immersed Power Transformers (IEC Publication 60353)
or other national standards indicate the values by which the transformers may be
loaded above the rated conditions. The limits of loading are determined from the
electrical. thermal and mechanical characteristics of the transformer insulation
(usually: oil-paper) taking into consideration the loss of normal life expectancy of the
transformer. These life expectancy considerations are not applicable to OLTCs, but
overload factors and loading periods are important for OLTCs.

Between the national and the international standards there are dtvigtiu_ns regarding
the permissible overload. Therefore in the following on!y I_EC tequiraments ar:
considered. The loading periods are defined in 1EC Publication 60354, paragrapi

.34 and 1.3.5:
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3.4 Cyelic loading

ot « dur
b olie variations (the @
' qth evelic Ve
Loading WvTt t.

dav) which s regar

during e oyele. o
g SIRETRETICY [0UL 1ne.

long-time EMergernt.

a) Normal cyclic loading

. < e saemperaiure or a higher than n'uf d .!uuu' -_'.m'n-‘n.-' [5 ‘*f‘f?*’{'t'{f

A higher ‘mm”.”ilf .;. Je. but, from rhe point of view of thermal ageing

OUINE {m” ﬂr. ’ . ‘,:;:H:;m'{ u.".:;m[h'h, this loading is equivalent to the rated
fccariing 70 i ”“'-- remperature. This 1S achieved by taking advantage of
lnad ar normal ambient c J" iow-load currents during the rest of the load
low n‘frrﬁu'm fff”{?l'rﬂf.”ri "H_E: :m-{ ;'”T'””f"'" can be extended to provide for
evele. For J’n"m{m.u_l:’ ,h;-u;ni :.,1 } vith ageing rates greater than unity are
long periods of Time wherely Ve e vith @, } :r _ |
t_,muﬂmm,rﬂj_ﬁ-ﬁr by ;-}-(--h‘_s with agemng rale less than unity.

b) Long-time emergency cyelic loading

Loadine resulting from the prolonged oulage of same system elements that
will ;;i;;' be reconnecie d h{:,f}'u'.d_‘ a .Eh‘m:’_‘i‘ Stare remperaiure rise 18 reached in
the transformer. This is not a normal operating condition and i1s occurrence
is expected to be rare, but it may persist for weeks or even months and can
lead 1o considerable ageing. However, 11 should not be the cause of
hreakdown due to thermal destruction or reduction of dielectric strength.

1.3.5 Short-time emergency loading

Unusually heavy loading due to the occurrence of one or more unlikely events
which seriously disturb normal sysiem loading, causing the conductor hot
Spois 1o reach dangerous levels and, possibly, a temporary reduction in the
dielectric strength. However, acceptance of this condition for a short time
may be preferable 1o other alternatives. This type of loading is expected to
occur rarely and it must be rapidly reduced or the transformer disconnected
within a shori time in order to avoid its Jailure. The permissible duration of
this load is shorter than the thermal time constant af the transformer r.'ur;f

dep-endj on the vperating remperature before the increase in the loading,
Dipically, it would be less than half an hour. -

Furthermore, in accordance with

- [EC Publication 60354 powe < et e
divided into three classes power transformers can be

with respect to their rated capacity. F . _
' - For these three classes
different current and (e pacily ree classes

. _ mperature limits are valid. Wit
considerations of OLTCs Table 4.2 -

respect to the overload
overload factors are cove

-1 shows only the current limits. The indicated

Bublication 60, red by the type tests performed on OLTCs according to IEC

- I
1ficn .‘-'rf f.“t‘ l.:‘l{ fli'. a’q“l-f-’q.‘r;.\' le{ mne ong
oe amount of ageing thatr oceurs
i the average
j{ ;}J i ki e l-';r

-~ e v ?”{J! Jllf:[.r(h-”r, )y
) v 1 Hhtf Dhe a nor o .
The cycic [i aing may «
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Tahle 4.2-1: Current himitations apphicable 1 loading. bew
-]-'.tl..'h: I 1n il{- (]l}_;:\—li — ""..l'ilnlj N \I'l'}t'_'f‘ll'l;.i';: Tnﬂ'lﬁ'-.! 'f"..l..*..‘i"pl fl'ﬂm
m— . = :
Fype of It_luﬂlngl! Normal eyelic > + |
| Inading [y TR Short-time
| ET"E‘-‘“‘?} | emergency
Transformer class | Oading loading
| curment (p.u.) | current (pu.) | S
Distribution transformers |, | | b
i | | |
(acc. to IEC 60354, paragraph 1.3.1: | 1 § ‘ oS |I
- : = 3 . | & 5 I 1 3
three-phase < 2,500 kKVA [ : | 0
single-phase < 833 kVA) | | |
‘Medium power transformers | | '
1 |
|
(acc. to IEC 60354, paragraph 1.3.2; 1.5 l | 5 1 I8
three-phase = 100 MV A | l l
single-phase < 33.3 MVA) | '| |
: |
Large power transformers '| 1|
(acc. to IEC 60354, paragraph 1.3.3: 1.3 \ 13 \ 15
three-phase > 100 MVA) 1 |

4.2.2.1 NORMAL CONTINUOUS LOADING

In case of continuous loading the difference between transformer and OLTC must be
considered. The acceptable load factors for transformers are defined in [EC
Publication 60354. If the load current over a cerfain period of tme Shows no
pronounced variation, a constant equivalent load current may be used. Table 4.2-2,

taken from IEC Publication 60354, gives acceptable load factors for transformers

K =K, (K;4: load factor for 24 hours per day) for continuous duty for different
ambient temperatures.

Table 4.2-2: Acceptable load factor for continuous duty Ko, at different amb

lent emperatures
(ONAN. ON, OF and OD cooling) [IEC Publ. 60334 1991 ]

; 5 2 0 | 40
Ambient temperature “C 25|20 -10} O 10 | 20
1se K ‘ 5 | S8 68 | 38
Hot-spot-temperature rise K 23 | 118 | 108 | 98 | 88 | 78
K., | Distribution ONAN | 137|133 | 1.25 117 | 1.09 | 1.00 | 091 | Sl
| Transformers
ON 133 | 1.30| 1.22| LIS 1.O8 | 1.00 | 092 0.31.
s | 12 o8 | 100 | 092 | os3|
Power Transformers | OF 1.31 [ 128 | r21 | 114 1.(

o | 124122 | taz | e 106 | 100 094 07 |
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4 SELECTION 0oF () IO
The values given in the following tables have he n d
—H SElErmined with the dhagrams and

in case of ransformers, different ambijep,
{ Ihh:‘" l'll il(. IJHI""]\\'.'_]H”” h”]':;ll.

4
vy ] - ia.!th! ll']-}dt g ey . gy i
These Ipad facton FsTac! llmi of cooling lead 10 different o1l temperatures withj,
i il = SRR 'I‘I ]'ak\" L = . _— P . - v . _
mmiurﬁmdaﬂt-ﬂ"' r:lenl wirrent, or Vice versa, that a L‘In]-ﬁ-‘hmt “[‘1 aximum)
sonstant 1oad & ' ached with different load curre * s A
prmer at e . can be reache currents Example
the transf - . ransformer ¢ he
qthin the
~hree-phase medium power transfor
“Hﬂ-phdﬂ. 11140 ! Er ranstormer 16 MV / ¢ :
\. 66 | | + 10) 1.0%) kV
T :‘i-PL‘ (| 1;1'.1-11;:HE_.-_ ('I\J 'n'-\rUI'tllu El“—!l’.ﬂ"'ll

1sEANCES.
Regulation: neutral end
=

- anerafure W :
oil tempe ntioped circui

under the above me
rransformer with forced o1l cooling, the load factors of
il L% r L : - . ’
e a powe an be dﬁl'i‘*'ﬂd from Table 4.2-2. Both ]”'I‘“‘h”}.f‘\
: rrefore, an OLTC 2 _ _ AP
r. Ther¢ JLTC which max. tapping current: 156A Step voltage: 8_523 — 381V
v

Taking for exampic 2 FUE e ¢
1.31 at -25°C and of 0.92 i‘: r within the transforme
- = ] e >ralure : . 3 =
Jead to the samec oil umfpi;ﬂr{ cank (in-tank type) is surrounded by transformer oj]
PRI (L EELL B - g 1t
- > onditions do not chanee L TC- - .
ently the OLTC ¢ change selected OLTC: three-phase OLTC for neutral end application
max. rated through-current: 200A

is installed in the [rd Consequ
: .« ponctant temperature. Lotk . : - S e
3 $humﬂtt;m[*I:Itliexatlzentpcr'ilurc at different loadings. Things look different if
% ~rde 1o the an ‘ 5 ‘ \ me S
L el ted in its own ol compartment (compartment [ype). It can be max. rated step vollage: 1,400V
MOUREE : 4 2.2 for continuous loading are not ated switchs s 1
L rated switching capacity: 2B0KVA
er transformer according to example A

18
the DL -1 factors eiven in Table
od that the load factors g : | _
e lid fi OLTCs. This fact must be taken mto account w hen hclec[lng an
v vahd 1or i ] . ve : :
ET;? :Bd it is considered in the standards. Table 4.2-3: Permissible load factors for a medium pow
C Publication 60076-1, sub-clause 4.1, 1t 1S stated that the rated power of a Type of loading Normal cyclic 1| Long-time |  Short-time
i | B C g b ) : ' : .
: [Eif_m“; which shall be marked on the rating plate, must refer to the continuous loading emergency cyclic | emergency cyclic
ns , Walen = : = . =3 ads o
Eding If different values of apparenl power arc assigned under different [ loading l loading
circumﬁances (for example with different methods of cooling) the highest of these Ambient temperature 6, 10°C
values is the rated power. This sentence is also applicable to different ambient
lfmpt;l‘ﬂflum‘i Initial load
Duration 22 hours
Furthermore, according to IEC Publication 60542 the OLTC must be selected for the — " =
highest magnitude of the tapping current which results from the rated power, and Factor K, ).
must be capable of carrying and breaking occasional overload currents. Capacily 38 MVA
I [ 1X. tapping current 125 A
From these statements two conclusions can be made: max. (apping =
| T o ; Peak Load
- The normal continuous loading i1s not an overload condition with respect to the _ o
OLTC, but a normal service condition. Duration 2
X . 5 1.7
| ‘ ' R0 ) - ) Table l!and 151 | (Tables | and 15)"
= The OLTC must be selected in such a way that the rated through-current of the (Figure 10) (Tables : :
OLTC is not less than the highest tapping current with normal continuous _ 335 MVA 540 MVA 772 MVA
loading under different circumstances. Capacity s ==
E : 733 4 26
max. tapping current 220 A 233 A
- , — o 'l
- T : 1.32 * normal 13.6 * norma
. of life (Table ]S}” normal
4.2.2.2 CYCLIC LOADING Loss of life ( == =
Hot-spot temperature - Fe
(Table 15)"

ples show the permissible cyclic loading according to [EC

TI'IB fﬁ"Dﬁ‘il‘lg three exam

Pﬂbﬁﬁmmf;ﬂim Iif-ur normal, long- and short-time emergency cyclic loading with
. Mm&m an;ﬂ; ormer and the OLTC. The ambient temperature, the initial load R‘E“mrksi e and fgures refer to 1EC Publication 60354
- em T CHE GUration) and the peak load (load factor and duration) are kept L DRI RunIR Rl ia i i

1
I D L - '
« for all three examples. Other examples at different ambient temperatures or
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pxample B | 14 13 - 1.69% Example C 3
edium power transformer 63 MVA, 110 £ 13 - 1.O¥7%) K\ ,
wphasc me . - : Three-phase large power transforme
. | l Type of cooling: OF (forced cooling) rormer 1000 MVA, 420 (LEY- 125
Regulation: peutral et : Regulation: neutral end TUaE Gf _ 9 1.25%) kV
1.859V ype of cooling: OD (forced - _
. arent:  424A step voltage: ———=1,074V _ h reed and directional cooling)
max. (pping current. V3 max. tapping current:  1,549A - i
: Step voltage: 2,250V
olected OLTC: three-phase OLTC for neutral end application . - J3 =3,031V
g v rated through-current: 500A selected OL1C three-phase OLTC f
max. ratc £ phase OLTC for neutral end applicatic
max. rated step ".nllilfi_'_fi 3,300V max. rated through-current: 14 ;_:,ng;mmn
rated switching capacity: 1,400kVA max. rated step voltage: 5 000V
rated switching cap: *
. _ - =~ H e
Table 4.24: Permissible load factors for a medium power iransformer according to example B pacity: 5.000kVA
a iy Table 4.2-5: Permissible load factors for a large power t
: ’ oIS 101 @ large power transft ot
" e = = Lo time Short-time ' er transformer according to example €
E loading emergency cyclic | emergency cyclic Iypeorinacing Normal cyclic : Long-i | N i
loading loading lading eme‘ o rr:e gt Short-time
' l r:s‘*“;_ﬁ cvelic | emergency cycelic
e O y i
Ambient temperature 6, 107C | ading loading
Ambient temperature 6 .
Initial load .\ L
nitial loa ve
- . Initial load
Duration 22 hours . '
= Duration 22 hours
Factor K, 0.8 . K
' = : actor K, 0.8
Capacity 504 MVA .
. ; = CtlpﬂLll}' S“n MVA
max. tapping current ‘ 339 A :
max. tapping current 1239 A
Peak Load _ I e
Peak Load
Duration 2 hours '
Duraton J 2 hours
Factor K 1.33 : 2 s
2 Ea= |4 1.5 Factor K 19 l 2
(Figure 11)" (Tables 1 and 21)"" | (Tables 1 and 21)" St g 1 i i
Capacity R (Figure 21)" | (Tables 1 and'27)""| (Tables 1 and 2V
' y 3.8 MVA 8§8.2 MVA 04.5 .
~ : ANNA Capacity 1,280 MVA 1,300 MVA 1,400 MVA
. lappimng current 564 A 503 A 636 A _ . rrep=
| - max. tapping current 1,083 A 2014 A 2168 A
Loss of life {Table 21)" - -
= normal 2.9 ‘- normal 14.2 - normal : |
o & " Normd Loss of life (Table 27)" normal 1.81 - normal 4.2 - normal
OI-spot temperat
(Tab'lpo e ' 137°C 152°C ; 3¢ 53¢
Table 21) - Hot-spot temperature — 133°C 153°C
(Table 27)"
Remarks:
1y Designations of tabl R ks:
L EC Publication 60354 1) Designations of tables and figures cefer to IEC Publication 60334
2) When using the Tables | and 27 of IEC Publication 60354 the peak loading for 2 hours
es a value of L2 (hmitanon:

gyclic loading reach
130°C). Singe it does not make sense that the peak

is larger than the long-lime emergency cyelic
been chosen. This although the hot=spol

during long-time cmrgency
permissible hol-spol temperature of
loading of the normal cyclic loading

loading, a load factor K, of 1.3 has
ed by 3°C.

1
temperature limitation is exceed
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ne the OLTC and therefore have p,

108 -
L 1ew !Eu_‘h. ;'Ci:ilr I
P A do not proy ide any 1
jninal loads
peen included.
rs resulting from [EC Publication 60354

al base ad taclo

s thermal hased loac | | : .

Sl at up 10 (wice the maximum tapping current of the
done according to the IEC Publicationg

“the OLTC 1s .
no current 1s smaller than the maximum,

[ndependent N
OLTCs can be operated

gransformer if the selection Ol _

‘ : axl tapp!

600 540 and 60214 (maximur | I
76-1, 6034= 4 fety reasons 1L 1S recommended to include

. ayer. for sa
ouph-current). However, ey “ the g3
;atcd t!':r device in the motor drive to prevent operauion of the motor drive or 1o
protecuve former load exceeds 1.5 times the

| srall mne e rans
- an-chance in operation W hen the
interrup! the tap change = b iy g
mmimgm tapping current (compare [EC Publication 60542, sub-clause 4.1).

The OLTCs used in the examples can withstand the overloading given in Tables 4 2.
3 (04.2-5 as long as they fullfill the IEC Publicauon 60214 requirements. The figures

of loss of life do not relate (o the OLTC life ime, they relate to the transformer

insulation only.

4.2.3 TRANSITION RESISTOR LAYOUT

The reliahility of the load-transfer system of the OLTC is largely determined by the
ability of the diverter switch contact system (O quench the through-current within the
predetermined switching sequence. This ability depends on design parameters as
gontact speed. contacl stroke, conlacl material and the design of the arcing area as
well as the transition resistor layout (chmic value and thermal capacity).

The most important condition which has to be fullfilled during a diverter switch
operation s that the arc at the main switching contact of the opening side (connected
to the tap in service) 1s quenched before the main switching contact of the closing
side {cfﬁnnected o the pre-selected tap) has been closed. This has to be considered
when Judgir}g the swilching capability or the safety of operation of a diverter :SWilL‘ll
Arc quenching at the transition contacts is of secondary importance even if such arc;
are prolonged until the main switching contact of the closing side has been cl;:)sed i

The breaking capacity of the OLTC is defined as the product of the relevant rated step

;{;]nl:}ggﬂfi the .mtﬁzd _lhmugh-currenl. However, the switching duty of main and

i al:;a;;s ::mm the DLTC not qnly depends on the above mentioned pair of

i 'fm n the ma:thod of performing the tap-change operation and the ohmic
Ue ol the transition resistor (compare chapter 2). |

IJSIIE" : o g -

e va:t tt:j :daﬂsil;ﬂ!:r ;lf;ls;orsfqrc lo be adjusted to the rated through-current and the

m"ﬁ)"’ﬂlhgﬂsatthe segverzl t_h_e transformer so that the switched currents and

B generl, o ﬂlrﬁﬁg’h‘- . contacts do not exceed those covered by the type test.
. mpvurent of the OL.T(? fdy vary along the regulating range.
t possible current which can flow through the
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The é"il_iu‘*““t‘_ﬂl of the transition resistors covers aspects like

(ransition resistors, contact wear (contact life) of the kr“e‘i:lr’: lfmﬁcratur? i A ll’ru:

contact ‘u"-'Ll'.l]'I' Iu:h-.im:n the main switching and the tran;a;tu- g .wn,hmﬁ' d1ﬂ-zrencjes =

with the limits of switched currents and recovery voltag -Ian LHUTT‘.IJE!H i CHNIY IS

different transition resistor values should be limited for ch::Lr;l;mn?l: i;iu;he Tk
SONS.

Besides all material and design aspects, the contact wear « _ _
determined by the arc-drop "“l“lglﬁ.p[ht‘ w}]]:fhzznti:ic;-;:;E;thbr?a#‘;mg F,Gntacts 13
be assumed for a given design that the arc-drop voltage dl _i: arcing time. It can
[ B e - ] : , ge does not depend on the
switched current. However, the arcing time does depend on the switched a
the recovery voltage. On condition that the current breaks n ﬂw Erfl ;u“::::f;
after contact separation (arc quenching within one halfwave of the ainusﬂid;
current), the contact wear of the main switching and transition conla-.:hl‘-; can be
assumed to be a function only of the switched turre;l. The condition of arc ‘ueﬁchin
within one halfwave usually 1s fullfilled if the arisine rf::.:m-erw_ ml.tage i? equal -fr

helow value confirmedin the type tests.

In the following it will be shown how the transition resistor influences the switched
current and recovery voltage. For this purpose a flag cycle operating diverter switch

has been chosen (refer to paragraph 2.1.2.1).

The following equations for the main switching contact duty and the transition

contact duty are taken from Tables 2.1-3 and 2.1-4:

main switching contact

switched current: s =1,

transition contact (heavy switching direction)

. = == i 1 -
switched current:  |= (US +1L-Fl) SR recovery voltage: U, =Us +1 R

transition contact (light switching direction)
- T.=(0s-1.R) = - Up=Us-1 R
switched current: ln=(Us—h-Fi)-2—ﬁ recovery voltage: Uq =Us =1

The equations above show that the contact wear at the main switching contact only

depends on the through-current resp. the load current.
the transition contaet it has to be considered
It can be assumed as a mean value that
and light operations. Following this
an be expressed as a mean value of

For the estimation of the contact wear of
that not every operation is a heavy operation.
the operations are distributed evenly into heavy

the switched current at the transition contact l-LC
the heavy |y, and light |y, switching operations.
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Fip. 4.2-4: Rated breaking capacities and transiion resisior matrix of a 300 A, 300 kVA
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[OLTC (simplified example)

transition contact (mean value of light and heavy switching direction)

switched current:  |4=

It can be seen that the mean value of the switched current at the transition contact
only depends on the step voltage and the transition resistor. This current value is
equal to the circulating current FC (compare equation 2.1_4). The design of the
OLTC and the loading of the transformer (metwork (ransformer, generator
transformer, industrial process transformer) determine the preferred relation between
the switched currents at the transition and main switching contacts. Of course, in
addition the maximum permissible recovery voltages have to be taken into account
when designing the transition resistor.

Figure 4.2-4 shows a simplified example of the rated breaking capacities (relevant
rated step voltages vs. rated through-currents) of an OLTC using the flag cycle
operation with a maximum rated through-current of 500 A and a maximum step
voltage of 2.000 V. The rated switching capacity is 500 kVA.

Within lhﬂ rated breaking capacity curve there are application areas with different
Lransition resistor values. The maximum switching stresses occur at the upper edges

of the application areas (in Fig. 4.2-4 indicated with numbered triangles). For these
e main switching and transition contacls were

load points the switching stresses on th
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caleulated at twice the rated through-current and ——
- - . . W d 2

calculation was performed at wwice the r WWn an Table 4.2-6. The

aled Il‘!l‘uurrh .

& AL - e = lLurrun : o - - . .

capacity of a diverter switch is tested during the LYpe test ;:c, h(;du“ lh;—icm;:;r;ﬁ
= pat -.‘-‘:l-..'r l'ﬁ?_ I_r'l- = ; .‘-

with twice the rated through-current. This breaking capacity tesy (40
arrie at twice the m: = Ly 1est (40 operations) must
be carried out at twice the maximum rated through-current and the ]P*'- t = ]d
~ltace (1o; ' Fonpan e N = ¢ relevant rated ste
voltage (load point B). 1f necessary, a second breakine capacity test (40 Perat'tnnfl
= L b | i iy 5

must be carried out at the maximum rated step voltage and 1wice th ] { rated
through-current (load point A). _ T T

| = 2 . i 3 eTE] - =
In Table 4.2-6 it can be seen also that for the chosen transition resistor selection
atrix all switched currents ; n 7 70T : : SISIOT S
mauix Ry and recovery voltages at the main switching. 4nd
transition contacts do not exceed those covered by the type test (load points A and B)

The adjustment of the fransition resistors to the maximum load current and the

relevant step voltage of the transformer is done once the ratings have been defined by

the customer. This adjustment limits the current for the OLTC application. Herewith

the rated load current of the OLTC is determined by the selected transition resistors
and, usually, this load current is less than the maximum rated through-current for
which the OLTC was designed. Significant changes of the rated through-current
and/or the relevant rated step voltage lateron in service have to be checked by the
OLTC manufacturer with respect to the transition resistor selection. This shall be
demonstrated with an example.

Table 4.2-6: Switching stresses at twice the through-current on the main switching and
transition contacls of a diverter switch according to the breaking capacities and transition
resistor selection matrix of Fig. 4.2-4

load | through- | step transi- main switching contatets transition contacts
point | current | voltage | tion | switched | recovery | switching switched | recovery | swilching
resistor | current | voltage doty current voltage du'l'_r
[A] [V] [€2] [A] (V] [KVA] [A] (V) [kVA]
A 250 2000 280 | S00.00 1400.00 | 700.00 607.14 | 3400.00 | 2064.29
17 B 506 1000 1.80 | 1000.00 | 1800.00 | 1300.00 | T177.78 1 280000 | 217778
Vig =
§ 5 350.00 303.57 | 340000 | 1032.14
I (25 1000 5.60 | 250.00 | 1400.00 | 3M
280 | 250000 | 700.00 175.04) 482.14 | 2700.00 | 130179

A 25() 2000 280 | 500.00 1400.00 | 700,00 607.14 100,00 | 206429

240 | S(K.0 1200.00 | 600.00 666.67 320000 |2133.33

2 | a5 | p3a | 240 |75000 | 18000 | 135000 | 65278 313333 mss.:ﬁ*

.80 | 750.00 135000 | 101250 | 74537 268333 | 200007




Hx
OLTC gecording to Fig. 4.2-4:
sh-current. S(6) A |
smax, nated through-c WA oy

rated Joad point L;
rated load point 2;

The ll'ﬂmi!inn resislors arc "-L'IL'{|L‘I.| |

step voltage:

rated through-current (max. v
This pair of values Jeads to

The values for the bre
switching and transinon contacts

main

250 A / 2,000V

through-current arc given in Table
confirmed during the Lype [esis (load points

current), All occuring SIresses inciuding W

alue )

or;

1.675

230 A
a transition resistor

iking capacily, recovery
at rated through-current and twice rated

4.2-7. In

overload are covered by the type Leslk.

vV
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of 2.8€2 (according to Fig. 4.2-4),

voltage and switched current at the

addition, this table shows the values
A and B at twice the rated through-
ice the rated through-current during

Now the the same OLTC with transition resistors of 2.8€) shall be used with a

different rating;

step voltage:
rated through-current (max, value):

1,250 V

450 A

The new rating is within the rated breaking capacities for which the OLTC was
designed, but the selected transition resistors are nol adjusted. The occuring

stresses are also given in Table 4.2-7.

Table 4.2-7: Switching stresses at rated through-current and at twice rated through-current at
different load points (the transition resistors are adjusted to only one of these load points)

r
mted | rated | selecicd main swilching contatets transition contacts (heavy dir.)
through- | step | transi itch .
ough- ransi- | switched | recovery | swilching | switched | recovery | switchi
sopn . Y | switching
,ll‘lrtn voltage r:i::] r current | voltage duty current | voltage duty
[A] V] El [A] V] [kVA] (A] (V] [kVA]
250 2000) 280 [ 500,00 | 140000 | 700,00 607,14 3400.00 | 2064.29
S0 1000 LEO [ 100000 | TR00.00 | 1800,00 | 777.78 | 2800.00 | 2177.78
. -1- - __ .
230 1675 280 | 230.00) 644 00 148,12 37961 231900 | BR0.31
(40000 | 128800 | 592.48 529.11 2063.00 | 1567.74
I | 450 | 1250 | 280 45000 [ 126000 | S67.00 ABOTE | 2510.00 | 955.59
L | . ' (
- e (000 1252000 | 226800 | 67320 | 477000 | 253802
|-' [ ) i 4 f L i . x .
_ i 280 164000 | 179200 | 114688 | 54321 | 304200 | 1652.46
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rable 4.2-7 shows that the occurine stresic

‘ : 5 by | o,
contacts also at twice the rated through-curres tl“ l
- £n

in case of a rated through-current and rated
- TE ‘ £d 5
resistors were selected (230 A\ 15 V) *
) ."'h \ lhf-“ﬂﬁ A" ). TI']I_' Use “'I' [hﬂ at
sdme transition: resistors fos

1]'“_' ,'-,.L'L'{"']LI Pair ol 'I.,-'UIU‘:1 of ,
3 rated through-e
50 A\ 1,250V) le; s - TRI-Current and rate
(45 cads to stresses at twice the rated (i i B PRy vnhage
covered by the type test. Irough-current which are nol

he ma '

- Umlmm SWitching and transition

& ﬂ.lr*_rud h) the type tested values
YUltage for which the transition

To prevent exceeding the type tested lim:
[0 ng the type tested limits at twice the rated thre '
aied through-current with the

given step voltage of 1250 V and the selectod framcis: _
aximum load curre clected transition resistor of 2.86)

ma ad current should not exceed 320 A Th : of 2.8€1, the
af " " ey i e . E a . I C ';H-Lur1 - L L w

breaking contacts are given in the last line of Table 4 2 1. Th ngl Wi 12
tenace ig the recovery voltapa.: A i <=1 1he most hmiting factor |

l!"""_l"l_ l" l] t L_ Wb LY ‘-*‘-ﬂhllg-:, at the main switching contact. This is the - Ii Em" e

limit for the HFLI'L'LICL] transition resistor at the given step ‘*‘ﬂh: k .hl ¢ application

overload requirements of the IEC standards age when fullfilling the

Ft{r ‘tim'. OFT {5 jwiih the selected transition resistor (2.8Q) the change from the
{‘ll‘lglﬂfll rating (230 A\ 1,675 V) to the new rating (450 A\ 1,250V) is equivalent t
a continous overload of 41% (450 A / 320 A). et 5 €4 nt to

4.2.4 IMPROVEMENT OF THE THROUGH-CURRENT
BY PARALLEL CONNECTION

Generally it 18 possible to increase the rated through-current when connecting
diverter switches or OLTCs in parallel. However, there are some specific
consideration that have 10 be taken into account and which result in some restrictions.

A direct connection of two or more diverter switches (o one tap winding is only

permitted if the diverters are driven by one common energy accumulator. i, tor

example, two diverter switches are driven by separate energy accumnulators, it cannot

be prevented that the diverters operate one after the other (the operation of the first
diverter is completed before the operation of the second has started). In this case &
short-circuit of one tap section of the tap winding will occur, because two different
taps will be in service at the same time without limiting impedances. Therefore, the
connection of two or more separate OLTCs to one tap winding is not permitted.

s connected in parallel and driven by one

used by OLTC manufacturers L0 increase the bandwith of their
designs of resistor switching type OLTCs.
se. for example. of three diverter
hree times the switching capability

ase depends on the design. .

However, the principle of diverter switche

energy accumulator 18
products and is available for most
However, it needs to be considered that the u
switches connected in parallel does not resultin t
of a single unit, The possible incre
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J“ -y 1 §2 - S
DIVERTER SWITCHES CONNECTED IN PARALLEL WITH

il ~ ENFORCED CURRENT SPLI I'TING

jons with WO or more parallel winding

S 1. If the parallel current

current sphitt

ormer winding des
{ 5[":“1”[11:‘[ occurs and n diverter

When using rransl el
Iy 1‘1{:& it is possible o reach an anuql
mme’s’ h\uvc the same impedance a symmetrical €
Wil 'h;e:: connected 1n parallel can he loaded wit
SWilc A

of one of the diverter switch

| curren
h n-times the rated through-current

L-‘.Hi

;e impedance of the winding and the

The impedﬂﬂl;“f ol LTC. Requirements on the value of the winding 1mpedance
impedance 0! {h? *0 Ih‘= O?TC when the diverter switch is in the neutral position,
cannot be'de.ducc:jj m::“m' 1Llu: current pathes of the diverter switches and tap selectors
bef:a:se ;:; ;{1;; ;ntparallff 3o not differ Cnngigi{’iﬂlhl}". Thils. may chungg when
bﬂ“.'v: N (he different steps during ‘he diverter switch operation, where the current
g;::i;nﬁu;alm be 5}’n]I11C1riCH]‘hThiS dr::manq on the i{flrlfﬂﬂl I‘**P““i"i-”_- must be
fulfilled across the entire regulating range, also in that Izumnmn Ta.-lhf:re I_h:: f'm.e tap
lation: position of minimum

windine is not effective (linear and coarse/fine regu _ ‘
- of turns: boost and buck reculation: K-position). The symmetrical splitting

one current path consists of U

number of . A P
cannot be achieved onl) by dividing the fine tap winding 1n parallel branches. On the
ne has to be divided in parallel branches.

confrary. the entire transformer windi

To eet an idea of the necessary impedance between the windings the following
assu‘ﬁptinns are made. The diverter switches connected in parallel are driven by one
energy accumulator and are of the same design with an identical transition resistor
layout. Further, it is assumed that the mechanical opening and closing moments of

the breaking contacts of the different diverters are within = 1.5 ms. Consequently, the
operation of the parallel diverter switches can be judged as being simultaneous and
the different operating steps of the diverters can be evaluated separately (see 2.1.1).

First operating step (breaking of the main switching contact)

‘Ihﬂrf: are different chronological orders of arc quenching possible at the
switching contacts that are connected in parallel. These will be shown for two

typical applications:

Case 1: Parallel connection of three diverter switches

Case 1.1: The current b:;eaks at the three main switching contacts in the same
el current zero after contact separation.

Case 1.2: Them:r;em breaks at one main switching contact in the first current

inmihé ereas the other two main switching contacts break current

second current zero after contact separation.

4.2 SWITCHING CAPABILITY
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Case 1.3: The current breaks at twe main
L

- . - h .".LI & 1
current zero, whereas the | Viehing contacts in the first

_ ast main switehs
in the second ¢ e SWilching contac .
€ second current zero after contact ‘*LDALI' G
: -paration.

Case 2: Parallel connection of two diverter SWilch
sWitches

Case 2.1: The current breaks at the two main switchin
1 . _ - - c oC ACle |
curreént zero atter contact Separalion e
TP T I . 2 s i '
Case 2.2: The current breaks at one main switchine ¢ il o
zero and at the other main switdks € contact in the first current
s SWIlChing contact in the sec urT
zero after contact separation. oo S

| i 0 i | .
In cases 1.1 and 2.1 the symmetrical current splitting is ensured and the switched
current at every main switching contact |y, is one third and one half respectively

of the through-current | :

. - I
Case 1.1: = —3L— (42 21a)
. : it [ .
Case 2.1: Visis = —ék (4.2_21b)

These relations may change for the other cases, because the transition resistor
becomes effective after arc quenching and results in a current displacement. L.e.
the switched current of the residual contacts increases. The magnitude of the
current displacement is a function of the relation of the impedances of the
winding and the transition resistors. As an example case 1.2 will be calculated in
detail on the following. Figure 4.2-5 shows the circuit diagram of an OLTC wath
multiple resistor cycle mode of operation valid for the calculation of the switching

conditions of case 1.2.

Further. the following simplification is considered:
(4.2_22b)

{ransition contacts of the opening side are closed
¢ the residual main switching contacis

It can be assumed that both
are connected

when the second arc quenching attempt 4 ia
(MS, and MS;) takes place. Therefore. the two transition contacts

in parallel and can be expressed with their equivalent resistor

R,‘R
Hpa‘__ 1 2

- H’1 + H.z
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|
Fig. 4.2-5: Circuit diagram valid for case 1.2 of curren! splitting for three diverter switches |
l L] T - =

| connected in parallel |

The calculation of the switched current [ s 1o 4t the main switching contacts,
that have not yet interrupted the current, is as follows

i R T | T ! 3 4.

':-(Fi,;m + J'X) =l scr2-iX (4.2 24h)

and results to

IMS‘C‘LE’:]L'

2 p
2R.., +3X* - jXR_, .
4R, *+9X°

(4.2_25)

The same calculation for the case 1.3 leads to the switched current TMS_ o13

2 2 v
in.uus-«::u:TL'HrﬁIr TS): lod s
R, +9X°

(4.2 _26)

—_

and for case 2.2 to the switched current |,,c .,

- R, +2X*-jXR,,

Ius-caz:lL'

2 : (4.2 27)
R, +4X?

4.2 SWITCHING CAPABILIT)

s 2-06: colute value < 350 :
Kig. "-'-_ﬁ f‘\h“_““”‘- value of l'!‘u. Switched current in relationship to that of the relevs
x}'l]‘ll'l‘lﬂll'll..‘;ll switched current as function of the X/R-ratics ‘ P

he equations 4.2_25t0 4.2 27 can also be used fc _
Tt* ] s _2J (¢ :1.1_;_'? can also be used for OLTCs with flag cycle mode
of operation (compare 2.1.2. hen taki . eeci )
I‘ d : P : 1) when taking the resistor R, as the effective
transition resistor R of one diverter.
rl'.;_.UIL‘ 6 shows ,[hL dhh{:lllllt ‘ulue of the switched current at the mamn
switching contacts 1n relationship to that of the ideal switched current
(symmetrical current splitting) for the different cases. For small X/R-ratios the
current dlﬁplllﬂﬁl“ﬂ'[‘ll reaches values up 1o three times the symmetrical current
The magnitude of the admissible displacement depends on the design. Regarding
the rated through-current and the switching capability of the single diverter
switches. X/R-ratios of 2 to 3 and higher seem to be acceptable. This resulls in an
unsymmetry of 5 to 10%, i.e. the switched current may vary between 90% and
110% of the symmetrical current.

Second and third operating step (breaking of the (last) transition contact)

The aforementioned shows that the maximum current displacements OCCur in case
1.3. when connecting three diverters in parallel, or in case 2.2, when connecting
two diverters in parallel. Therefore, in the following only these two chronological
orders of arc quenching will be investigated for the second operating step. In case
of an OLTC with multiple resistor cyele mode of operation the more severe
condition is the arc quenching at the second (ransition contact (third operaing
step).
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Ifﬁ . . . 5 I_._._____F_ — o -' : | | Jfg

“three srter switches
di'Pn'll!-:!+.'ur1=m'..'llt‘+ni1| three diverter SWIIChc

Casc 1 {continu¢

h ks al the three transiion contacts mm the same
sl i

| s€ r"t” 1“””
1sition contacts 1n the first current

Case 1.4: The currenl
current Zero after contac

at (wo Ul
« The current breaks
lu.h reas ]hh._ Fl"[ Irs H]"”’““ Li.”]l |L|. I‘}lLtlLH 'n.i-“li.”l[ 11 I!]L SE Lt"”!i

after contact separation.

Case 1.5

CUITLI'I[ Jero

] - g G By n”CL[“]” E.‘I i'i L LII Ll i
Cﬂse - Ifﬂﬂllﬂu&dl.f |.|!1.|.I|I i & “

rransition contacts in the same current

3: The current hreaks at the (wo

Case 2.3
sontact separs ation

FLFHJHU’ C
4: The current hreaks at one [T
and at the other fransitiorn C

contact separation.

ansition contact in the first current zero

Case 2. | |
ontact in the second current zero after

OLTC with multiple resitor cycle mode of operation

Fig. 4.2-7: Circuit diagram valid for case 1.4 of

1o is ensured and the switched current current splitting of three diverter switches|

In case 1.4 the u.mmr_tru.ui current splitting i o
¥ ecltéd In paralle
Al every main switching contact IU can be determined with the help of the EOANE : = 1
equations given 1n Table 2.1-20. Using these equations the mentioned through-
current I has (o be divided by three. This leads to: With | =L+15+ = 2-_111-.*73 (4.2 293)
, = - ~ = R.-R ‘
. [ - R : - +iX) = ( 2" Tpar . .
——— IL+3U5 |- Bear - i 5 (4.2_28) |1(Hnar JX)—iglR R + X (4.2_29b)
- \ F:"sz' J 3 ng +R2Lszjr - N = e par
= - R
i . — par
. ~ " -y i | : ) ‘ and ‘3-{:15—"3'—_1::{ (4.2_29c)
Figure 4.2-7 shows the circuit diagram valid for the calculation of the switching 2 + R
conditions of case 1.5. For simplification reasons equation 4.2 _22a describing the - [15
transformer impedances should still be valid. In addition the equivalent resistor C-C15~ R ,[H N ]3)() (+.2_29d)
Hpa, of the transition resistors R, and R, connected in parallel as defined in ARt naéﬂ EE‘SY ]
AT o . . s +
equation 4.2_23 shall be used. It has to be considered that the switched current ¥
! at the second transiti 't consists of {ONS 45§ :
T9.Ci5 SECC ransition contact consists of two portions as shown : iti |
F; 497 ; _ - - H ' 2 the switched current at the transition contact in case 1.5 becomes
_'3“”-’ .2-7. The circulating current | ... which is driven by the step voltage | . : ] _
U. and limited by the resistor and impedance network. and f:a o5+ Which is a i I +3U Rpar (H ,+3FL)+3X Rea (H ,+ Ry )= [2XR,
' ‘ R e e i T2-CGi5 — | 'L : ~
portion of the through-current |, of this winding branch shared between the Roa [Hpat( -+ 3R, j +[ ( 1M,+F~12ﬂ
sition resistor R, and the parallel connected transition resistors R, and R,. (4.2_30)
In this diverter switch position the circulating current is d : :
BoRGH o the widding g nt 1s determined by a parallel OLTC with flag cycle mode of operation
| inding branches 1 and 2 with the resistor R, of the third
ranch and. n A PTG ( swWile current
e addition. the resistor at the breaking tmmilmn contact R, In case 1.4 the symmetrical current spliting is ensured and the switched curr .
nnected 1 = b
n series. al every m main q“']l{_‘rh[nﬂ contact ITn can be di’lern‘l]ﬂt‘.d with the hﬂlp of t

equations the mentioned through-
=R this leads to:

equations given in Table 2.1-4. Using these
current |, has to be divided by three. With R, =R,
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1)
. 3Us | 1 -
[ =] it e (4.2_31)
1 H‘:.Jr
The switched current at (he transition contact in Case |.5 becomes
_ 30.) 1 2R +3X"—|RX
|+ ———— (4.2_32)

Ircis=| 'L ﬁpg_ 4R% +9X°

h‘.

e switched currents of cases 2.3 and 2.4 for OLTCs with twg

The calculation of th _
riven by one energy accumulator js

diverter switches connected in parallel and d | |
done in analogy o the calculation shown above. In this case the switched current
consists again of a circulating current lg co3 and |,_s4.Which 1s a portion of the
through-current |.. of this winding branch shared between the transition resistor

R. and the parallel connected transition resistors R, and R,.
OLTC with multiple resitor cycle mode of operation

The current switched during symmetrical current splitting and simultaneous arc
quenching according (0 case 2.315
IS y
_{|‘ _i_zus l Hpar | R; _
: 3 2 s I
2 R,”+R,; Flpar

par

and according to case 2.4 with arc quenching in different current zeros

TT _[ I—L s 205 ] Hﬁra(ﬁﬁm _ 2HE ) - 2X2Hpar (F{F’Er ik HE ) = J.)(Rli*ar;1

Z-C24— H r 2 ]
w)  [B.(R,. +2R,)] +[2X(R,, +R,)]
(4.2_34)
OLTC with flag cycle mode of operation
= - 20,
IT*CZ‘.'S:(IL'F S 1 (4.2 35)
|~ R ) 4 il
TT-cad o 2Us | 3R* +4X* — jRX
L H gHE +16X2 - t4.2_36]

Figure 4.2-8 shows th
| g e absolute value of the swi P
contacts in relationship to that of the itched current at the transition

splitting) for the different cases.
reaches values up 1o 1.5 times

o :f;leal switched current (symmetrical current
: or small )}'fR-ralm:e the current displacement
€ symmetrical current. The magnitude of the
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i1ag cycla mode
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l

Fig. 4.2-8: Absolute value of the switched

-vmmetrical switched current as function of the X _
symi L as function of the X/R-ratin.

current an- relationship 1o that of the relevant

1

which seemed lq be acceptable at the main switching contact, can also be acce tf:d
here and results 1n an unsymmetry of up to 7%. ) ¥

In addition to the above mentioned it has to be considered when judzing the
switching stresses at the transition contacts in cases 1.5 and 2 4. that a phaa::';shiﬁ
between the switched current and the recovery voltage oceurs. This phase shift is
caused by the circulating current which flows through the impedances X of the
parallel winding branches. As shown in paragraph 4.2.1 during normal switching

operations only the reactance of one tap section 1s effective and the resulting phase
shift can be neglected.

The recovery voltages can be calculated using the equations given in Tables 2.1-4
and 2.1-20. As shown in paragraph 4.2.1.1 the resulting phase shift betweeen the
switched current and the recovery voltage in such cases does not depend on the
power factor. Therefore, the introduction of the power factor 1S not necessary at
this point. Following this the phase angle of the recovery voltages becomes 0
degree in relationship to the step voltage. Therefore, the phase shift can be
calculated directly with equation 4.2 37 as the phase angle of the switched
currents,

imaginary component of the switched current 42 37
real component of the switched current

@y = arctg

Figure 4.2.9 shows the occuring phase shift depending on the X/R-ratio. The
resitor R in here represents the trans
cycle mode of operation and R, in case of an OLT
mode of operation respectively. Applying th

ition resistor R in case of an OLTC wath ﬂ_a_'g
C with multiple resistor eycle
o same limits for X/R as given before,




. I~ reclzlor mode flag cycle mode
r—‘—"”I;—lr/_’_- multiple resisic z‘”' g €} - )
; ~ e A SE 1.0 E case 1.5
F’T |I e ace 2.4 siecmumia CASE 2.4 [
9.0 |
| .
= ' B
= A : -
5 |
|
30
|
|
GGE‘ ' 5 _:' 15 21.}

ase shift as function of the X/R-rato. |

[Fig. 4.2-9: Absolute value of the ph
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OLTCs in applications as described in this paragraph, the compliance

W using
‘hen using checked by the OLTC manufacturer.

with the admissible limits needs to be

4.2.4.2 SEPARATE OLTCS CONNECTED IN PARALLEL

As previously described, the method of parallel connection of different diverter
switches driven by one common energy accumulator 15 used by the OLTC
manufacturers 1o increase the rated through-current and the switching capacity of an
OLTC. The method of paralleling separate OLTCs is sometimes used by transformer
makers in cases where the switching capacity of one OLTC 1s not sufficient. As
mentioned before, this solution is only permitted if the entire transformer winding is
splitted into parallel winding branches. But still, when using such a method certain
limitations apply which have to be fulfilled by the transformer design.

It needs 1o be considered that (wo separate OLTCs connected in parallel will not
Operate simultaneously, even if they are driven by one common motor drive
mechanism. Minimum time differences of 300 ms can be reached when the driving
shaft arrangement is adjusted (o an optimum. During this time period the two OLTCs
g cﬂnnmad lo different taps of the tap winding and a circulating current flows
dmmby the step voltage and only limited by the winding 1mpedances. The
Em of such arrangements is defined by the admissible magnitude of the
wﬁm "_‘hi"-’h depends on the OLTC design. A value of 5 to 10% of the
m‘; Mﬂm of a single OLTC seems 1o be acceptable and leads (o
mism“?ch are C‘i’mPﬂfﬁblf to that of parallel connected diverter
e Wn in 4.2.4.1. In case of two OLTCs connected in parallel this results
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or s (- -

n a value of 2.5 o 5% of the total current of the transfr 811 &

s 5% 5 5 [ - 3 o ; l:}':r I -": ‘ % =

manufacturer should check the stresses and must define the adyr H'nhlmt'l' '.Lh} QLTCh
R AIC ddmissible Timits for suc

;qmliculil ns,

The electrical situation of parallel connected OLTCs

'l”h < 1.. = y L i
is comparable to that of parallel connected transf phitted winding branches

Tmers (reler 1o sub-clause 5.5).

4.3 POTENTIAL CONNECT:ON OF THE TAP WINDING
4.3.1 INTRODUCTION

The operation of the change-over selector takes place in the mid-position of the
OLTC. i.e. when the tap selectors are in position "K" (see Fio. 4.3-1). During this
operation. the load current does not flow through the tap win{ﬁng. Therefore the tap
winding 1s temporarily disconnected from the main winding and the potential of the
winding floats. The floating potential of the tap winding is determined by the voltases
of the adjacent windings as well as by the coupling capacities to these :.i.-'indings and
to the grounded parts. The floating potential usually is different from the potential of
the tap winding when it is connecled to the main winding.

| In such cases. discharges between the opening and
closing contacts occur during the operation of the
change-over selector. In order to avoid difficulties in
regards to the dielectric stress and the formation of gases
which could arise, special precautions are necessary. The
stresses on an opening contact are determined by the
current flowing before the contacts open and the voltage
(here called recovery voltage) which arises when the arc
or the discharge extinguishes.

—{]

If the values reach the admissible limits, there are many
different methods to overcome this problem. Some
examples are the use of two-way chungi.:_-m-er f;el&lurs
Fig. 4.3-1: OLTC (rever-| jouble reverser). control resistors (tie-in resisior} of
ser) in mid-position with capacitive control between the adjacent polentials and the
disconnected tap winding

=

tap winding.

The permissible stresses are determined by liju‘: di&Fharge occuring du';ng “:::;:Iua;fz}
over selector operation. The discharge time 15 mainly erendent on U 1'3' iy
the recovery voltage. The magnitude ol th; 'S“TIL‘!:IEG | i:alprr.m_:n;mi‘l “:il x m o
comparison, is of smaller importance. Th_e udmlsmble‘dlschar.g;:eE:E';cmme bemm
range of half of the switching time of the change-OVEr SEite

electrical opening and closing).
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The values of admiss;
|gn of the change-over S¢
Qé’lﬂ‘lnr comntacis I"IC'i.’d:h_ 10
5 or the formation of 4 greal \

;| - - '\I\-I ;"\ L L = . I iy | -
L‘.!“I_ 0 3 [ [j I > i oy L | = I
tt L ]IL. 1. i.'l.-! L} tittl]d -l]- IH- . I . IE =

olume of gases.

in volume of gases in the range of

produce a certa :
s on the switched current and the

in the admissible limits

i . t depend
e =] 3 "l"i[IL“‘I'I'I ThL ﬂnh“.u" o v =] Je "
mm‘dp%“ptl';ihla compared With the gases which are produced in the
1S netigiolc e

oine of the insulating ml and the papcr. TIIE_I‘T?HIH TgUlﬂDUHIlt"H {_‘ll the
transformer by 45! :H 0% - 75%) acetylen (C,H>: 5% - 13%), nitrogen (N,: 5%
e A R Rry o P ‘_ A

hydrogen s . G - 4%). g o=
fgs'::ar{fu:nen (0,: 2% -5%) and methan€ (CHy: 2% 0). The common

ﬂ
i ot “on T ’ - G ot
| es characterize this g24as C“‘“PURIUL‘JH as a p artial dthhdlglﬁ,
' e codes characlenze this 2¢
emalmnﬂl failure €

Discharges
a few milli
m}ng pme, an

int

OF RECOVERY VOLTAGE AND SWITCHED

4.3.2 CALCULATION
CURRENT

The stresses which occur during the change-over selector operation at the change-
ne s S & e = :
over selector contacts have to be calculated for the correct dimensioning of the OLTC.

The principle of calculation will be demonstrated in detail using typical examples for
inding (neutral-end and delta connection, auto- and

different locations of the tap wi | G ito
phase-shifting transformer) and for different regulation principles (reversing and
c. =

coarse change-over selector).

4.3.2.1 REGULATION WITH REVERSING CHANGE-OVER SELECTOR
4.3.2.1.1 NEUTRAL-END CONNECTION OF THE OLTC

Before the change-over selector operation takes place the tap selector 1s in position
“K" and the change-over selector is in position "+" or "-". Figure 4.3-2 shows as an
example a typical windings arrangement and the windings connection for a
regulation at the neutral-end with a reversing change-over selector and the OLTC in

the mud-position.

The load current of the transformer does not flow through the regulating winding in
this position. When the change-over selector is still closed a current flows through the
change-over ?.eleclor contacts "+ or “-" and the winding capacitances C,; and C,. The
source for this capacitive current Ig, or Lg_is the voltage Uyy and Uy, The current
Is, or Ig, has 1o be switched off during the change-over selector operation. The
recovery voltage U, or U_ is defined as the difference in potential between the
ﬁmnge-umrmg; contacts “+" or " and the contact "0" when the contacts are
IW'{-IF'%?iﬂf'_lhf'ming-.'ehange,-uver selector the potentials of the "+"- and "-"
m “;;‘;hmmﬂ“ﬂﬂﬂd o lbe Ia]::' v::in_ding- float. Whereas the potential of the

st ge-over selector contact "0" is fixed by the connection to the main

— _ 125
e
7 ' 1
1 r ou,
-‘_r'j _-‘I "J'
, N :
' E ’ U I,
d E, = O L H =
core : L2 [ tank
v E ol
7 "
7 — 4
/ TV /
HV L/
i (Uy) L‘"
d)
*‘i&r
2 TT =
IE* — i: ] 4 + 0f
| B
= v M1 = M2 :
C2 - = )| "i".":’ 3 Ur-J. i
2 0 - It =
T U || 1
T 2 R =
': =" —
: . @ | Ury U.
iUn.r
OISR 4 ||
(=) | 0
i |I o | _L U 1
2} =M |==6, - Voo
= M1, b= M2} | Vs (R
C, St = )| Yy~ = !
| 2 E}
d)
Fig. 4.3-2: OLTC (connected at the neutral-end) in mud-position with disconnected tap
winding (a: windings arrangement, b: windings connection, €: equivalent network for
calculation of the recovery voltage, d: equivalent network for calculation of the swilched

current, e: phasor diagram)

winding. In case of a coarse change-over selector floating and fixed potentials are
different. This will be explained lateron.

The winding capacities and the capacities to ground are represeq,ted in Fig. 4.3-2b as
lumped capacitors connected to the middle of the windings and fed by one half of the

voltages l:le and Uw. This simplification is used in the equivalent electrical

U U |
networks (4.3-2¢ and d). The voltages —¢ and —;—"- are represented by the

equivalent voltage sources. The equivalent electrical network shown in Fig. 4.3-2¢
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i26
- = shanee-over selector contacts g I , o 127
i of the recovery vollages (change-ovel " : LS AT om mesh 2 of the network:
e il m-ml»l;l‘fl:l:: n“i:'xh;:'j;, -l‘.k.::.iu‘ serves for the "'“_i_ﬂ”““““ Of the SWitched ) 2 l_
open). The nclwﬂrw- -lmtw[ v i< still closed). Aceording (o Fig. 2.3-2b the stresses o Uy .+ 1 i
currents (change-uyel SEITLitt & U =R i —— +Yny 0
. My : T
vy and "' contacts difter only by the sign ol —2"‘ . Iro-C, 2 (4.3_7)
the “+"-an from the nodal equation at node -
vy lin ale P ?.ﬁ_’:_ 4..?"_11. N _ - = -
The recavery voltages can be calculated from Fig 5= 1y~ o=, = lsy 1, (4.3_8.43 Ra)
_ 3 8,43 Ba
from mesh 1 of the network: (4.3 _8a)in (4.3_6)
y 1 U, T 1 | f _
=i 1 — Iy — - ;’-=0 (4.3 1) IS”"" C '_t1’{'._‘_‘1'—--+-——-_-1_____ Ul-w
- J-'(L‘ C? I'{U'C} j 0) 2 ] U.'I'(:.1 [0 C_ -__-_é._- =0 {4.3_9]
- 3
from mesh 2 of the network: from (4.3_7) H
= — ~ U 0
U = 1 Un 2 — | :[._i'*ii_j'_v_
;'- +1, e == (4.3 2) 1 2 5 Jw-C, (43_10)
1
: Y (4.3 10)in (4.3 9)
from the nodal equation at node (L o
o S - = _ I : U, U
— T == =il5 (4.3 3,43 3 lso =—j-0 =.c + Vv
l~| I;:t l 0:;' '1 2 \ I 4-—_-— L!} S+/ ] {'!J 2 C'lj-' 2 (C1+CE)} t4.3_11}
(4.3 3a)m(4.3_1) _ | ; :
s ~U,y e With thl; the s.wnched currents are caleulated to (also only valid for a configuration
S e L, acc. to Fig 4.3-2):
e
: {
joo-C o CEJ T U, U
\I5+l—m- —————2‘(-01+ —.(C,+C,) (43 11a)
(4.3 4)in(4.3.2) NSNS 248 |
. U G - (U U
U, =—H. I s .72 (4.3 5) || ’:m_ e I e |
Y et o S- - " e C (4.3_1 lb}
20 G, +C, 2 L2.y3 o3 ! )

U,

— - U The calculation shows that the switched current in this case is a ure capacitive
With U,,, =7—3_ and Uy, =T113 the value of the recovery voltages at the "+"- and "-" ] 4 ¥

current and has a phase angle of -90° to the recovery voltage. The extinguishing of
contacts are calculated to (only valid for a configuration acc. to Fig 4.3-2): the arc can only take place at the current zero point, this means at the peak of the
recovery voltage.

= U C U
U - i 1 T .
l T*J 2.4/3 (_01 +C, J+ 2,43 (2:3..52) [n some cases - as a quicker solution - it is easier to caleulate the recovery voltage
with the aid of the phasor diagram shown in Fig. 4.3-2e. The capacitors C, and C,
J . C s U .
Uof=— : = | 2 ] itive divi —V_ With this the voltages U-; and U, can be
l ’ 2_@ (01 +Cz] 2“/5 (4.3 _5b) | represent a capacitive diyider fed by T 1 1S ges U,y ca

__: expressed as follows:
The Switched currents can be calculated from Fig. 4.3-24:

5 AV e :
n mm}f lﬂf[hﬂnﬂlw“rk: UG1 = HV [01 2 } (473_1 )'

I, - = Sy = Wi Upy G (4.3_13)
“Joc, "Tmc, p =° b dezs '[01
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Al shows that th
Fig. 4.3 2b

¢ of the reverser 1s directly connected 1o he

s ()" conliac _
> . p ol the U-I-\-"Ph{lhﬂl' and lhe ".!

IDC;I[L‘L! ial the

- « "+" contact 1s S BN lcare dafine
neutral-end. T:- om With this the recovery vollages U, and U_ are defined ang
-.H L L . - s = s I L B . - . .
e e ‘wd lines in the phasor diagram (Fig. 4.3-2¢). The calculation of the
shown as dolte : going from 0" 0 + OI ).

- ' Pl 3| 'II“I\.I l.
: : ges 18 now very sii
recoven voltag .

The result is the same as found with 4.3_3.

Example:

-~ S 2.2
(windings arrangement and nomenclature acc. 1o Fig. 4.3-2)

Transformer data: . . :
325 MVA. 240 kV (1210 1,25%)/31,5 kV, 50 Hz. regulation at the neutral-end

HV: U, =240kV
IV: Up=U,-0.125=30.0kV

C, = 1950 pF

eapaciny 1o the adjacenr winding;
capacity to grounded paris:

- | 240kV 1950pF 30kV

U.|= | - =64.95kV
| ’ 2.3 [1950pF+450pF] 2.J3

- | 240kV [  1850pF | 30kV

U |= - = =47.63kV
, I 2.3 [1950pF+450pFJ 2.J3

- 1 { 240kv 30kV

l.|=275-50— 1950pF + 1950pF -

J l B l 2.4/3 P 2. ‘;3( pF +450pF) | =48.97mA
- 1 [ 240kV 30kV

/[ =2:-5&--[ 1950pF - =" =

i 4.3.2.1.2 DELTA CONNECTION OF THE OLTC

0 inlhefn:;ﬂ;;g examples the c_aljcul_ation‘uf the recovery voltages and the switched
currents 1s performed on an application with the OLTC located at the end of a delta

winding. Figs. 4.3-3 shows an ex locate
: Rty ample for the calculat . o
arrangement as used in4.3.2.1 1. ion with the same windings

4.3 POTENTIAL CONNECTION nF THE TAP Wiy
- . / j"rfj'-

S— ——

e o 129
_‘_-__‘_‘_\_-_h_\_-_-_‘_-_--—__-—-——_
[ UL S
=0
T |
i |
core * C, 7 G, Ak Ui -

L T\!
g (Uy)
A HV
(U,)
5T
a)

b
A
U,
Ue,
Uy -
Uy 6| | 1/@ "
@ _
.J, | J_ = et |
IEL 1, l C, . s //_ 4r
= M1 b g M2 [t b Ll
@'—— @ )
Uy

d)

Fig. 4.3-3: OLTC (delta connected) in mid-position with disconnected tap winding
(a: windings arrangement, b: windings connection, ¢: equivalent network for calculation of the
recovery voltage, d: equivalent network for calculation of the switched current. e: phasor
diagram)

The equivalent electrical networks shown in Figs. 4.3-3¢ and d are very similar to the
networks shown in Figs. 4.3-2c and d. The only difference is an additional equivalent
voltage source Uy between nodes @ and @. This additional voltage source represents
the voltage difference between the grounded middle of the voltage triangle, where the
capacitor C, is connected, and the common contact Q" nf‘ the chang_e-_uver selector
(comp. 4.3.2.1.1: in case of a regulation at the neutral-end this voltage is zero).

The calculation of the recovery voltages is performed in the same way as described
under4.3.2.1.1:
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s network:

fram mesh ] of the 5

—————

~ = =1 —e (+.3 14y
- JT-{-.::-CJ-. . j-o-C; :

3 3 stay unchanged.
The equations 4.3 2and4.3_3stay unc hang

Solving these equanons as described 1n 4.3.2.1.1 the recover} o
alving thes !

! —l]!:-";.lrr C, }—D\,-'[ C, ]iuw (4.3_15)
Uo = (c#C.) " \C+C) 2

The phasor U, can be determined from Figs. 4.3-3b or ¢, with Uy, =U, and
¢ phasor U,

T Y., = _Q*£+J_Li"ﬂ'=:—yl+j UL. The recovery voltage at the "+
Un,zur: Uf-" 2 . ‘\ 2 2. 1!3

and "-" contacts follows as (only valid for a configuration acc. to Fig 4.3-3):

[j | -_—.Lﬁ_-i-_LiT——j U‘J._' CE (4.3 _15a)
e 2 2 243 C:+CQ

With the equation 4.3 15a the absolute values of the recovery voltages can be
determined to:

)

UpRve U, C, ] |
[ B L (4.3_16a)
Ur__...! ( 5 : > J (2.\/3 C+C, )

and the phase angles to the voltages U ; and U to:

{

-U,-C
0., , =arct Lt (4.3 _16b)
— QLJE'(U11UT)'(C1+CE)]

Based on the equivalent electrical network shown in Fig, 4.3-3d the following
equations are valid for the switched current:

from mesh 1 of the network:

L =0 (4.3 17)
The equations 4.3 7 and 4.3_8 stay unchanged.

With these equations the switched currents can be determined to:

T -0 J
‘m--—!-m-(-—;—"’—-Qi—zﬂ(C ) e cJ (4.3_18)

J,_f POTENTIAL CONNECTION OF THE Tap “Iﬁ'nf\f
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For the swiltched currents, the s

ame relations fgr U 1 i
lenumLil before for the tecovery voltages (only valid f o "dnd e
A ] Or a configuration ace. to Fig
U
‘5” — 1'{_‘ (1) C [I—J—L__'_EJ_._ [
> /3 2 |'® C,+C,) (4.3_18a)

with the equations 4.3 _18a and b the absolute values of th
o 4 L=

determined: = switched currents ean be
| U ; It ¥l .
IS = { e U U,
Isi- \Lﬁ )1 | ](C +C, )] (4.3_19a)
The phase angles to the voltages U H and U are:

e
., . = arctg V3

U1iUT)-(C1+c2]1 (43_19h)

S

The differential phase angle between the switched current and the recovery voltage
becomes -90°.

As shown in 4.3.2.1.1 the recovery voltage can also be calculated easily by using the
phasor diagram in Fig. 4.3-3e. The capacitors C, and C, represent a capacitive

divider fed by the voltage D 'Dr:.a = Uiy = jp—HE Uiy

—

The \Dhﬂgﬁ Uc;‘ and UC"‘}

2. 2. Js
can be expressed as follows:
= Sl C
Uy =) —=-—= (4.3.20)
Sl 23 GG,
U= [t T (4.3.21)

G2 2'1.[:_3‘101"'02

With the knowledge that the "0" comau of the reverser is connected to the bottom of
the Uyyy~-phasor and the "+" and "-" contacts are located at the tip and at dthe Tﬂﬁm
of the Ur-phasor respectively the recovery voltages are defined (see the dotted lines
in Fig. 4.3-3¢). Going from "0" to "+" or "~ the recovery voltages are found as:

= i — I U"# UW_'_ UH"H' CE ]
Ur+=—g’r‘—um+_§w_= ; T : 2.3 (C1+C
- 5 G|
e o Ui _ Uy Uw_'.l']ﬂ_[ ’2 ]
Ur—= ;U _UC'I_'—;i— 2 2 } 2@ C1+CE
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= U ﬂ \
| U r - A _I'TI [ 5 - -
i-‘ =~} mirU* C. E.?L (C1+C] 5 C1| (4.3 23)
_ - ), T LJ_I. s giresses can be e seoa
| - U U; Un = = and UT&. = —= the Stresses « L oExpressed gs
With Use = B O W3 V3
(only valid for a configuration acc. (o Fig 4.3-4):
recovery vollages:
0. = __E:_::.+ _Ul.—_ [t ]T U'.— (4.3 _24)
b lalal a3  2.4/8 LC,+Cﬂ 2-13
switched currents:
J i Uj
r-'. [:[U‘If U1-— ‘C_'._r :__’LJ_H.:(C‘]'*_CE‘)_' LJ'_'(CI-F-CE) {41_3;”
o L 2-4/3 23 2-43 /

The phase angle benween the recovery voltages and the switched currents is -90°,

As in the previous examples, for this case also the way for a rapid calculation shall be
demonstrated using the phasor diagram from Fig. 4.3-4e. The capacitors C, and C,

cO T USE

2 2

represent a capacitive divider fed by the voltage . With this the voltages

Up, and U, can be expressed as follows:

= S0 B )
U, =—=E CO.__ 2 | 3
¢ > [ C, +C‘2 | (4.3 26)
= TR o
[]... = =SE T tco 1
c2 o (01 '*'Cz | (4.3 27)

im;rt Fig. 4.3-4b follows that the "0" contact of the reverser is connected to the tip of
! tj:l.icgjphamr and to the bottom of the Ugp-phasor, The "+ contact of the reverser
is locat ‘ . i : ' ;
e ?ll!he bottom of the Ury-phasor and the "-" contact at the tip. With this the
: ery voltages .Uf‘-‘ and U_ are defined. They are shown as dotted lines in the
phasor diagram (Fig. 4.3-4¢). Going from "0" to "+" or "-

" the recoverv v Yac r:
be expressed as: ecovery voltages can

U,,,=9-5—E._U,_ v Use Uge +U, C, U
2 L2 2 4+ AN 2PN
e 2 C,+C,) 2

- U . o
0ot Ut (),
& < C,+C,) 2

_. Wilh a small conversion of ¢
cquivalent to the equation 4.3.22.

4.3 POTENTIAL CONNECTION 0 FHE TAP Winn:
Al NDING
Example: 4
(windings arrangement aned nomenclature g
C, ‘To
o f Ig *I..‘-’--H

Transformer data:
3 167 MVA, 550 kV/245 kV ([ +10-1 20

: <7V30 kY, 50 H-
valtage line end J0Hy, regulation ar the [ow-

HV: U, =550kvV

LV: Us; =245 kV

TV: er — ,fl': Ol = 20 4 LV

apacity to the adjacent windino - _

caf ‘ ] | vinding. C, = 1750 pF
capacity to grounded paris: C, = 2150 ol

0,.|= _24IKY fi“i‘i[' 275{39":] 29.4kV
2.¥8 2.3\ 3900pF ) 5. j5 ~8-32kV

0, | =~ 227 4 350KV 21500F ) 20,4y

2.8 "~ 2.J3\ 3900pF | 5 53 ~25:29KV
. 1( 550kV 29.4kV |
fss =9”'59—[ 2150pF ~=—""" 3900 pF _ 245KV _
s\ 2.J3 243 OpF s 3900pF]_10.19mA
- 1( 550kV 29.4kV 245KV |
| . |=27:50— — 2150pF + — 3900pF - 0 =
s\ 2.43 293 p o 3900pF | =30.99mA

4.3.2.1.4 OLTCS IN PHASE-SHIFTING TRANSFORMERS

The last example with respect to the potential connection phenomenon of the tap
winding discussed here is the use of OLTCs with reversing change-over selector in
Phase-Shifting Transformers (PST) with one core design (direct regulation). The
oceuring recovery voltages and switched currents are often very high. Therefore the
calculation of these values is very important and can have a deep influence on the
design of the transformer.

The generation of the phase angle is achieved by adding a cross voltage to the
voltages of the source- and load-side. This can be reali_zed in a three-phase system by
ntroducing a tap winding in one phase and adding 1t 10 unf::ther phase. A't}"gﬁiﬂ
windings arrangement and the appropriate windings connection dre SNOWIRIE SIS
4.3-5a and b.

The basic formulations for the equivalent network shown in Fig. 4.3-6a and prepared

in the same way as shown in the previous paragraphs leads 1o:



136 e

e ——————— o : - l

_._—.——‘_‘-—‘_,’_-_'_-_ 5 T | |

e e e N r ?h *\? 00000 Doo

WY | —

ﬁ | | =

- = | | \
tank | Lr““ | |l |I ” LF.\I.
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|
| 2 -t 3 - ] - - |
'Fig 4.3-5: OLTC (phase-shifting transformer) in mid-position with disconnected tap winding |
I - —_— e & - - — |

| (a: windines arrangement, b: windings connection)

C | i . CE ]+UW1
i [ - + : (4.3 28
C,+C, }+Uz [C.,+C_? 2 =3

;- =1l

=

and for the equivalent electrical network in Fig. 4.3_6b I ¢ follows to:

1), -j-m-C1—I:Jz-j-m-CE_?r-%-jfm-{CﬁCz) (4.3_29)

From the phasor diagram (Fig. 4.3-6¢) the voltages U,, U, and U, can be
determined to:

U )

e
. w@ 2-\!;5

Uryy =i-Uy,

Ap!alying these relations 1o equation 4.3_28 the recovery voltages follow as (only
valid for a configuration ace. o Fig. 4.3-5);

¥ U (2.C,+3.-C U G U
Ur-;_ —— | . 1 ,2 o 2 - 1 +'* T1 4 [}

. — e 137

tlj1._,1
s -E_-— i
: R i
| i,, 1:-ETC" Bk i !II r \
==l .1}/ ~~N _. i« M2 ILJ |.
c L - (=)lu, "= | !
— e 0 |
() |
@ =" 0 T
Uz
a)
- 10 T
== 2 _
I_:‘EJ',- — A
» | = }— = -
o B A i, @
d 1— G,
1 I i M2 |
- — \ = 15 c)
C-:.n (vf Ux,
ff}- L
® = @
Ll
= b]

Fig. 4.3-6: OLTC (phase-shifting transformer) in mid-position with disconnected tap
winding (TAPL) (a: equivalent network for calculation of the recovery voltage, b: equivalent
network for calculation of the switched current, ¢: phasor diagram)

With equation 4.3_30 the absolute values of the recovery voltages can be calculated

to:
s 2
lU,+:_1= Y [2-C,+3a02]_ U, ( G n _{l_JT_*] (43 31)
- 2\/5 C1+CE 2\/§ C1+CE -

Using the same relations as mentioned aboye the switched currents can be expressad
as:

- o Il U, o
= - +3C .-G 2= a(C, +E5) (43 34)
ls,;_ 2\/5} ) (201 F 3)""2\(5] 1 2 2

Herewith the absolute values of the switched currents become:

2
2 -
U y LYo |l @am)
=@ [—‘%L(C}"**Cz)] +[_\T1—"(201+302) ?_JEC‘] {

lSH-

2v3

b ndine 2 an be calculated
The stresses on the change-over selector contacts of tap winding = ¢

acc. to Figs. 4.3-7 in the same way.

absolute values of the recovery voltages:
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. 0
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) — —
S i [3:
T _T' : | U, -
‘ ls) | l==0C |
| M1 AN M2 s c)
Es = S =
| oy H‘T |
— = — ‘
S N

|
| Fig. 4.3-7: OLTC (phase-shifting transformer) in mid-position with disconnected tap winding |

{(TAP2) (a: equivalent network for calculation of the recovery voltage, b: equivalent network
[ for calculation of the switched current, ¢: phasor diagram)

-

I u (2c.43c)F (U.Y
JLJ_ !: ! - 1.—{ _ - IE EJ +[ TI] J;
et V[ 2.43| (c,+C.) 2 (4.3_34)

absolute values of the switched currents:

; — =

IT&I:EU'\{(%(Cg'PC.;)J +{ .—-(EC‘,-!-SC_?)J (4.3 35)

The phase. an'gles between the recovery voltages and the switched currents are for
both tap windings -90°,

Example:

(windings arrangement and nomenclarure acc. to Figs. 4.3-5 t0 4.3-7)

Transformer daia:

675 MVA, 240 kV + 40° (full load)/30 kV, 60 Hz, one core design

HV: U, =240 kv
LV: sz = 30 kV
V- Ur=62654y

o _meﬁligﬁﬁ T
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capacities to the adjacent winding or pPotentials
Cr= 1750 e Cs =395 . A | -
f . 2 = 2240 pF, C3=3530 pF Cy=1700 pF
TAP I
o [T2a0mv, e
W 243\ 4290pF )" 2.3\ 4200pF || F|\——> — | =185.78kV
- 4 1 [(62.65kV . ¥ (. e -
[g.r|=2m60—- || === 4ogppF| + 220KV . 30KV :
/50| : | ——11120pF + 2222 475 -
=7 \ 2 J { 2\3 p P “STIDDQFE ="
I<., | =300.46maA
TAP 2
g |- | 240KV ( 73990;:-&';: 62.65kV |
Y=\ % = e || Fl———| =187.95kV
\\ 2-J3 \ 5230pF )| 2 )
1 |(62.65kV _ _\° [ 240k
ls., | =2m-60—- || ———5230pF | +| Y (13990pF) | =370.58mA
S ‘\ 2 ] | 2.43 |

4.3.2.1.5 MODEL FOR THE CALCULATION OF THE
RECOVERY VOLTAGES AND SWITCHED CURRENTS OF
REVERSING CHANGE-OVER SELECTORS

In the previous four paragraphs it was demonstrated how to calculate the recovery
voltages and switched currents by applying different equations derived from the
corresponding equivalent electrical networks. When companng these equivalent
electrical networks in Figs. 4.3-2 through 4.3-7 it can be seen that the networks used
for the calculation of the recovery voltages and switched currents are nearly identical,
but the values of the individual components differ. Consequently It seems feasible to
create a model which could be used for the calculation of all applications of OLTCs
with reversing change-over selector. However. this model is only valid for two
capacitances to the adjacent potentials and the lumped capacitors are connected to the

middle of the tap winding.

Under these conditions the windings connection shown in ‘th. 4.3-8a cun be ttr-ur;ld
and translated into the two equivalent electrical networks for [rhr*: calclilulmns of the
4 3-8b) and the switched currents (Fig. 4.3-8¢). From the

re{:f‘\rcr\]' ‘h{]ll“g{f\ (Flg‘ I I in It > ¥
: + that the stresses on the "+" and "~ contacis only

windings connection 1t can be seer

differ by the sign of M. These networks show small modifications compared with
. 2

ceneral validity.

the networks used in the foregoing calculations to reach
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for the calculation

weie formulations i
‘rhc basic orks <hiown i l’i—'

equivalent electncal netw

5.3 -sh are.

from mesh 1 of the network:

Iy~ I_ e g .I-E Y (4.3 36)
8 "% jiw-C, j-m-Cg
from mesh 2 of the nelwork:
= = 1 U I ] =
-U HE’T'__'__f_JL;U“ - (4.3_37)
i |- @ CE 2
from the nodal equation a node :
[ —lg=1=1,=1¢ (4.3.38)
fl follows to: E
- - 'C‘ﬂ = UTU L :
Ur- = Un C C — UI'{ i ‘—_“-‘2 [41}_3 JI
A T \g

The calculation of the switched currents can be performed using the network shown
in Fig. 4.3-8¢ with the use of the basic formulations:

'C'
| > | "
I .
L A O (T |
UE f =F :
oy i
IE
a)
Uy Uy
. i
i ] k4 l . S e
' '91 Sl M g | ' -
C_: hij 2 M? U,. —= M, = . M2 "s.,-.
- 8 = 0 Ca - Cg i

b)

Fi_g. 4%8: Muodel ff:r an OLTC in mid-position with disconnected tap winding (a: windings
connection, b: equivalent network for calculation of t

: he recovery voltage. ¢: eguivalent
| network for caleulation of the switched current) o ° ¢

of the recovery voltages found with he
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from mesh | of the network:
U!j ] i:. T 1‘_‘— — | —-—1
| 10-Cy % (e =0 (4.3_40)
from mesh 2 of the network: :
jw-Cy 2 (4.3_41)
from the nodal equation at node @@):
LT = mer= U= Tt
8 A= s =l =1~ (4.3_42)

| 5./ follows to:

Is.;.:DH'i UJ'(C;. +CE.)_'EJB'.1 w:C, _+UT\"I

The equations 2.3_39 and 4.3 43 can be used for every application that meets the

conditions mentioned above. An important condition to reach the correct result is the

exact determination of Ug and U, . These two phasors have to be expressed in their
complex form.

For a better unterstanding how to use the two equations 4.3 39 and 4.3 43 the
procedure shall be demonstrated here based on an application ace. to Figs. 4.3-3. The
first step to be completed 1s the definition of node ® and the capacitors C, and Cy
(comp. Fig. 4.3-8a). For the example explained here the node @ is choosen as the
grounded middle of the voltage triangle (neutral-end). With this definition C, has o
be C, from Fig. 4.3-3b and Cg has to be C,. Now the voltage phasors U, and U, are
fixed.

DE starts at the neutral and ends where C, connects, this means in the middle of Uy,
With the definition of the real and imaginary axis™ in Figs. 4.3-3 follows:
UH"J

2:4/3

I

U, =1 (4.3_44)
U, starts at the same point as U, and it ends at the “K" contact which is connected (o
the edge of the triangle:

U, = Y j: Uiy (4.3_45)

2 " 2,3

With the same conditions as agreed in 432.1.2 (Uy =U; and Uy =U,) the
recovery voltages (eq. 4.3_39) can be expressed as:




1a2 |
U C: [ UI— t g L U1 (4.3 44
U, Jz“ ':q N G ‘[ U3 12 2
‘i‘- s i
sonverted 1o
or ¢ : U. . U, U, C, B3k
U . E < = :2_ I2- \3 01 +

: s C itions and with some conversio
Th ‘tched currents follow under the same condition 10ns
e swilchc

(o [eq .i‘ﬁ_—;:"i I:

; \ :
T ___Y “] C—J _l_'"I:iU‘, J'{!].(Ct 4-{32] g_;;_l-:l
>4 B

o |,|

[ . 5 =
- o T s W > result as the cquatons 4|‘.,_ 15a and
[ ' 1 4.5 and 47 show the same
he equations <. 46a
1 &a.

Th of the above mentioned model for the calculation of the stresses during the
E USC ‘l‘ L a ¥ - ] =} 1 " 1 = T
rsing change-over selector operation is very simple. But the definitions needed

rf'i{._‘ :1 C = 1 = . -- == . ! .-1_ - . "

for every calculation are of great importance and have to studied thoroughly.

4.3.2.2 REGULATION WITH COARSE CHANGE-OVER SELECTOR
4.3.2.1.1 NEUTRAL-END CONNECTION OF THE OLTC

Before the change-over selector operation takes place the tap. selector is in position
K" and the change-over selector is in position "+" or "-", Figure 4.3-9 shows an
example of a typical windings arrangement and the windings connection for a
neutral-end regulation with coarse change-over selector and the OLTC in the mid-
posilion,

The load current of the transformer does not flow through the regulating windin gin
this position. When the change-over selector is still closed a current flows through the
change-over selector contacts "+" or "-" and the winding capacitances C, and C, due
lo the voltages U, and Ury- This capacitive current I, or I¢_ has to be switched off
during the change-over selector operation. The recovery voltage U, or U_ is defined
as the difference in potential between the change-over selector contacts "+ or “-" and
the “0" contact when the contacts are open. In case
the potential of the common contaet "0"
Whereas the potentials of the change-oy
the connection 1o the toarse winding,

of the coarse change-over selector.
which is connected to the tap winding floats.
er selector contacts “+" and "-" are fixed by

The winding cdpacities and the capacities (o

T . : ground are represented in Fig. 4.3-9b as
discrete equivalent capacitors, which are con

nected to the middle of the windings and

1o by one half of the of e voltages Uy, and U.,. In the equivalent electrical

4.3 POTENTIAL CONNECTION OF THE Tap

Winnine

" Wl
cora * C, ; ]— C.
| L
| T
L LE
CV TV
7 (Ug) Uy
A HV
(U, )
a)
’ A
—
U (=) Uy
—CV U rrix 2
2 3!
— M2
u ‘ b=
p (= )i Yoy
@ ) |
0 = TSRS R \ZJ ol
==L =]
@ t C, ‘2] (M3 BN Y
s Ury U, Cz-l_ :f'*‘* “To
| ~
yg_v . I.--I-\ ‘H‘_j)l ":
2 U(;-: v A g =0
s et - Ury
OF i
c) d)
Fig. 4.3-9: OLTC (connected at the neutral-end) in mid-position with dismnnei:tf_:d lap
winding (a: windings arrangement, b: windings connection, ¢ phasor diagram, d: egquivalent
network for calculation of the recovery voltage)

— —_—

U U . r .-
network (4.3-9d) the voltages [—g—”— and %J are represented by the equivalent
voltage sources. This network serves for the calculation of the recovery voltages
(change-over selector contacts are open).

‘ ' : . (Fi = > recovery voltages can be
Using the equivalent electrical network (Fig. 4.3-9d) the recover g
determined as follows:

from mesh | of the network: _
e L Y, 8 T (4.3.48)

Uy 7 1 U Uo_p (4.3_49)




4 Si ) ’
. LECTION 1)1 O T 3 4.3 POTENTIAL CoON NECTION OF 13 o o
. o -r"-hj-l"r_
> > - — Ulr -
from mesh 3 of the network 1 1 with Uzy = —= and U, = Ur : } 145
- | ¥ f . % i
| Ui . I i U_I u'-.l_ 2 qr“ W 3 1'3 = | a-rlil_ih: I*:.'[il_lr_‘._ = "
2 © -G over Seleclor contacts can pe e KPressed a * e stresses on the change-
4.3-Y): s ”Jr’!} valid for - i) 1
—F" : : < Uintipye: .
= nodal equation at node W: . guration ace. 1o Fie
Ll ¢ -J_, =15 (4.3 1) recovery \'IUII':“:-'C": Flr-
U |=_ Y. C
The transformation of these basic formulations leadS to the equations for the 2 «.,_'3 ( e —1‘11
e - 2 —
; rollages: = ; { 59
calculation of the recovery “oltages N U < V3 4.3_58a)
I 1_} £ Y, '.:“‘*—":.—:--——PJ_ U. |
U, = —[;J-T;— Cr ‘ (4.3_522) 2-4/3 C._-(?“*“":——ijﬁ;- : -
*= "3 B C,+C, ' 2 243 |3 (4.3_58a)
. -~ switched currents:
= W C -
T == Ury B : +Uc-.- (4.3 _52h) = r
. 2 2 C+C, s, |= o L —(C. +C. 5) ]
| - (23 *E“: G (4.3_592)
These equations can also be reached by using the phasor diagram in Fig. 4.3-9¢ 3¢ . [ U d
: : = = T =
demonstrated in the previous paragraphs. s [=0- I| _‘—*"h'z (C.50C. )+—<¢ o~ U (c
L<-V3 2.J3 G, J3 1t G;) (43 59h)

The switched currents are calculated with the same network but with the contacts "+
The phase angle between the recoy €Ty voltages and the

and "0" resp. "-" and "0)" connected. 1
P € SWile hed CUrrents is 00°.
from mesh 1 of the network: 3 Example:

_ 1 e 1 (windings arrangement and nomene :
Y. B T T (4.3 53) : d nomenclature ace. 1 Fig. 4.3-9
Jo-C, 2 j-m-C,

Transformer data:

from mesh 2 of the nSu'. ork: : - - 60 MVA, 110 kV (1+101,00%)/24 kV, 50 Hz. regulation in the neutral-end
v .7 cV. , Ve 1 :
——-2— + E'j-m-CE + 2" : ;" =0 for . (4.3_54) HV: U, =99kV
A Ve Up=1I0kV-0.1=110kV
from mesh 3 of the ne{u'uri;_: CV: Ur=110kV-0.1=11.0kV
0] 1 -
- 27‘" ﬂ—le-———j T =0 for lg, (4.3 55) capacity to the adjacent winding: C, = 1750 pF
2 capacity to grounded paris: C, = 350 pF
from the nodal equation at node @: : 11kV ( 1750 F- 11kV
D oo 1= [ - ——— —5.82kV
==l (4.3_56) | 1 2.3 \ I?SGpF+35£}pFJ 2.J3 :
The equations for the calculation of the switched currents can be derived from these ] 11kV 1750pF t' S0kV 11KV
equations: \ ]Uf I B
2.J3 \ 1750pF +350pF ) 2.43 3
= I 0 : 1 [ 11kV 11KV
ls.=j-0:|—2L(C, +C,) +—cv.. —27- [ D ] =3.84mA
5 ( i 2) 5 C1 (4.3 57a) &4 i s |2 J_ 2 J3
. 11KV 11kV
11KV (2100pF) + p } =0.36mA

=i U U, = | faf= 151'[
- jm[ (C’+CEJ+%'C1-UW*(C,+CE)] (4.3_57b) efman dos {eer 25 /3
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~ TION OF THE OLTC il: -
4.3.2.2.2 DELTA CONNECI The *-“IUIIL““;” o The recovery yoltages Can be perf
described under 4.3.22.1 but (ke pasic o - PEIOTmEd in the |
) » e i JdECS | g1 - . ; % - FasIC ¥ ’ = same wa 45
the calculation of the recovery ol 1ge€s and the "'*-|!=-'|itll equations 4.3 48 1o 4 _'J;_._-:,” h 5 fe Tl y

NS have to e changed (the

11 & iy (™ ‘."._.'
the ll'hl'«‘l”J‘ll, cxamij ﬁ
In 1he Panded with 1

e OLTC located at the e
grrents s f"c.’h-rlT'.'L'ﬂ.f on an application with the OLT e end of g deliy additional voltage source)
' '] » 5 o
: Fies. 4.3-9 shows an exampic o the calculation with the same Windings

dVE 10 k'r; &1
Uy Tesp. ,L'_‘!, from the

u'lml'"'i::

e e e I . 1 |
grraneement as used in4.53.2.2.1 I.\mg this new heiwlt Il)rnml;n_”__.rh the equ: i
é : e Lquations for the calculatic

voltage result to: n of the recovery

The equivalent electrical network shown in Fig. 4.3-10d 1s very similar tq the
,L il

o= o A2 The lifference 1s an additional equivale ATeh ) B ( .
network shown 1n fl: 4 l{{! rf;ij". ”“F}[';: Ln;d;-lml'l'il vollage Hlul'i.‘rl; re '!;L'I-H “}“dt‘t— U = ‘yl + | —U—'-i -[:l :r C": g
SOUrce L \ helween nodes Y an N L g _- ;-. .. r f CACNIsS |hL' 2 2 r A C—'—--:—--__ |—Uw |43_6I}a'|
vollaege difference between the grounded middle of the voltage triangle, where the NG +C, )
SapRCItor {;,: . “"’f_ﬂ’“"‘"’:"fi- and m:} ‘:1-,”;;:?} -'-n .}{:;”[h:‘f :Ihl:i‘n;:._;w:; selector H,-l_'pmp_ U N pr_-; ( lj}, ¥ E] { C
4 3.2 .2 1:1ncase of a regulation at the neutrai-¢nd Us B 18 ZEI0), IR e | | +U, + U
322 : 2 * U, +U_
2 JI C1 T C} J ) '4*3_6nb.l
U I: For the switched currents I':_'i”-.',n.k"-;j
| T N
| 3 | 2 2 ! ., 2 _Ur __Ug:-_.' I[..'JCE |'-L3__6la]
| (Ll (e
TV OV Lo o TV T | —
— + - “|J= {1}~ g T — — — I |
JJ s [ > 5 |10 C, | U, -U,, 5 |'0-C,-Ug,-j-0-C, (4.3 61b)

For the phasor l:lml, (comp. Figs. 4.3-10b or ¢) with D:—c-; =L [_JW =U. and L_JW =11

. - U+U. . U +U. ,
I' follows: U, = -—1?—‘:4-]-—21—%, With these definitions the stresses on the
-~

change-over selector contacts are calculated to (only valid for 2 configuration ace. to
Fig. 4.3-10):

Ir |U |= fLL[ C‘ 1I|_'-..-I'I‘E'UE_UT o U1+L_.J_ﬂ .1_- C‘ | {43__623.]
I - \I_E C,+C, 2 | [ 243 C,+C, )|
' = - -2 ] 5
| il { u.( G ]_U,J.hu.;-UTJrUr z U_ai_E_c_[1_L] (4.3_62b)
I ' \ 2\ C,+C, 2 . 2.43 |\ GC,+C,
r -
. and
--2 -
o - U, +U Ur+U1+U '
| 5 [15,[=.;,}./__U!+EC-CQ +[_1+ O Npato
VL 243 2

—

E { | 1 5
|.|-5 |=UJ~ [M@.C?] + M—L‘L-C:-{»UT*L;'I'UC,CE_UG_(G‘.PCEJ]Z {4.3___6‘3‘)'
L RED, OLTC (delt connected )

. 2.3 2
(@ windings arran S N mid-position with disconnected indi
| _ Eement, b: windings connection. o ke 1. ed tap winding switched ¢ s s -90°.
for calculation of the recoyer, ) nneetion, & phasor diagram, d: equivalent network The phase angle between the recovery voltages and the switched currents
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Example: o Fie. 4.3-10)

T L |

neemeni fJ?:f?IJ}!'FI!{ nelalire act
Fé s

Tmn&fﬂrT:!z fffﬂf"':‘r”f G )24 KV, SO HZ f't'L’H!'(u'H-HH at line end
JOMVA, 1iOKV (1= 0% )2

HYV: ,{ = Q4 [\ -
V- {_:‘;;,_);_1'-;_:_3—_”’;’;\1
. ! .
CV: [’{q:jff}f_'l"”.":.’}fﬂl
e Y C, = 1950 pF
capacity 1o the m.{’;l.-.u ent w !Thm:'h- (: _ 450 pF
L'L]"‘ﬂ.tf["f.r‘ fir EFi ifl’”i.l*{'t'f[‘”-'-fr?-ﬁ- F.
r T AV ZT:
| [[eakv{ 1950pF ) 121KV ] [110kV(, 1950pF )1 _,, ..,
U, :\T .E'JJJOFFJ 2 _II L2“3|| EJUUpF;'IJ
iy | — .r‘gg’“'al_r !5?50,\'35 .I = 121KV +11kV | -~J TTUEI F—&Opi ]/ =11.03kV
“A7V| "2 (24000F) 2 | | 2/3\ 2400pF )|
110k | 21kV
I} |=9% 59_? | Hm_vc:«‘SOpF’ £] @?Qﬁﬂpﬁff'f = 450pFJ =15.94mA
¥ g . S 1:_ 2 ‘..3 | L 2
T / 121kV 2
T |=27-501 [l ”m_vxﬁapf-'; {2‘?“ 1950pF +121Y. 450pF —11kV QdE?OpFJ =
“i s|l 23 d 2 -

. |=8.31mA

4.3.2.2.3 MODEL FOR THE CALCULATION OF THE
RECOVERY VOLTAGES AND SWITCHED CURRENTS OF
COARSE CHANGE-OVER SELECTORS

In the previous two paragraphs it was demonstrated how to calculate the recovery
voltages and switched currents by applying different equations derived from the
special equivalent electrical networks. The used equivalent electrical networks (Figs.
4.3-9 and 4.3-10) are very similar. but the values of the individual components differ.
Therefore it is possible 1o create a model for the calculation of all applications of
OLT(_Zs with coarse change-over selector. However, this model is on] y valid for two
tdpacitances (o the adjacent potentials and the equivalent discrete capacitors
connected in the middle of the tap winding.

Under thesc mndilioqs the windings connection shown in Fig. 4.3-11a can be found.
The eqywa!em elecmcaii network for the calculations of the stresses on the change-
over selector contacts is shown in Fig. 4.3-11b. These networks show small

' modifications compared 10 the networks used | oi '
el in the fore
general validity. regoimng calculations to reach

[49

o Uy L
4 e, =
‘_._J ’,.---.. ia, Ir’___:-—
=5 ::_,J-_“i
| —
| w2 Ty MRS
’ — U. G-
" _q CE "N 5 -
— 1 = |
Gy ==
= Ur,
ii| 2
a) !
)
Fig. 4.3-11: Model for an OLTC in mid-position with disconnected tap winding (a: windines
connection, b: equivalent electrical netw ork) = ¥

With the transformation of the basic formulations of the meshes 1 to 3 and node @
(comp. 4.3.2.1.5) the recovery voltages can bhe found as:

iy T Ul TR €
U =l ——2 ] -[———-’* } (4.3_64a)
K 2 B -(:A_?(:BI =,
= Ot e
U,_ = U.,.; = ;J = UB (E—ATA{_—;; ] '|"U4:hr = U..._ ""'Ucp.r (4.3 _64b)

TS*=DE'j'w'CA+[TW_DK]'j'm'(CA+CE) (4.3_63a)

—

TS*:DB.j.m.CA%r[UTW*UHUcv]-j-u}-(CA-FCa} (4.3_65h)

The equations 4.3_64a and b and 4.3_65a and b can be used f-?r every application lh;aatl
meets the conditions mentioned abm'eﬂ_An impgrtam_ condition to reach ttthe cn:::e;
result is the exact determination of Ug and U;. These two phasors have _

expressed in their complex form.

o equations 4.3_64a and b and 4.3 _65a

‘ v 10 use the tw N '
For a better unterstanding hoy  application ace. to Figs.

based on a 185.
and b the procedure shall be demonstrated here ¢ OEA
4.3-10. Th]:; first step o be completed is the definition of node @ and the capacit

' @ 18
C, and Cy (comp. Fig. 4.3-10a). For the enampie-explam&d l:;le; [tll;e): n‘i-crliem &
clﬁ)sen asBLhe grounded middle of the yoltage triangle (neu nd). his
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: ybe C, from FIg.
defimnion Ca has to b -[ : F
Fﬂ!:l\{“"* UE .md LL are [1Xed

5 - ! I‘ o I+ {‘ |5 L"IITIIL‘l..LIC‘.I. [I'!I\ Mesns 111 [hl‘ 'I}I{,I:.llt: ""I
) - 5 Wik |

l:'l "-Ir” .'III Ihl.‘ ”i‘””llf llnli FI o L

B o

L—j_ With the de

¥

| *in Fies. 4.3-10 follow
finition of the real and imaginary axis' in Fig S
1

U = Uiy
U-L,“II 1] U!.."l. UI:'I. j U:-d'-'_ = HY ] ¢ ":____

LE: — e i ‘:'—'—' 2 2 13 2 2 \3

(4.3 O66)

- : » "K"-contact, which 1s Connecte
1J. starts at the same point as Uy and 1t ends al the "K ; Cled
SUATLS < -
h‘

to the edge of the tnangle:

__Uw+Uey | Yy %?L—J‘f“l (4.3_67)

Us - 2 2:43

po % 3222 (U, =U,, U, =U. and U, = ,
With the same conditions as agreed 1n 2.9.2.2.= (Uyy i 3 L¥ 1

. ~ expressedd ds.
the recovery voltages (eq. 4.3_644 and b) can be expressed a
Lu. ['I I A L - —

' UGy -UTL_]EFUT‘!*U'*E:H— = ] (4.3_68a)
U :El + *I 2 2:43 ( Gt )
UG ) UiAUe=Ur gy 5 Uitlefy P{E“J (4.3_68b)
=SplGael” "2 e Ble Gy,
and the switched currents (eq. 4.3_65a and b)as:
i_ g I U} +EJ'[_'1 C,\ J“rim [{yLUQ_C1 : LJT +U1 +Ulf. _C?] [_l_:-;__h[)uj
F 243 2 2
ol e Ca+ [u'("—UT+U‘3 Bt s *Cg—Uc(Cq+C2}) (4.3 69b)
e 2 2 28 e

4.3.3 METHODS TO OVERCOME THE RECOVERY VOLTAGE PROBLEM

In the foregoing chapier it was demonstrated how te determine the stresses on the
change-over selctor contacts during the change-over selector operation. If these
stresses exceed the admissible limits special precautions are necessary.

The admissible limits are defined by the OLTC manufacturer. The values of these
limits depend on the design of the change-over se

material, contact velocity) which determines
of the recovery voltage are in
are limited to a few hundred milliamps. A second factor
the amount of gas bein
large power transformers are increasingly mo

lector (contact geometry, contact
its breaking capacity. Usually the limits
the range of 15 kV 1o 40 kV and the capacitive currents
which has to be considered is
£ generated. Today this becomes an important factor, because
nitored by gas-in-oil analysis.

- be C,. Now ;
1 3-10b and Cp has 1o ( Lhe Voltage
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Three methods are used (o decrease the SITEsses on (i

. 2 ki ol M e ope
conlac (s LlLlrIII}__' the Ll11.111:__jr;-|~|\r er \'QlL‘L‘I{nr h[}.;r;j“”n = le_n',n.;:; ':I'iﬂl"ig{?-l'l\'ljl' selector
- Iwo-way change-over selector (douhble fevers
s 15 o
capacitive contro| ing ch

ange-over selector)
control resistors

In the following these three methods are deseribed

4.3.3.1 TWO-Way CHANGE-Ovgg SELECTOR

The two-way change-over selector

_ 1S also
selector. It 1S not suitable

for transformers
arrangement. With the two-way

called double reversing chanee-over
with coars 2 i
change-aver selecte
turns 15 possible and with this its function 1S €O
selector. However, its operation is different.

¢ and fine tap windings
T the addition and subtraction of

mparable to the reversing change-over

The addition and substraction of turns in case of the reversing change-over selector is
effected by merely changing the beginning and end of the tapﬁwindi;g. while the two-
way change-over selector changes the connections. The principle of operation of an
OLTC with reversing change-over selector is shown in Figs. 4 3-12. The tap wanding
1s connected to the main winding by the change-over selector either at the tip of the

phasor U, or at the bottom. When the chan ge-over selector is in the "+" position and
the tap selector 1s on contact "1" the maximum number of turns 1s added (Fig. 4.3-
|2a). By changing the tap selector from contact "1" to "n” the number of added turns
becomes smaller and on contact "K" no turns are added or subtracted. The load
current does not flow through the change-over selector in this position allowing its
loadfree movement from the "+" to the "-" position or vice versa. By changing the tap
selector from the contact "K" to "1" and then to "n" with the change-over selector in

LA | ]

position. "-", the OLTC reaches its minus end-position (maximum number of
substracted turns).

To reach one end-position coming from the other end-position the nmvz_lble tap
selector has to carry out two rotation cycles in the same direction (comp. Figs. 4.3
12).

The principle of operation of an OLTC with two-way chgnge-‘ow.ﬂ.r selg::tg]r 1S shi.\;n
in Figs. 4.3-13. The tap winding 1s connected 1o lhi_e_ main winding b), E. llmt: ':_;
change-over selector always at the tip of the phasor UT‘-F‘ The chungeﬁzr t:: ﬂ:he-
in "+" position when the contacts A wil}l D and C with B are1c?f1nzc:t;ﬂd.{pm:nendi
tap selector is on contact "1 the maximum numbfr"nf turns r: z:.' b L
position). By changing the tap selector from contact "1" to contac .

added turns becomes smaller.



.,_——'—_'-_-_-_._'_._ 3 [ i - Iy
o Uy |
]

f U ol
winding
1 |

f connections

| i {1
| i g Y
r : * '
l' pﬁa__i-;}r UH.'.- Llhl.‘ UI Uth.' f Li'
diagram v
f ] J U :
I| ++ '
lf Uﬁ / Uny
I
K n K 1 n K 1
X%

n ,‘ 1 -‘
p1 2~ [ N2 1, N\ 2 n-1 >
lap e [ ’T—\ : A
sglector l. - ._I
1‘\ _j" o ' 7
"‘\-u._______.w"

o) c)

/ 2

Fig. 4.3-12: Principle of operation of a reversing change-over selector from "+" to "-" (a: "4’

!ms[linﬂ. b: mid-position, ¢: "-" position)

Wh_f:p the tap selector is on contact "K" no turns are added or subtracted. In this
position the contacts A through D have the same potential, thus allowing a change-
over selector with overlapping contacts. With this method the tap wind;ng rema?n:a
connected (o the main winding during the change-over selector operation eliminating

the recovery voltage problems.
contacts connected in

The two-way change-over selector is fitted with two reversing
uring the change-over

parallel in metend-pusitiﬂns and actuated one after the other d
selector operation to oblain contact overlapping.

i:;: Zl;:n%;ng the tap selegt?r from "K" to "n" and then to contact *1" the OLTC
with mﬂ'fﬂ:;:il:lle:linpm;ﬁsn {mlaxlmum number of subtracted turns). In contrast
FOlAtions io the s dimgm : e:' selector where the movable tap selector makes two
SIS 155 selooe. N [0 come from one end-position to the other, the motion

2 dn OLTC with a two-way change-over selector has to be

HNG

I53

winding
conneactions

phasor
diagram

lap
selectar

a) b) €)

Fig. 4.3-13: Principle of operation of a two-way reversing change-over selector from "+ to "=

(a: "+" position, b: mid-position. e: "-" position)

reversed during the change-over selector operation. This change of motion needs a

special gear unit.

According to Fig. 4.3-13b also in the mid-position of the OLTC the lead current
flows through the change-over selector and has to be commutated from one current
path to the other one. Usually the two-way change-over selector is part of the tap
selector and the current pathes are very short. With this the mductive loops are very

small and the processes of commutation are not eritical.

4.3.3.2 CAPACITIVE CONTROL

as shown that the stresses on the change-over sclector.cgmacts.
the capacitances

In chapter 4.3.2 it W : . i3
during change-over selector operation are determined decisively by the ; e
to the adjacent potentials and the potentials itself. In most of the cases the recovery
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14
ratio of the capaciances whereas the switched Currentx
nstrated here fi |
demol ed here for the example given in nur
s Paragraph 43124 gy changing the

n{.l l..ﬂ] [I C r . I | ] n -
{ . :l i -r i i:‘ "z

voltages depe . ‘
depend on the values of the l._.'d[.'l.'_ll.'”i”h.. et e O
switched currents the sum of the capaciances fds X -
. . change-over selector contacts will decrease
The recovery voltages can be decreased bY CIIBINE [[h:: CAPASIlIVE TANO. with the |
hasic prim‘iplt‘ to gel @ Strong capacive unnnucl:ﬂl{ Ulf l”h h"!‘ “”’*}!f":-,-' {H‘ the desireq H-‘-‘-'j 4.3-14 shows the new difangement. The windine -
rial of the common change over selector contacl ,.U m”u_.f.w of reversing change. which are connected to the relevant potential of \NE 15 equipped with three shields
o the potential of the "+" or "-" contact of the L‘t‘.'u;';»}t contact "0" or "K* respectively. This ur.'indin:: St change-gver selector
connection ol the tap windings to the desirf:{f P;::E?E;?j'ﬁhm; S ';Efl-’ strong
15 independent of the

poten |
over seleclor respectively

chanee-over selector. A strong
desired potential compared 1o the

-apacitance ratio because the canacir; |

”P.d.-hlx ¥ Ill]L because lht_ﬂ capacilies are in parallel. This prod

possible recovery voltage which is half of the \albaslihe! S du'ccs the smallest
g ap windings.

|=
y_‘l’_‘:f_ UTl UTE

capacitive connection means a large capacitance 1o the
capacitances to other potentials.

|u~ L

These two demands for a small sum of the capacitances for small switched curreps
ance to the desired potential for small recovery vollages have (o be

and a high capacil :
halanced. The technical construction can be effected either by an 4Ppropriate
The switched currents can be determiend to-

arrangement of the relevant windings or by shielding plates which have to be inserted

into the transformer windings arrangement and have to be connected to a Certain
potential. But with these measures the design of the transformer changes and oftep
the transformers becomes larger in volume and more expensive. Another solution i< it L‘ “ . = @-(C,+C
- . - - - . : --‘Ir_ I .\___-- . ‘ +
the use of discrete capacitors connected between the tap winding and a certaip | 5 e
- 3 15 1 U:
tap 2: laﬂ-_‘::—z—a*m~[Ca+C4}

potential. These control capacitors are used in the same manner as the contrg]

~ oy oy
e pro =

resistors described in paragraph 4.3.5.:

The effectivepess of shielding plates in the transformer winding shall be
| . | Example:
Ko S; © 5L, Tﬂ‘_r"ﬂ'fl},’ r!ze_e.r(unp!e for the 675 MVA phase-shifting transformer in paragraph
= _C:M,_G o *K KX 4.3.2.1.4 with new values for the capacities the resulting stresses are:
l capacities to the adjacent windings or potentials:
I 1] C, = 6000 pF, C, = C; = 8000 pF, C, = 35500 pF
[ HV tank : -
f F — ™ f""-.,
[ U. T U, TAP 1
s
; X =3 ¢ Cii - 62.65kV
/ e | U,.,.| =———=31.33kV
:‘: G L C,|c, _E Ce :: C.'! o i | and
A 2= 5 ) I o o) g : | Cs - 62.65kV 1
|/ : - :: s 15”[ === 2r-60 (6000pF +8000pF) =165.33mA
4 - r
J -
/] =¥ '
vy
LA s TV ?2 v
,)H w oay (Ug) Ur) | TAP 2
(U, 11U, ) # — .| =22 3133k
a) Uy LI ‘
o —— and
= = 6% i . [
T e 62 525_"-"" 2760~ (5500pF +8000pF) =159.42mA
> — . b)
d—_’iiﬂ: ) " (¥ = s . ’ ! 7 Ly . - v
[‘[E S, OL‘IC (Phﬂ?e-_s!ufnng transformer) in mid-position with disconnected tan wind: A comparison of these values with the values caleulated in 4.3.2.1.4 shows a large
L2 Windings arrangement with shields, b: windings connection) " winding reduction of the recovery voltages and switched currents.
1




Tl HHN

4 SELECTION OF )} TCs

156

as the only measure for the

a 01le ;
control is rarely adopted POtentjg)

s LYY v . . ' ‘nere 1 - F '
I he tap winding, but 1s applied 1n €ases where the transforme; des
> }! [ L\ ‘i el e % . af u ] . | | . .
gonnection of ' s e ol control. The most frequent method of volt:
es spectal measure: o
requires spec

. eSS e NEXt paraper;
he rap W inding 1s the use of contral resistors (see next paragraph),
B i &
L‘[I]"I[ﬂ"; ol e

En

1pe

j ' i r [h N = 4 " ] r'\II r|| I’I-'I "!l]l] = 1, U _— I
a } ¥ 8

ik ange-over selctor contacts 15 that the phase angle between SWilchey

= - ™ ""I : - :
stresses on the ¢ ¢ at 00°. For the opening contacts -
covery voltages remains at 20" For 1 pening CIS this is the

~urrents and re : - > considered in caca
*-“fl difficult switching condition and this needs to be considered in case gf high
maost diic = &

SIreSSCes.

4.3.3.3 CONTROL RESISTORS

Besides the capacitive control of the potential of the tap winding the during change.
over selector operation the potential can also be cnulrf:ﬂlf:d b}fl the use of ohmic
resistors. For this pupose fixed ohmic resistors, called tie-in resistors, with g high
resistance (some ten to some hundred k{2) are used. They are connected usually to the
middle of the tap winding and the tap changer current take-off terminal as shown in
Figs. 4.3-15 and 16. They are mounted to the tap selector and with this they are
located in the transformer main tank. The lifetime of these TESISLOrsS IS Very important.
because they cannot be inspected during routine maintenance. The selection of the
correct Lype of resistor has to be done very thoroughly. This measure for the potential
connection of the tap winding has been carried out successfully for many years.,
When the tie-in resistor is connected between the middle of the tap winding and the
current take-off terminal, the operating voltage across the resistor depends on the tap
position. It varies between zero when the tap changer 1s in the middle of the tap
winding, and half the voltage of the tap winding when the tap changer is at the end of
the tap winding. This has to be taken into account when dimensioning the tie-in
resistor (thermically and with respect to the applied voltage).

The thermal stresses which affect the tie-in resistors have to be divided Into two
separale me intervals, The continous duty with the change-over selector closed is

caused by. thfa applied voltage. Since the tie-in resistors are connected to the middle of
the tap-winding the thermal stress is given by:

. (0| 12)

RF (4.3 _70)

The short-time duty (approx. 1000 ms) with
by the capacitive Joad c

and can be expressed as

Co

Ith the change-over selector open 1s caused
urrent of the tap winding with the change-over selector closed

-
Ll

Poo =(|Ts|)" R, 43.71)

4.3 POTENTIAL CONNECTION OF 115 TAr Winpine
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Fig. 4.3-15: Model for an OLTC w

ith reversing change-over selector in mid-position with
control resistor (a: windings connecti

on, b: equivalent network for calculation of the recovery
voltage, ¢: equivalent network for calculation of the switched current)

The admuissible limits for the thermal stress on the resistors depend on the surface
stress of the resistor body and have to be indicated by the manufacturer. However. it
can be stated that in case of commonly used resistors the limits for short-time duties
are greater by the factor 2 to 4 to the limits for continous duty.

The size of the surface determines the possible heat exchange to the surrounding
transformer oil. Consequently the admissible limits of thermal stress on the resistors
can be increased by increasing the size of the surface. This can be accomplished by
increasing the number of resistors.

In case of large regulating ranges the thermal (cnnl:n?us duty) and vuh;;ie E?ESSE;
on the resistors increase. This makes il necessary (o increase the number o e—;r_l
resistors. The number of resistors can be increased by eonnecting _them in series m{; .
parallel or a combination of both. However, in such cases often 1t 1s more economi
use a potential switch.

The potential switch (comp. Figs. 4.3-15 and 16) is_cnfspecteﬁ 1N series T“hbel.l;;:et—;;
resistors and serves for the connection of thete:rt rFs_'St?rs ?ﬂr;tgr the closing
opening of the change-over selector, and for its dlscunnec_uql; lbh?;l En?al i,
of the change-over selector. With this measure ‘the admis;lc r;: ethe dufaliun nf-the
when the change-over selector is closed can be increased because Sl
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ewitch does not influence the voltage stress On the individual resistors "\”"Thf;. | ) ) —
; : : = o 1T ; APy ] § | , ———
wdvantage of the potential switch 1s that the additional no-load Joggec N th T2 ' |
P & e i s e o i . L WP
sransformer due to the permanently connected tie-In resIstor can be avoided, L oU
U, o
h are defined by the current to be sw;i il SR | J.
The stresses on the potential switch are delined D) © SWilched. [y can ' _‘\—'{w’;' Q@
be determined to: | A ) B T =_..
3 . ) U, | " 1'
1 Usy i il | e ’L| \ M3 J&
2-R; 2-12) A e, L Yt S0,
E !‘ ‘L - Ir‘l sy _I [
1 | 3
' = e
and the recove Itage at the opening potential switch contacts: y (U 2) NS
and the recovery voltage at the opening potenti: onlacts: J 1 i ,
: : .3 =
7l =i L
e I 2
U = = l - _ =
f 2 {4.‘1‘_'?"1'}
The derivation of the equations for calculation of the stresses on the change-py LI b)
- : . R L Fig. 4.3-16: Model for an Ol y i Ca e _
selector contacts can be done in the same manner as described in the pPrevioy !_'Jl r (a: windi -TC With coarse change-over selector in mid-position with control
i 2sistor (a: windings connec O TVAT S ol
pﬂragruph~._ S resisic g5 connection. b: equivalent electrical network)

[n case of a reversing change-over selector with tie-in re

SIStOrs ace. to Fig. 4.3.15
for the recovery voltages follows: = ‘

0 -2Unv_ UsjoC-U jw-(C,+C,)

s, : 1 (4,3_?4]

h: +JUJ(C_A ‘i"CB]

=

The switched currents can be determined to:

=Y D‘r\-[ 1 ' .
’q — et 5 s [ . : ] I ¥
Sei > R, +]-0-(C, +CE]J+UH'J'(U'(CA +CE)—UE-j-{rJ-CA
rﬂ.ﬁp. l-n :—_ : ——j_ i V]
sa.=—U_ R +j-w-(C, +CE)J (4.3 75)
In case of a coarse change-gy ith 11
- I J a1 ’
iy S fgufm; ©f selector with tie-in resistors ace. (o Fig. 4.3-16 for
ljr*=yﬂ-j.m'(cﬁ "f'CE)—OE']"{!J'CA GW
5_1_ : == > (43_'?133)
R +]-w-(C, +Cy)
U, = 2 Jo-(c, +CE)"OE J'w-C, -T\.r i
1 "'_2_"""Ucv (4.3_76b)

ﬁ;_+j'm'(CA+CBJ

The switched current can be determined to-

ls.=Ug ]-0-C, ‘Dﬂ'j'm‘lca +CB}+£JT;1(—1—+]-{=_}-{C,‘+CB}]

\R |
~ . UnULs ef )
resp. ls.==U,.-| —+j-0:(C, +C,) (4.3_77a)
Ro /
T e U
s=Ug ] 0:C,-U j-0-(C, +C;)+ —2——l_1(?_r l,R_'IT ‘w-(C, +C;)
z = 1 s
resp. ls =-U_- ﬁ—ﬂ-m-(CA +CB)} (4.3_77b)
p

When using the equations 4.3 74 to 4.3 77 it has to be taken into account that for
€conomic reasons not every resistance value can be realized. Usually the resistors are
taken from a standard series with discrete values acc. to 1EC 63.

The use of the above mentioned models shall be demonstrated with the example given
in4.3.2.1.2 and 4.3.2.1.5.
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4.4 LEAKAGEINDUCTANC) OF COARs g/
o INE Tag Hnmw,ﬂmiwru,
A o 4:3.59) (6.6kV)° i 161
ample. ¢ acc. o Fig. 4.3~ = 5 -
?fmirﬂm arraneement and nomenclature acc. 10 111§ O 280k 99:57W this means 3111 w fo
f ' continous duty " edch regicrny (> pieces) as
former dﬂff’: e o . VYo e = .
fﬁ’;:ji 13KV (12 81.25%)/24 kV, 50 H= reculation at line end = {12.02-’??:4} 280k ~ 1452 33w this meq R
J VA, 17 ¥l td Ch o )’Hﬁyn -
pieces) as short-timg duty in case of the highesy *7 W for each resistor (5
HV: U)=1324kV | - TUITent 10 be switcheq
V. Up=U;0.0= 13.2 kV This example shows th

at the fecovery voltages

resistors. However, the SWitched curren; Iner
€as

ca sdug
N be reduced by the use of tie-in

capaciry to the adjacent winding. (: ] f i:;: () ff are of i{'.'ﬂ.‘.’t‘.l' resistance COmpared 1o (hea t:;]:'.dr.?ff:a”"? the ﬁ.u:q ohimic resistors
capacimy to grounded parts: L arrangements. ances.. This i« valid for all
withour tie-in resistors (comp. -a‘,l.:?,f.lf._"i.' s : :;;1;2;:lll;:lljdel;‘::;dlT;:;f:-i;f:;;:?i,?lgh \"*'J“ag_'-‘i' Phasor and with this the tap voltage
(0,.| =73.78kV. U, | =60.83kV |l s.| =63.97mA,|l 5| =52.75mA) corresponding windings are mr;m;:cted[hii tl:?:‘{'::c’-‘r ;}il_em. I these windings or the
: : - ] - . . alon sense of .
For this example the ffﬁ‘"ff‘f??l‘f.’.’l!.’;’;)u of the expressions for Ua and U, wepe ::. l;:if::;?r[mm?:z{Li:;u[]]?}:ni :;T:?I;?d mlt; ges and switched Chh;eﬁgeii pmhaze:
demonstrated in 4.3.2.1.5: of the delta connection is ot specified [:? ilﬂzﬁi?n e, 1 the rotafion sense
: v A 3 Ad- A _ U calculations also with the cnnjugalemﬂmp]ex fr.jn:n f‘-‘;ﬂ‘lﬂ‘fendaj 0 carry Eu[ tl'{e
i o=l 243 ' 243 procedure it will be ensured that the max: e voltage phasors. With this
E aximum possible values wil] be reached.
S 5 = T UHV rien UHLf‘ __U? F UT
Jrom eq. 4.3 _435. = ! J Al + J i o
with these expressions and U, =U.; C, =C, and Cs =C, and separating into OF COARS fF EAKAGE INDL‘ICT-‘\NCE
real and imaginary components eq. 4.3_74 becomes: E/KINE TAP ‘VINDINGS ARRANGEMENT
E( G, +a? (G40, ) .”1‘5 m-(C,_C?_) . ar .C%,(_E_f_ge_} In case of 'c‘narf‘-efﬁne tap andings ﬂrrangﬂmenl‘ there is one lap-change operation
. u. 2\(R.-J3 ) 2 R, J3 which s exceptional with respect to the phase shift between the step voltage and the
U, == E i3 Y ’ circulatmg. cqrrent. When carrying out the lap-change operation from the end of the
(ﬁ s +ar -(C, +C,) fine tap windin g tq the end of the coarse tap winding and vice versa, the entire coarse
£ and fine tap winding turns are effective between the selected and pre-selected taps
U, =13.28kV +j14.41kV — IL}“ ‘ —10.59kV/ (Fig. .4.4—1). Tl.us ta;?-ch_an_ger position is r:allfzd "critical miﬁd-pnsition" and resqlts for
the diverter switch circuit in a substantially higher leakage inductance than during all
U =0.08KkV + [ -14.41kV — [[}r—’ —14.47KV the ﬂpm_'ations within the ﬁne tap wiqding, xxihf.:re gnl_v the leakage inductance of one
tap section becomes effective /this being negligible).
with eq.4.3 75
T o Julte) 2 This leakage inductance represents the short-circuit impedqance of the coarse and the
Bet=—""r4)- (ﬁ; *+j-o-(C, +CE)J fine tap windings and can be determined either by calculation or by measurement. In
. Fig. 4.4-2 the test circuit for such a measurement is shown. The taP-chang:ET muslbe
l5.=-34.93mA~j .62.98mA — 75| =72.02ma 'n the “critical mid-position", i.¢. the coarse change-over selector in the " position
- connecting contacts "0" and "-" and the fine tap selectors must have ﬁae_pu:fmu_ns K
l's.=12.19mA- j .5154mA — F 5_’ =52.96mA and "1". Now the short-circuit impedance of the coarse and fine tap winding ean be

] | ' t measurement.
With eq. 4.3_70 and 4.3 determined by a simple voltage and current m

s _71 the stresses on
0

the tie-in resistors can be determined
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e ¥ il s i
A e -
IJI e -*_1—‘_‘ - TH
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- D)
i r . it 1 P -g-lsv',-‘gr Sl I'”I'l.'_t i 'L’E’Q-:!!I:h. s }_ Nt o
F'E -‘,4—-jf { r|'.ii'-J e curment I.-_l.‘.-_ J W il'f-,d ol L . II .;r I dIverter
hin the mud-position(a: swilching operation 1rom the end of the coarse Ebp windine to the
WY |]_|| 10N r.-.'.n"'_II | . - = : :
end of the fine tap winding [Or vice VeTsa), h:_‘.l Hehing operation w 1Ihﬂl‘!':_n.;_{rr!,u{i_aa;U._||rl.__.1 |

In the ollowing a diverter swilch with 4 r]aj-; cycle mode ol operation (Compare
21210 will be used to show the influence of the above mentioned effect The
aperation from the end of the coarse tap winding (contact "K") to the end of the fine

ap winding (contact ~17) or vice versa shall be discussed in closer detail.

Besides the mode of operation of the diverter switch the resulting phase shifi betw

een

- — | switched current and recovery

[J- ‘ | voltage also depends on the
|

| number of mid-positions of the
| tap selector (see paragraph 3.]1).
| The differences will be explained
lateron.

Following the operation order of
the contacts in the diverter switch
(see Table 2.1-1), first the main
switching contact of the opening
side breaks. Within this breaking
operation the switched current
and the recovery voltage are in
phase as in any other lap-change
operation. This was shown in
paragraph 4.2.1.1.

-
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Fig. 4.4-3: Diverter switch operation (breaking at the wansition contact) in the

: " cnitical mid- |
_ pfl--llrl.rn

| a: circunt diagram

bz equivalent network for caleulation of the switched current 4t the ransition contact }
| C: leltii*.iijt';I}l n‘;p_-,-::r}-_ ]"r;r LJI'JU"LLEIUH of !h.\_- recovery voliao

lage al the ransition contact

Alfter making of the transition contact of the closing side both transition resitors and
both tap windings (coarse and fine) are effective. The through-current is split into two
current pathes. The circuit diagram of this diverter switch position is given in Figure
4.4-3a for a tap selector with three mid-positions. The equivalent networks in Figures
4.4-3b and ¢ show the moment of breaking of the transition contact T of the opening
side shortly before and after quenching of the arc in the current zero. The equivalent
network in Fig. 4.4-3b is valid for the calculation of the switched current and the one
in Fig. 4.4-3¢ is valid for the calculation of the recovery voltage. The equivalent
networks can be used for both tap-changing directions. The used indices A and B
describe only the opening and the closing side of the diverter switch.

The reactances X, and Xy represent the leakage mduct‘ances of the coarse and lhe
fine tap winding respectively. If the leakage inductance is measured with the above-
mentioned method the most common way to get the single reactances is to divide the
measured value by two.

The calculations below are valid for an operation from lh::‘f:nd [1{ the mar.sed'lap
winding (opening side of the diverter switch) to the end of the fine tap winding
(closing side of the diverter switch).

: - » equivale ~ iven in
The following two equations can be formulated from the equivalent network g
Figure 4.4-3b:
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1. =1 . +lia (44 1)

O —1 (R+Xe )+1 , (R+ X4 J-U, =0 (4.4_2)
LH 2

- [ > transition contact T, c:
From these equalions the switched current IL__.l at the transition contact ]n\ can be
L -

determined:

T.(R+iXs)+(0s ~Ue)

f;_.-r 2R+ (Xa +X,) (4.4 34
The power factor will be considered by introducing of the following relations
l, = _”LJ' (coso— jsing)
Us =|Us| and U, =[0A}
Using these equations and the simplification
(0 [C[) = [04]
the switched current I-LA becomes
= TL(coqu— jsian)[F?+jXE]+!U_,i’
T 2R (X X, (4.4.3b)

The separation of the real and imaginary components of equation 4.4 3b leads to

el - I1.|-{(2R% + X, (X, + X, ))cos o +R(X, ~X,)sing)+|0,|2R
(2R)" + (X5 + X, )
‘ (4.4 _4da)
i )- 1L (R(X; - X, )cos o (X, (x. + X1)+2R?)sing)-|0,[(X, +X,)
(2F!JE+[)(H+}*(,,t]2
(4.4_4b)

i]-.h ]
€ absolute val_t_ie and the phase angle related to the through-current T,_ of the

Switched current 1, at the transition contact can be expressed as
. absolute value: ™ =1/[ Fie('fu]r—r [|m(‘f‘m)r (4.4_5a)

4.4 LEAKAGEINDUCTANCE ur('n_”mﬂ:;.,_.} T
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hase angle: “L‘J
p £ D= arctg
The rut‘lm"ﬂ')’ voltage ;11. the open IFansItion resistar comee
the equivalent network in Fig. 44-3¢ gy e cakibe determined using
L= e o h 3
U.a=l0. =g )55
ITA (UA UE)"IL(H+ IXE) (44 63]

Using the same equations for the

POWer factor a
voltage becomes nd the

slep voltage, the recovery

L]rT»'-‘; =T

ui\ ~|T.|(cos 0 - jsing)(R+ iX:) (4.4_6h)

The separation in the real and imaginary

HE(UH-A ) i

components delivers:

U

3 *llL"(HCDS‘P“"Xa sing) (4.4 7a)

h'n(L_Jrm )= lTLl (Rsing - X cos p) (4.4_7b)

Now the absolute value and the phase angle related

2 lo the through-current |, of the
recovery voltage U .. can be expressed as

absolute value: I':erl = J[HE(D'TAHE +[Im(ﬂm)r (4.4 Ra)

Im(DrTA )

Pura= arctg—(.——j (4.4 8b)
RE Ur‘h\

The phase shift between the switched current and the recovery voltage at the
transition contact 1s the difference of the phase angles @, and @14

phase angle:

|"3‘P'.UTAI - I@u‘@um‘ (44 9)

The leakage inductances of the coarse and fine tap winding may be diﬂ'erem_. For
equations 4.4 _7 through 4.4_9 the worst case arises when the reactance Xg is the
larger one.

As mentioned above the phase shifi depends on the number of mid-positions. The
U,
selectors with one mid-position the coarse tap winding is electrically one step longer
as the fine tap winding (see Fig. 3.1-2).

(lUcvl T lc’wp = lﬂal = lasl

voltage difference differs with the number of mid-positions. In case of tap
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l," 5 Ej" I [I II."'L'.J! ]l]] jl‘i\rl]‘”’]\-" '[JI.. |]:_
| o o I."|- lljl.ll'\ \ j I \, ]

I{ cCi ]].il I 5 LA ! ! Y = I"‘-'llr
.. L J . -

ap select

CaANC H]- [ N
- OUrsc iiﬂd fine iap winding

leneth of the €

II|U;, = |{ji* j =|Ua| = ¢

conditions (switched current | 5, recovery voltage

In Table 4.4-1 different breaking

sa oot are listed. The'given values ne
U.,. phase shift AQys y at the transition contacl drc listed € given values are
ase s A% UTA

. N

e .d for an example of a tap-change “Pl‘.“”m” i-rl.'-l‘!ql _m': *"‘_mi of .'-h't' fine tap
e he end of the coarse tap winding with two dilferent tap selector designg
:'.:Ld:?rgt}:‘:;: :ﬁ:lj*Pi_;Hlllﬂﬂhi. In addition _Ihc breaking k"'}'],f‘li“_u_]_l_s ;m.: giwn for a lap
chanee operation within the fine (ap winding. The ‘-‘“"“_"’I“““”_‘f can be completed with
the .'JE‘I_"I'I.E given equations (with small modifications) or applying the equations 4.2 7

through 4.2_9 directly (with: R, =R; =R

As described in paragraph 4.2.1 the guenching L’Eipahi“.l_"-.' of a switching @x{uncc
depends on the magnitude of the switched current and lh_r: matamarnlcrnus. m.ugnl_iudu of
the recovery voltage at the currenl Zero. The breaking conditions of Switching
conlacts caﬁ he evaluated with the theoretical value of the nstantaneous power.
which is defined as the product of the r.m.s. value of the switched current and the
nstantaneous value of the recovery voltage in the current zero:

F',-T& — ]IL’-\ Jl -IliO!Tﬁ-IJI ‘\'f_z_ L Siﬂ(ﬂlp,um ) 144_ I”J

Table 4.4-1: Breaking conditions at the transition contact of a diverter switch with a flag cycle
mode of operation

through-current: |, =500A "leakage inductance™: X, = X, =0.520
step voltage: U =1,900V step reactance: Xs =50mQ
power factor: cosp=0.8 transition resistors: R =3.60

I mid-position (U, =U) |3 mid-positions (U, = 0)

within fine | coarse/fine | within fine | coarse / fine
tap winding | tap winding | tap winding | tap winding

switched current TLA

r.m.s. value, [A] 487.53 49530 487.53 250.01
recovery voltage l:lm

| rmas. value, [V] 3.510.27 3,603.11 3,510.27 1,818.68

[Phase shift g ] [ 4 8,22 0.4 8,22

instantaneous power P,
IEWAJ' 16.90 255,16

16.90 65.01

—
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From Table 4.4-1 it can be seen that th

. ) _ € breakin
ol 1ap selectors with one mid-position

g C”ndi“hng. - |
Thi JIS Are
age which drives the ¢ | Lhis is cauged by the 'dd‘"'lme severe in case
yoltage WiCH Anves ihe cireulating current - ddditional effective step

The diwrlelr h‘wm:h has to manage these breakine s

functional limit of the switch. If the diyerter v.:.-'llr:hcu.ndm“m" However, it is not a
(1.e. to.quench the arc) at the lransition contact in th;;‘n.ni \ﬂhle to:break the current
of the contacts, the arc will continue burning durine lh::t a:u'ntenl zero after :}pani_ng
current zZero 1]}eru will be a trial 1o quench the are. ;ﬁ-—:r '-_-’P:.r;;ur_mrri__ln every Tt i
the main switching contact of the losiig G C]m-_“:r :" halt_cyclen at thv.? lalle:ﬁt
conditions. Often, the OLTC manufacturers assess the ru; ,\ﬁt mr;g!mg the 5wn_lchmg
switch in case of the tap-change operation from the end nftth?:n; o Gf‘ [h? S
end of the coarse tap winding (and vice versa) by evaluatine l;?;f;;;“;:;i;;::‘;

of the transition contact under the condition th: ! itchi
, . 1dl the main switching con
closing side has closed. g contact of the

However, these stresses do not cause danger to the di s .

: iverter switeh, althou o
witching gas production and a higher ¢ . - eh ?hl"fhe:r
SW & & 4 NIgher contact wear will occur. A shost circuit is
avoided, because the transition resistor of the opening side is still in the circuit and
the transition resistors are able to carry current over a few half eveles

Fig. 4.4-4: Diverter switch operation (breaking of the n_*an:::it_i‘cfn contact under l:le condition of
a closed main switching contact of the closing side) in the "¢ritical mid-posiion

a: cirguit diagram - |
bz equivalent network for ealculation of the switched current at the "_“n?‘!m 2::::: |
¢: equivalent network for caleulation of the recovery voltage at the transiion CONTICE
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ving of the main switching contac of the closing side the breakin,
he makliis ' . y side change { .
“”h' - of the transiiion contact of the openiig de ch g in Fig. 4.4 + the CiCun
p_—— W L L . 2 - VAale "1 .
i this diverter sWilke h condition and the equivalent networks 0T the

diagramn s witched current and the recover) voltage are shown

calculanons of the

Based on the following tWo equations
a

[ =Tu*ls (4.4_11)

OE_T‘,.E‘I'XEJI {R*IX;J-OL:D [._1__1!-}

L= “ )

separated into 115 real and 1maginary components

-
RI‘:

the switched current can be
ame operations and relatrons as shown in the ‘r'h"‘"ﬁ""]l-‘l]t:.”—,mj

follows (using the s
calculation)

I |- (Xs(Xg + X, Jecosg +RXg sing ) + |:D.,|5Fi'
R? +(X, +X,)°

Rell,, )= (4.4_13a

'TLI (.HXE COSO - XEIIXE +Xa JSW&J-!’D_-, !Ii.xe +X; )

) =2 = > — (4.4 |3
) RZ +(Xa + X, ) ")

The absolute value and the phase angle related to the through-current |, of the
switched current |, ar the transition contact can be expressed as mentioned ip
equations 4.4_5a and 4.4_5b.

absolute value: iiT:_.: IIi = \/{HE(TL“‘ )r + [Im(_ TL)‘-'. )]E
ol
phase angle: @, .= arctg m(iu).
ell,, )

The recovery voltage at the open transition resistor contact can be determined

the equivalent network in Fig. 4.4-4c. iy
Uy, =(0, -0,)-7,jx, (4.4_14)

The separation in the real and imaginary components delivers:
He([jr'm ) = ﬂll‘J,,} - ,TL" X5 8ing (4.4_15a)
'm{ﬂm ) = —fFL ‘ - Kp COS (4.4_15h)

J_J .\'.f.'lh.'.hf}'-.hl‘l‘I’.-.l’."_ !'*Ir;"‘f“'.fj!.l"! I F “.
W AP "r'lf.l.'--'f;‘
REAvr
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T ma Il.lr- .!_I"!' 'It”[' r"lilj'-f r s
[N Oy 1L - LI -1'.||| rh" I AsE
: L |.|1.1 - ;:ll;.__rll; Fl_'};__rf'_*{] (81, Ty he
recos €Ly Vv rll-i_'-_'r_' l T4 LAl I'"._' CApressed d5% 1n ol I* ”_Lrtﬂlgh-turr‘ | " e
J ed as OHOwine ; -

) 5 “quations 4 4 Zaand 4.4 “h

ahsolute value: .U-f:. = X H_‘-_-_L;
\ F!E-,[IJ_”J + I’T‘(U:;}
Ph;_j_h'._' .'.Hli.'}'-' t':"f-»:,g'_' arctg_lﬂltli
Rell,,, }

The phase shift between the swilched

: . CUrrent an B refic
transition contact i1s the diffe s 2%

A 2 oy ".t'hd‘n -

TENC: T N » 4 = at lht
- 1 { ¢ iy IhL r‘hﬂ L aﬂglb, Ll » and Q - - -
L‘t]lliill”ll - _'J] - inTa 45 lﬂdlLﬂI:‘_‘d in

'_.“!?j:_ﬂ':-i = f;} I_,;_f:’, T

.I-lﬁ{: hrcu}_‘ln“&' LI*nL]I[l[Jn '-,i,ill b...' :_"'Talud‘l,:d J'-'Ellﬂ u-’lnﬂ- ;h
: : | & e UIC 1N
defined in equation 4.4 _10. In Table 4.4-2 1
contact for the same example used in Table
the main switching contact of

slantaneous power as
the breaking conditions at the transition
44-1 are listed, under the condition that

the closing side has closed. Th - o
i | g = sed. The breaking conditions
within the fine tap winding can be calculated ys ' T 2
_ dlaled using the equations 4.4 12 a g :
44_]3““.]“] }(;=Band X;,z)(,_._, Y| UT1S _L,adl'ldbd]‘ld

Table 4.4-2: Breaking conditions at the transition contact of 2 diverter switch with a flag cycle
o &

mode of operation under the condition that the main switchine contact of the closing side has
closed i - -

through-current: | =500A ‘leakage inductance™: X, = X =0.520Q

step voltage: Us =1,900V slep reactance: X+ =50m
power factor: cosp=0.8 transition resistors: R =3.60Q
I mid-position IL-Ji = 051 3 mid-positions (U ,=0)
within fine | coarse / fine | within fine | coarse / fine
tap winding | tap winding | tap winding | tap winding
switched ¢ |
switched current |, 531.92 551 48 531.92 6938
r.m.s. value, [A]
recovery voltage U ., 1915.10 ).066.49 1.915.10 260,00
r.m.s. value, [V]
phase shift |AQ;ra|. [°] 0.8 16.11 0.8 1611
instantaneous power P, T 44731 2011 708 j
[kVA] _




—-ﬂ—ﬂ-—

P —

4 SELECTION 01 QLT
\

170
I' Ihfl“- d ha B .LIIHI ;J: I]!I;H\.,"-. Ill{l'- I_fl”l;flp“[ |"|IL‘L1'~..III:_r V"Hih{i
. . . 0n
th three mid-posiiions the mstantaneous POy \
' LIS
lll

|-\.,UH 11f
' of the closing side has made Foi 1
1c |;1|'.

f the tap selector Wi
hing contic
swsite 18 the case

rr“c Ui T p;”

L‘\it|CI1[. In Case i

. when the nk
One r‘l'ihj-l"l'lhllhui the opp!

1N SWic

1s smalle

ar with

seledct
Che l 'IL'Hl]:!lI]I [hx..‘\ hrisal 2 :
I'C has [ ese | FCAaKIng '*“'Hllt;..”\

ble aperation the Ol

hen the breaking SIress under the condition thyy
. ST . [

o side has made exceeds the admissible va

: diles,

urer provided the value of the legk
L \IEL'

For a salc and rehia
15 1'&.’.‘!L‘hl‘d W

The functional lrmit
yntact of the closin

by the OLTC

apion 1s made av

main switching ¢«
This can be \L‘I'![-IL'tI manufacl
ora given apphic ailable by the transformer maker.

inductance 1
{ the transition contact increases with INCreas
disllg

the breaking stress d

and becomes dangerous when its value 1S in the range of
o ]tl

Generally.

leakage nductance
ansition résistors.

ohmic value of the Ir
of the leakage inductance can be I‘CI'I‘”TIHCLE based
dSCH On

isformer. Taking for example a transform
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