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FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization
comprising all national electrotechnical committees (IEC National Committees). The object of IEC is to
promote international co-operation on all questions concerning standardization in the electrical and
electronic fields. To this end and in addition to other activities, IEC publishes International Standards,
Technical Specifications, Technical Reports, Publicly Available Specifications (PAS) and Guides
(herd es; any
IEC y work.
Interhational, governmental and non-governmental organizations liaising with the IEC alsp~partigipate in
this preparation.

IEEH Standards documents are developed within IEEE Societies and Standards Coordinating Corpmittees
of thp IEEE Standards Association (IEEE-SA) Standards Board. IEEE develops its\standards tirough a
consgensus development process, which brings together volunteers representing) varied viewpojnts and
intergsts to achieve the final product. Volunteers are not necessarily members'ofy|[EEE and servg without
comgensation. While IEEE administers the process and establishes rules§ to promote fairnespg in the
consgensus development process, IEEE does not independently evaluates test, or verify the acduracy of
any ¢f the information contained in its standards. Use of IEEE Standardssdocuments is wholly vpluntary.
IEEE documents are made available for use subject to important motices and legal disclaimgrs (see
http:{/standards.ieee.org/IPR/disclaimers.html for more informationy.

IEC ¢ollaborates closely with IEEE in accordance with conditiens determined by agreement betyeen the
two gqrganizations.

The |formal decisions of IEC on technical matters expréss, as nearly as possible, an intefnational
consgnsus of opinion on the relevant subjects since each technical committee has representation| from all
intergsted IEC National Committees. The formal decisiéns of IEEE on technical matters, once cognsensus
withip IEEE Societies and Standards CoordinatingtCommittees has been reached, is determined by a
balapced ballot of materially interested parties who indicate interest in reviewing the proposed dtandard.
Final approval of the IEEE standards documeft)is given by the IEEE Standards Association (IEEE-SA)
Stanfards Board.

IEC/|\EEE Publications have the form of ‘leecommendations for international use and are accepteq by IEC
Natignal Committees/IEEE Societies in-that sense. While all reasonable efforts are made to engure that
the technical content of IEC/IEEE Rublications is accurate, IEC or IEEE cannot be held responsible for the
way |n which they are used or for any misinterpretation by any end user.

In orfer to promote internatiqnal-uniformity, IEC National Committees undertake to apply IEC Pubjications
(incldding IEC/IEEE Publications) transparently to the maximum extent possible in their natignal and
regidnal publications. Any divergence between any IEC/IEEE Publication and the corresponding|national
or regional publication‘shall be clearly indicated in the latter.

IEC [and IEEE do“net provide any attestation of conformity. Independent certification bodies| provide
conf¢rmity asseSsment services and, in some areas, access to IEC marks of conformity. IEC apd IEEE
are rlot respansible for any services carried out by independent certification bodies.

All ugers should ensure that they have the latest edition of this publication.

No l|ability shall attach to IEC or IEEE or their directors, employees, servants or agents ipcluding
individual nv'r_\nrfc and -members of technical committees and IEC National Committees or volunteers of
IEEE Societies and the Standards Coordinating Committees of the IEEE Standards Association (IEEE-SA)
Standards Board, for any personal injury, property damage or other damage of any nature whatsoever,
whether direct or indirect, or for costs (including legal fees) and expenses arising out of the publication,
use of, or reliance upon, this IEC/IEEE Publication or any other IEC or IEEE Publications.

Attention is drawn to the normative references cited in this publication. Use of the referenced publications
is indispensable for the correct application of this publication.

Attention is drawn to the possibility that implementation of this IEC/IEEE Publication may require use of
material covered by patent rights. By publication of this standard, no position is taken with respect to the
existence or validity of any patent rights in connection therewith. IEC or IEEE shall not be held
responsible for identifying Essential Patent Claims for which a license may be required, for conducting
inquiries into the legal validity or scope of Patent Claims or determining whether any licensing terms or
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that

Published by IEC under license from IEEE. © 2011 IEEE. All rights reserved.
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determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely
their own responsibility.

International Standard IEC 62032/ IEEE Std C57.135-2011 has been processed through
IEC technical committee 14: Power transformers, under the IEC/IEEE Dual Logo
Agreement.

This second edition cancels and replaces the first edition, published in 2005, and
constitutes a technical revision.

The text of this standard is based on the following documents:

IEEE Std FDIS Report on voting
IEEE Std C57.135-2011 | 14/710/FDIS 14/714/RVD

Full information on the voting for the approval of this standard can be found.in the report
on votiphg indicated in the above table.

The IHC Technical Committee and IEEE Technical Committee~have decided that the
contents of this publication will remain unchanged until the stability date indicated|on the
IEC wgb site under "http://webstore.iec.ch" in the data related to the specific publication.
At this |date, the publication will be

* recpnfirmed,

* withdrawn,

* replaced by a revised edition, or
* amgended.

Published by IEC under license from IEEE. © 2011 IEEE. All rights reserved.
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IEEE Std C57.135™-2011
(Revision of
IEEE Std C57.135-2001)

Transformers Committee
of the
IEEE Rower & Energy Society

Approved 16 June 2011

IEEE-SA Standards Board

Abstragt: Theory, application~of phase-shifting transformers, and the difference of specffication
and testing to standard system transformers are described in this guide. Various types of|phase-
shifting|transformers and’how to select the optimal design to achieve required control of power
flow arg covered. An:understanding of the terminology, types, construction, and testing spgcific to
phase-$hifting transformers is provided.

Keywords:advance phase angle, dual-core design, IEEE C57.135, main transformer,|phase-
shifting| transformer, power transfer, retard phase angle, series transformer, single-core [design,
special tests

IEEE is a registered trademark in the U.S. Patent & Trademark Office, owned by the Institute of Electrical and Electronics
Engineers, Incorporated.
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IEEE Introduction

This introduction is not part of IEEE Std C57.135-2011, IEEE Guide for the Application, Specification, and Testing of
Phase-Shifting Transformers.

This guide describes the application, specification, and testing of phase-shifting transformers. It is intended
for the following:

—  Organizations responsible for the application and specification of phase-shifting transformers
for electric transmission systems to control power flow.

—t  Organizations responsible for testing phase-shifting transformers.

This guilde is designed to help organizations:

— Understand the various types of phase-shifting transformers and how(tp apply them tp obtain
required control of power flow.

—  Prepare specifications for the purchase of phase-shifting transfofmers.

—  Standardize tests and test methods for phase-shifting transfotmers.

This guilde is intended to satisfy the following objectives:

— Promote consistency within organizations fortheapplication and specification of phase}shifting
transformers.

— Provide an understanding of the terminology, types, construction, and testing |relating
specifically to phase-shifting transformers.

— Promote the standardization of testing procedures for phase-shifting transformers.

Since thiis guide was first publishedin\2001, several recommendations from users and manufacturgrs were
made to|revise it to improve accuracy and applicability. Some of the revisions are as follows:

— Figure 1, Figure\3/Figure 4, Figure 7, and Figure 11 were improved.

— Equation (l)\was divided into two parts to show the difference between advance arld retard
operations:

— A new section on minimum information requirements for specifying a PST was inserted.

—. S NVarious editorial changes were made to clarify the contents of the guide.

Notice to users

Laws and regulations

Users of these documents should consult all applicable laws and regulations. Compliance with the
provisions of this standard does not imply compliance to any applicable regulatory requirements.
Implementers of the standard are responsible for observing or referring to the applicable regulatory
requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in
compliance with applicable laws, and these documents may not be construed as doing so.

| Published by IEC under license from IEEE. © 2011 IEEE. All rights reserved.
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Copyrights

This document is copyrighted by the IEEE. It is made available for a wide variety of both public and
private uses. These include both use, by reference, in laws and regulations, and use in private self-
regulation, standardization, and the promotion of engineering practices and methods. By making this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

Updating of IEEE documents

Users o
issuance
corrigen
docume
a given
amendny
http://ie

IEEE standards should be aware that these documents mav be anprqupﬂ at anv tim

of new editions or may be amended from time to time through the issuance of amery
da, or errata. An official IEEE document at any point in time consists of the current-editig
ht together with any amendments, corrigenda, or errata then in effect. In order to détermine
document is the current edition and whether it has been amended through the issy
ents, corrigenda, or errata, visit the IEEE Standards Association web

For mote information about the IEEE Standards Association or the IEEE standards development

visit the

Errata

Errata,
http://st

pexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.

IEEE-SA web site at http://standards.ieee.org.
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submission of a Letter of Assurance, if any, or in any licensing agreements are reasonable or non-
discriminatory. Users of this guide are expressly advised that determination of the validity of any patent
rights, and the risk of infringement of such rights, is entirely their own responsibility. Further information
may be obtained from the IEEE Standards Association.
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Guide for the Application,
Specification, and Testing of Phase-

Shi

IMPORITANT NOTICE: This standard is not intended to ensure safety;’security, health, or
environinental protection. Implementers of the standard are responsible for determining appropr
safety, security, environmental, and health practices or regulatory requirements.

This IH

be fou
Concer
http://st

fting Transformers

EE document is made available for use~subject to important notices and legal disd

d wunder the heading “Important Notice” or “Important Notices and Dis
ing IEEE Documents.” They./can also be obtained on request from IEEE or vi
indards.ieee.org/IPR/disclainiers. html.

These ’F’otices and disclaimers appear in.’all publications containing this document aphd may

1. Overview

1.1 Sc

This gui

bpe

fate

Jaimers.

laimers
ewed at

phase and

deleovers the application, specificati

on, theory o

f operation, and factory and field testing of
ers (PSTs)

|f single-

This guide is limited to matters particular to PSTs and does not include matters relating to general
requirements for power transformers covered in existing standards, recommended practices, or guides.

1.2 Pu

rpose

The terminology, function, application, theory of operation and protection, and design of PSTs are not
covered by existing transformer standards and guides. The purpose of this document is to provide guidance

to those

specifying, designing, and using PSTs.

| Published by IEC under license from IEEE. © 2011 IEEE. All rights reserved.
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2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so each referenced document is cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of
the referenced document (including any amendments or corrigenda) applies.

IEC 60076-1, Power Transformers—Part 1: General.!

IEC 60076-3, Power Transformers—Part 3: Insulation Levels, Dielectric Tests and External Clearances in
Air.

IEC 60(76-5, Power Transformers—Part 5: Ability to Withstand Short Circuit.
IEC 60(76-7, Power Transformers—Part 7: Loading Guide for Oil-Immersed Power Transformers.
IEEE Std 693™, IEEE Recommended Practice for Seismic Design for Substation$’

IEEE Std C37.90.1™-1989, IEEE Standard for Surge Withstand Capability {SWC) Tests for Relays and
Relay Systems Associated with Electric Power Apparatus.

IEEE Std C57.12.00™, IEEE Standard General Requirements for_Liquid-Immersed Distribution| Power,
and Regulating Transformers.

IEEE Std C57.12.80™, IEEE Standard Terminology for Pewer and Distribution Transformers.

IEEE Std C57.12.90™, IEEE Standard Test Code for\Liquid-Immersed Distribution, Power, and Rdgulating
Transfoymers, and IEEE Guide for Short-Circuit Tésting of Distribution and Power Transformers.

3. Definitions

For the|purposes of this doecument, the following terms and definitions apply. The IEEE Siandards
Dictiondry: Glossary of Terus) & Definitions” should be consulted for terms not defined in this clauke.

All othdr definitions, eXcept as specifically covered in this guide, shall be in accordance with IEEE Std
C57.12.80™.°

advanc¢ phasejangle: The phase angle expressed in degrees that results when the load (L) terminal voltage
leads th¢ sotrce (S) terminal voltage.

excitation-regulating winding: A two-core phase-shifting transformer (PST) design in which the exciting
unit has one winding operating as an autotransformer that performs both functions listed under excitation
and regulating winding of a two-core PST.

" [EC publications are available from the Sales Department of the International Electrotechnical Commission, Case Postale 131, 3 rue
de Varembé, CH-1211, Geneve 20, Switzerland/Suisse (http://www.iec.ch/). IEC publications are also available in the United States
from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New York, NY 10036, USA.

2 [EEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854-
4141, USA (http://standards.ieee.org/).

* The IEEE standards or products referred to in this clause are trademarks owned by the Institute of Electrical and Electronics
Engineers, Incorporated.

* The IEEE Standards Dictionary: Glossary of Terms and Definitions is available at http://shop.ieee.org.

3 Information on references can be found in Clause 2.

Published by IEC under license from IEEE. © 2011 IEEE. All rights reserved.
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excitation winding: The winding of a phase-shifting transformer (PST) that draws power from the source
to energize the PST.

excited winding of a two-core phase-shifting transformer (PST): The winding of the series unit that is
excited from the regulating winding of the exciting unit.

exciting unit of a two-core phase-shifting transformer (PST): The core and coils that furnish excitation
to the series unit.

L terminal: The L terminal is the terminal that is used to measure the voltage phase-shift angle when
compared to the S terminal of the phase-shifting transformer (PST).

primary winding of the exciting unit of a two-core phase-shifting transformer (PST): The wipding on
the hightvoltage side of the exciting unit.

phase-shifting transformer (PST): A transformer that advances or retards the voltage phake-angle
relationghip of one circuit with respect to another.

rated KMVA of a phase-shifting transformer (PST): The apparent power at.rated voltage for which the
PST is designed.

rated phase angle of a phase-shifting transformer (PST): The phase@ngle measured between the S and
L termirjals at maximum advance and/or retard tap position under nosload condition.

rated v¢ltage of a phase-shifting transformer (PST): The phase-to-phase voltage to which operating and
performfnce characteristics are referred. The voltage ratings«are to be defined at no-load and based on turn
ratios.

regulat¢d circuit of a phase-shifting transformery(PST): The circuit on the output side of thd PST in
which it|is desired to control the voltage, the phaserelation, or both.

NOTE—{In the regulated circuit the voltage may.be held constant, or may vary with or without relation to fhe phase
angle depending on the type of PST.®
regulating winding: The winding of a‘single-core phase-shifting transformer (PST) or of the excifing unit

of a twolcore PST in which taps,are changed to vary the phase angle.

retard phase angle: The phase angle expressed in degrees that results when the L terminal voltage|lags the
S termirfal voltage.

series upit of a two-core phase-shifting transformer (PST): The core and coil unit that has one[or more
windingp connected in series with the line circuit.

series windirg(s) of a two-core phase-shifting transformer (PST): The winding(s) of the series pnit that
is(are) connected in series in the line circuit.

single-core design: A single-core phase-shifting transformer (PST) has all windings mounted on a single
core.

S terminal: The S terminal is the terminal that is used as the fixed reference point when measuring the
voltage phase angle of a phase-shifting transformer (PST).

® Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement
this standard.

Published by IEC under license from IEEE. © 2011 IEEE. All rights reserved.
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two-core design: A two-core phase-shifting transformer (PST) consists of a series unit and a exciting unit.
The series and the exciting unit can be either in one tank or in separate tanks.

4. Application and theory of PSTs

4.1 Introduction

The development of large, high-voltage power grids has enabled power consumers to enjoy the benefits of

more re

iable and efficient service and has allowed generation sources to be in some cases_loca
£ v v

ed long

distance
reliabili
the syst
paths in
angles.

4.2 Bapic principle of application—advanced and retard phase angle

PSTs arfe used to control the power flow in electrical power systéms. When power flows betw

systems
the mag]
parallel
Figure |
being ng
inserting
the high
terminal

the S tegminal voltage (V).

5 from large load centers. Although large interconnected grids strengthen a power

bm. These complications can be attributed to several factors, including the impedance off

there is a voltage drop and a phase-angle shift betweenthe source and the load that deper
hitude and power factor of the load current. If the systems are connected together in two
paths so that a loop exists, any difference in the impedances will cause unbalanced line
shows an example with the load side power fastor assumed to be 1 and the system re
gligible with respect to their reactances. An arbitrary power flow distribution can be obt

er or lower impedance, an advanced oralretard phase angle is needed. Advanced means th
voltage (V) leads the S terminal voltage (Vs); retard means that the L terminal voltage

ystem’s

y, complications can arise with the control of steady-state power flow along certain, seginents of

parallel

the power grid, variation in power generation output, and variation in loads and |load centpr phase

cen two
ds upon
or more
loading.
istances
ined by

a PST into one of the branches. Dependentiupon whether the PST is installed in the brapch with

at the L
V1) lags
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System 1, Z; I

L

Vs & :ZI System 2, 7, L Ay,

Y ~

e - I VL*

AV 1

1

1

Zyz=jX
1z, hi, 4L, AV 5z,
Vg Ay, AV v V. AV, v 1
V¥
VVARSYA hZz1> b7,
Advanced: I t* leads Vs Retard: I r*lags Vs

Figure 1—Load side power factor of 1

Equatiop (1a) and Equation (1b) illustrate the advance and retard operations shown in Figure 1.
L,*Z,-AV-1,*Z =0 = AV =I1,*Z,-1 *Z (1a)
W*Z 1+ AV —12*%7Z2=0 = AV=1,*7Z,-1*Z (1b)

A numerical example should illustrate this. If it is required that both systems are loaded with 5046 of the

total tra 1sferred power 2xS and.the 1mpedances are assumed to be z; = 0.02 and z, = 0.30, related fo S, the

hced) of
1.1°. In
al phase
ribution
o large
er from

system 1 to system 2 (Figure 2).
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System 1 —_— 5 System 2 AV, iZ
Vi®
\\
4 \
. \
\
\
A
1
Z= X
AV =12 =0
Figure 2—Advanced phase-shifting angle
4.3 PST under load
So far ap “ideal” PST (i.e., a transformer with an impedance z#= 0) has been dealt with. To denjonstrate
load conditions, an equivalent circuit phasor diagram is used;as.shown in Figure 3 with an ideal BST with

zr= 0 and an additional transformer with a turns ratio of 1:1*and an impedance z; = Ry + jX7.

where
V. * | is load-side voltage (no-load)
Vi is load-side voltage (loaded)
Vs | is source-side voltage (advanced)
Vsey | is source-side voltage (retard)

I is load current

cos @} is load power factor

zr is transformer impedancé
B is transformer load afigle
o is phase-shift angle

+ advanced

- retard
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Vs

Figure 3—Demonstration of load conditions

Next, the phasor diagram of the PST can be~drawn. Starting with the load voltage ¥, and calculgting the
ohmic and reactive voltage drop in the l:I™Mransformer, the load voltage V;* can be obtained. The load
phase aijgle B can be calculated with Eqtation (2):

I, x XXcos@, —I, x Rxsing, Z, Xcosg,

p = arctan = arctan

—_— 2
V, xI{ %X xsing, +1, x Rxcos g, 100+ Z, xsing, @

The PST adds *a,.dnd-so, finally, the load phase angles of the transformer a.*, and a*,, respecti}ely, are
obtained as shown.in Equations (3) and (4):

= p——iphaseshiftangle Hoadedhudvaree—M 3)

a*,y=—(a+P) is phase-shift angle (loaded) retard 4

On the one hand, to obtain an advanced phase angle a.*, under load, the no-load phase angle o has to be
chosen properly under consideration of the phase angle o.*,) of the PST. On the other hand, the retard phase
angle a.*(, is increased under load. This has an impact on transformer and tap changer as discussed in 4.8.4.
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4.4 Power transfer

A PST has two separate effects on power flow. First, the no-load phase angle creates an additional voltage
that drives additional current through the line. Second, the PST’s additional impedance is added to the
circuit. These two effects may work against each other. Therefore, a minimum phase angle is usually
required to compensate for the additional voltage drop across the PST’s impedance in the advanced
position. To ease the following considerations, the impedance of the PST has been assumed to be constant
over the whole regulating range, a tolerable approximation for two-core designs (the impedance of single-
core designs is commonly zero at 0° phase shift).

With the denotations used in Figure 3 and

the pow

Figure 4
reflect t
last tern
jX of th
with a p
a positi
respecti

Py is active power transferred when o= 0 (preload)
Q0 is reactive power transferred when o =0 (preload)

er components at the source side are calculated using Equations (5) and (6):

2
P(a)=P xcosa—Q, xsina +—-xsina
T

. Vs
O(a)=F xsina+Q, xcosa +X—S><(l—cos010 )
T

explains the effect of the introduction of the phase-shift angle a. In the formula, the first ty
he effect of the phase angle on the original power flow as easily can be derived from Figur
represents the additional power flow genetated by the additional voltage AV across the im
p PST. Taking into consideration that the real component of AV (-AV* cos(a/2)) drives &

¢ real component and that AW ="2*V; * sin((a/2), the last terms in Equations (5)
ely, can be confirmed without-difficulties.

&)

(6)

Vo terms
e 4. The
pedance
current

psitive imaginary component and th€ imaginary component of AV (-AV*sin(0/2)) is a curgent with

hnd (6),
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Figure 4—Effect of phase-shift angle‘a

Figure § shows the variation of the additional power flow (assumption: Py = Qy = 0, Zr = jX7, ViJ/Xr=1)
with the|PST angle a.
0.5
0.4 Active Power  Reactive Power /
$ 03 pd
o v
L
.
o
b3 0.2
[0}
a
/ /
0.1 /
0 [ P
0 4 8 12 16 20 24

Phase angle (°)

Figure 5—Variation of additional power flow with the PST angle a
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Figure 6 shows as an example the variation of the power flow at the source side with the phase angle o,
depending on different preload conditions. The maximum additional power transferred has been assumed to

be 1.

It can be seen how the power flow is influenced when the no-load phase angle of the PST is changed from
zero to maximum leading phase shift. The highest increase of active power for the same phase shift appears
when a negative reactive power flow exists, i.e., with high capacitive load. An inductive load (positive

reactive

power) decreases the effect of the PST.

The reactive power flow is also influenced by the preload condition. The active power has a major impact
on the influence of the PST angle.

Power Flow
0=0° 2> 0=40°
1
3k
2|c
ol 05 \ A
S
g /
o 0 ®-
o —
()
2
g S -0.5 o
o |®
xQ
-1
-1 -0.5 0 0.5 1 1.5
Active\Power P (pu)
Figlire 6—Variation of power flow with the phase angle a depending on different

45Ty

4.5.1 In

The bas
shows al
with the]
and so

preload conditions

bes of PSTs

troduction

¢ principle~td obtain a phase shift is to connect a segment of one phase into another phase.
n elementary arrangement; the phasor diagrams are drawn for a no-load condition. A PST
excifing winding delta connected. The regulating winding of phase V,—V73 is connected to
n. The scheme has been plotted for subtractive polarity of the windings, and the tap pos

Figure 7
is used
bhase V)
tion has

been ch

1 1 £ 1 1 11 1 I 1 1 1 1 1.
USUIL SU UIAl UIT U allSTOTIICT Produccs dall dUvallCLTU plidsC dllgIc. UlIUCT  UIC 1T10=104U CUIIUL

regulation is symmetrical, i.e., the absolute values of source and load voltage are the same.
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— AV

o )

Equatio

With cq

determifed using Equation (10) through Equation (15):

Figure 7—Phasor diagram for the no-load condition

1 (7) through Equation (9) can be used to calculate Vs, W;, and V,:

AV,
Vo, =V, +—L
s1 10 5

AV
VL] :Vlo_Tl
Vi =Vao = V3

nsideration‘of these formulas, the phasor diagram can be drawn and absolute values

20

o}
Vie =V, xcosz

AV, =Vl><2><sin%
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Vy =P =, xcos &

Iy =1,=1,
AV, 2 .

I, =1, x—lxcosgzlu X~ sin—
v, 2 NG 2

The rated throughput power of the PST is determined with Equation (16):

-2011

(13)

(14)

(15)

whereas|

In pract
and the
of PSTs

The fact

The fact

Py =3xVx1,

P=3xAVx1=Px2xmn%

ce, many solutions are possible to design a PST. The user’s electric power system requj
manufacturer’s preference generally determine the desigh. The major factors determining
are listed subsequently.

ors specific to the PST design are as follows:

- PST purchasing price or the first cost

- Cost of capitalization of losses

- Impedance variation across, the tap range

- Angle at full load

- Electrical arrangement of on-load tap changers

- On-load tap changers margins on step voltage, rated current, fault current and s
capacity and duty of changeover selector [advance-retard switch (ARS)]

- Test ¢apability

ors_specific to the project are as follows:

the rated design power that determines the size of the unit is determined with Equation (17):

(16)

amn

rements
the type

itching

— Foundations and the space requirement in the substation

— Oil spill containment volume

— Shipping weights and shipping dimensions

—  Protection and relay costs

These factors decide whether a single-core or a two-core type has to be chosen. These two types are
described in more detail in 4.5.2 through 4.5.3.
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4.5.2 Single-core design

The single-core design is less complex and has fewer winding segments than two-core designs but has
some disadvantages as follows.

The load tap changer (LTC) and the tapped winding are in the line end of the windings and are directly

exposed

to the system overvoltages.

The short-circuit impedance of the single-core design PST is very low at tap positions near 0° phase shift.
Therefore, the ratio between external fault currents passing through the PST and rated current may become
very high, especially in systems with low fault current impedance. This has to be taken into account when
selecting the tap changers and when calculating the forces in the windings.

With th
with a 1

design outlined in Figure 7, symmetrical conditions are obtained. The LTC can also'be“d
eversing changeover selector. This solution permits changing from an advanced phase ar

retard phase angle. With the single-core design, it is generally accepted practice to supply two sets

single-p
terminal
suchac

ble tap changers: one set connected to the S terminals and the second set Connected
5. As a simplified solution, it is also possible to use only one half of the tapped winding
hse, the load voltage increases with respect to the source voltage (Figure 8).

v,

<
P
-

<
(7))
-

|

<

=

R T S

— > K”

Va

Figure 8—PST with half tap winding

quipped
gle to a
of three
o the L
. But in

In the ¢

se of a small rated switching capacity (step voltage X through current), a solution with

ne two-

phase LTC per phase is possible, using an LTC assembly according to Figure 9.
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ARS

As another example,” Figure 10 shows, the connection diagram and the phasor diagram of 3

hexagorj

A non-I
and a dg
a fixed
Howeve
benefits

LTC ‘\' ‘ / '

Figure 9—PST with small switching capability

al” PST. These transformers hatve LTCs with linear regulation, i.e., without an ARS.

TC, delta-hexagonal PST can also be configured with a deenergized changeover selecto
energized phase-shiftselector switch. Because of complications of interconnecting windin
phase-shift design-~is_restricted to only a limited number of phase shifts for system conf
r, for systems antieipating fewer and infrequent phase-shift changes, such a PST has si
of simplistic-design and operation.

2012

-2011

“delta-

I switch
s, such
jections.
pnificant

7 There are numerous other possibilities, e.g., also designs with deenergized operation.
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S3 L2

Retard position

Figur¢ 10 —Connection diagram and the phasor diagram of a““delta-hexagonal” PST

The single-core design is less complex and has fewer winding{segments than two-core designs|but has
some disadvantages, as follows:

— The LTC and the tapped winding are in the line end of the windings and are directly exposed to
the system overvoltages. Depending on the overvoltages and isolation levels, the use off internal
surge arresters to protect the tap winding can become useful, or necessary.

— Voltage per tap and current are (determined by the phase-angle requirement and rating of the
PST, and they cannot be adjusted to obtain optimum switching conditions. If one pf these
parameters exceeds its limit; then the solution would not be possible although the fequired
switching capability may.still be given.

4.5.3 Two-core design
The mogt commonly used circuit for two-core designs is shown in Figure 11. This configuration copsists of

a series unit and an‘exeiting unit. For smaller ratings and lower voltages, two-core PSTs may be Huilt into
one single tank, whereas large ratings and high-voltage PSTs require a two-tank design.

The advanfage of a two-core design is the flexibility in selecting the step voltage and the curref
regulatii indi e imized in line wi C ge ating Because
LTCs have limited current ratings, step voltages per phase, and switching capacity, they are the main
limiting feature for the maximum possible rating of PSTs. More than one LTC per phase may have to be
utilized for very large ratings.

Furthermore three-pole LTCs can be used. For high switching-capacity ratings, three single-pole LTCs may
be used. The LTC insulation level to ground is independent of the system voltage and can generally be kept
low. The potential connection of the regulating winding has to be checked (see 4.6.1), but often it is not
critical and the values are comparable with those of a regulating winding at the neutral end of a common
network transformer.
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Advanced positicf
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Figure 11 —Commonly used circuit for two-core designs

4.6 Special on-load tap changer (OLTC) features

4.6.1 Pptential connection of the regulating winding

During |the operation of the reversing changeover selector, the regulating winding is tenjporarily
disconngcted-frem the main winding. Its potential at this moment is determined by the voltaggs of the
adjacenf windings as well as by the coupling capacitances to these windings and to the grounded pgrts. The
resultink differential an'rage exerts stress across the qwit(‘hing distance of the npening (‘hangenver selector
contacts. In the case of PSTs having regulation at the line end, high recovery voltages can occur because of
the winding arrangement. The changeover operation takes place in the midposition of the LTC, i.e., when
the tap selectors are in position “K” (see Figure 9).

Figure 12 shows a typical winding arrangement and the resulting phasor diagram. It can be seen that the
recovery voltages are higher than the system line-to-ground voltages of the source and load side. The limit
of the recovery voltages is in the range of 15 kV to 35 kV. This condition has to be taken into account
during design of a PST. One possibility to decrease the recovery voltage is to install shields between the
windings. Each shield must be connected to the “K” point of the corresponding phase.
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| With Shield

Both re

Figure 12 —Impact of shields on recovery voltage

Covery voltages occurring during reversing changeover selector operation and switched

resulting from capacitances have limitations. The limit ofthe magnitude of this current is in the raj
few hunfdred milliamps.

Only in

special cases, when a third winding with~a’low voltage level is specified, it may be

possib

this winding instead of the shields. Shieldingyhas in addition the advantage that it protects the rd
winding| from capacitively transferred transtents. If shielding is not possible, then one of the fi

solution|

F must be used to solve the problem:

because)of the small resistance compared with that of the capacitances.

The first way is to cennect the tap winding to a fixed potential during the reversing chg
operation by a fixed -ohmic resistor or capacitor, which is usually connected to the middle of the
regulating winding and to the current take-off terminal of the LTC. This solutio
applicable ifnevery case (especially with arrangements according to Figure 12, when n
are used).The connection of resistors or capacitors increases the amount of switched

The“second possibility is to use an ARS as shown in Figure 13. This switch all
feversing changeover operation to be carried out in two steps without interrupti

current
nge of a

e to use
oulating
llowing

ngeover

N is not
shields
current

pows the
bn. The

lat d tad 4+ £ | tomtol 2 4+l Lol
TOEUTatITE v IO TS TOITAS — COTHIC OO tO—a— ITAC U P OO ar— o iiTg thoC— vwItoTd

4
Opcratr

on. The

limiting parameter for the ARS is the process of commutation, which has to be controlled by
the ARS. It is determined by the commutation of the through current from a small inductive

loop to a larger one.
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Figure 13—Use of ARS

I'C with coarse ARS

b the ARS for inserting a coarse-regulating winding, the'achievable phase angle in one direq
bed. If a change from advanced to retard position is required, then an additional switching

y, which has to be designed like an ARS\so~-that the switching can be performed
ion of the load current. The ARS has to control the process of commutation that, in this|

determimed not only by the loop formed by the connecting leads but also by the impedance of the

itself. If]
changer
[Figure
of an AJj

the reversing operation can be carried-out with a deenergized transformer, then an off-ci

is sufficient. Figure 14 shows, (different arrangements with coarse changeover
14(a) and Figure 14(b)] and, in addition, the use of two LTCs [Figure 14(c)]. Also, the arra
RS for the exciting winding ofithe’series transformer is shown in Figure 14(b).

tion can
levice is
without
case, is
winding
Fcuit tap
electors
hgement
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4.6.3 Number of OLTCs required

Table 1 [lists the minimum number of LTCs required.

(c)

Figure 14 —Different arrangements with coarse ARSs

Table 1—Minimum number©f LTCs required

Figure 14(c)

With two LTCs in series with
coarse changeover selector

(wye-connected)
or
3 single-phase units®

Type Figure Regulation Number of LTCs Number of|[ARSs
Singlq core Figure 7 LTC with reversing 3 two-phase units None
changeover selector” or
Figure 5 6 single-phase units®
or
Figure 8 3 single-phase units®
Figure 13 LTC'plas ARS acting as a 6 single-phase units 3-6 unifs
reversing changeover selector
Figure 10 LT'C without changeover 6 single-phase units None
selector (linear regulation)
Two [core Figure 141 LTC with reversing 1 three-phase unit None
changeover selector (wye-connected)
or
3 single-phase units®
LTC with one coarse winding 1 three-phase unit 1-3 unifs®
Figure 14(a) (wye-connected)
or
3 single-phase units”
LTC with several coarse 1 three-phase unit 1-3 units?
Figure 14(b) | windings (wye-connected)
or
3 single-phase units®
1 three-phase unit 1-3 units®

“The reversing changeover selector is not shown in Figure 7 and Figure 8.
*Depending on rated switching capacity and through current. The two-phase LTCs have to be connected according to

Figure 9.
°Asymmetric regulation.

4Depending on voltage level and through current.
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4.7 Arrangement of more than one PST

4.7.1 Series connection of PSTs

If two or more (n) identical PSTs are connected in series, the phase-shift angles and impedances from each
PST add together to produce a total equivalent phase shift and impedance. The MV A rating of the bank of
series connected PSTs is equivalent to the MV A rating of each PST. For example, two 100 MVA PSTs,
each with a 5° phase shift and 10% impedance connected in series will be equivalent to one 100 MVA PST
with a 10° phase shift and 20% impedance. In case of an outage of one unit, the full current can be
maintained with (n — 1)/n maximum phase angle shift, but possible short-circuit problems have to be
considered because of the diminished impedance.

4.7.2 Parallel connection of PSTs

If two dr more (n) identical PSTs are connected in parallel, the impedances fromceach PST combine in
parallel fto provide a reduced total impedance. The MVA rating of the bank of parallel-connected|PSTs is
equivalgnt to the sum of the MVA ratings of all parallel-connected PSTs. Eer ‘example, two 10 MVA
PSTs, epch with a 5° phase shift and 10% impedance connected in parallel/will be equivalenft to one
200 MVIA PST with a 5° phase shift and 5% impedance.

Consideration should also be given to circulating currents that-nfay occur during tap changgs when
operating two PSTs in parallel.

4.8 Depign criteria

4.8.1 Phase angle

The ratgd phase angle is defined under-no-load conditions. However, it should be noted that th¢ unit is
unlikely] to operate at this phase angle~under load in the advanced position because of the effe¢t of the
voltage frop in the unit. In the retard“position, the no-load phase angle should not be exceeded (upless the
unit has|been designed for that),\as overexcitation will occur in parts of the PST (see also 4.8.4).

4.8.2 Djelectric design-of the two-core type

The trafgsmission‘of transient voltages in the two-core design is rather complex. When applying [impulse
tests to ¢itherthe S or the L terminals of the series transformer, the connected exciting winding of the main
transformet,/ will also be exposed to a h1gh Voltage There may be hrgh Voltage oscillationy of the
connect = epe e ed may be
transferred to other wrndrngs coupled to the series winding or to the excitation wrndmg Therefore rather
complex computer models may be required to compute the transient voltages for this configuration.

4.8.3 Special considerations for a multiple-tank design

When the two-core design is used with multiple tanks, special precautions must be taken to design
connections between the tanks. As illustrated in Figure 11, the connection operates at the system voltage
level so that the leads must be insulated for the overvoltages that may occur under both transients and
power frequency conditions. A short circuit between the connections of the two units has to be considered
as an internal fault, which would cause severe damage or even destroy the PST. A short-circuit proof

| Published by IEC under license from IEEE. © 2011 IEEE. All rights reserved. |
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design for this special case would result, if it were possible at all, in a significant increase in cost.
Therefore, it is strongly recommended to use metal enclosures to protect the connections against lightning
strokes and possible sources of short circuit.

4.8.4 Overload conditions (loading above nameplate rating)

Overloading of a PST increases the internal phase angle B [see Equation (2)] and consequently also the load
phase angle a*, in the retard position [see Equation (4)]. This may result in a load phase angle that exceeds
the maximum rated no-load phase angle. The voltage across the regulating winding and consequently also
the voltage per step of a single-core type as well as the voltage across the series winding of a two-core type
will exceed the rated voltage. Furthermore, in a two-core design, the main transformer will experience a
certain flegree of overexcitation with the same consequences for the regulating winding. Th¢ degree
depends]on the ratio of the impedances of series and main transformer.

It must{-besides the effect that parts of the core(s) may be overfluxed—therefore also be chiecked [whether
the pargmeters voltage per step, current, and switching capability are still within the)limits of the LTC
design. Pee Jarman et al. [B19].%

5. Senvice conditions

PSTs conforming to this guide will be suitable for operation at ratéd yoltage and rated kVA as shown in 5.1
through|5.4.

5.1 Usual service conditions

These cpnditions shall be as stated in 4.1.1 threugh 4.1.7 and 4.1.9 in IEEE Std C57.12.00™-2006, or
IEC 60(76-1. In item a) of 4.1.6.1 in IEEE(Std C57.12.00-2006, the word “secondary” shall megn the L
terminals of the PST.

a)| The purchaser of the PST.shall specify the switching arrangements that will be used to place the
PST in and out of sérvice. This shall include breaker or switch operations resulting frojm faults
external and internahto the PST.

b)| The PST shall be'suitable for energization from either the S or L terminals.

c¢)| The PST)shall be capable of transferring rated kVA with the electrical source of power
connected to the S or L terminals. Limited power transfer in the refard position hjs to be
conSidered.

d)[ ~SSeismic requirements shall be as specified in IEEE Std 693™. The purchaser’s specifications
blldl‘l iu\,‘ludc LIIC bCiblllib ZUIIC dlld LIIC fUullddLiUll. TIIC umuufaulbucu b‘lldll PIU lde fOI'
differential motion between the two tanks, if used, and for remotely mounted radiators as
applicable.

e) The manufacturer of the PST shall make provisions for differential alignments that will occur
when two tanks are connected. The foundation tolerance shall be defined by agreement between
the purchaser and the manufacturer.

f)  Unless specified otherwise, the PST shall be manufactured for operation in the bypassed state
with the source and load bushing connected through bus work. This shall require special
consideration in designing for lightning and switching impulses. This condition will require

8 The numbers in brackets correspond to those of the bibliography in Annex A.
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additional testing with the terminals connected, as in service, to demonstrate that the insulation

level meets the specified BIL.

5.2 Loading at other than rated conditions

This subclause shall be the same as 4.2 of IEEE Std C57.12.00 or IEC 60076-7 with the exception that
additional limits must be observed for retard operation under overload. These limits must be defined by the
manufacturer and agreed on by the purchaser prior to completion of the PST design.

IEEE S

5.3.1

The pur
applical]
specify

manufag
existing

sual conditions shall be the same as those listed in 4.3 and 4.3.1 through A4
d C57.12.00 or IEC 60076-1. Additional unusual service conditions that may apply to H
in the subsequent sections.

eration with two or more PSTs in parallel or in series

chaser must provide the manufacturer with all nameplate and tést data of the existing P
le system information necessary to design the PSTs for proper-load sharing. The purcha
in detail to the manufacturer the LTC’s controls that will\be provided by the purchase
turer provides the LTC’s controls, the purchaser shall ‘provide the control scheme used Y
PSTs to the manufacturer to enable the manufacture to-supply a compatible system.

5.3.2 Operation of PSTs in series with series capacitor banks

If the P§
in the p
includeq

T is to be operated in series with a series ‘capacitor bank, this operating condition shall be §
urchaser’s specification. The operafing conditions and the protection scheme used shall
in the specifications for consideration in design to prevent series resonance.

5.3.3 Unbalanced current flow‘through the PST

The pur

chaser must provide the details of operating conditions that will subject the PSTs to un

phase cyrrents and voltages that may exceed allowable standard limits for design consideration of t}

The foll

a)

b)

bwing are examples of operating conditions that could produce such problems:

[nbalances resulting from operation of parallel transmission lines in close proximity to
cofinected lines. Unequal line transpositions cause unbalanced voltage at the PSTs and

3.3 of
STs are

STs and
er must
r. If the
wvith any

pecified
also be

alanced
e PSTs.

the PST
unequal

C t flow throuoh the series windings
CUECh £ £

Single-pole operation of the circuit breakers following line faults where single pole reclosing is
utilized.

5.3.4 Transient recovery voltages

Transient voltage may exist when circuit breakers are operated. These conditions may occur between the
PST and the circuit breaker.
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5.3.5 Surge protection

Any condition where the PST may operate without surge protection applied at all S and L terminals.

5.4 Protection

The protection scheme recommended for PSTs is similar to that for power transformers with one notable
exception: differential relaying. In general, transformer differential relays are designed to allow for a
difference between the primary and secondary currents of the transformer of at least 10% because of the
voltage taps. This is done by means of restraint windings (or logic) that desensitize the relay during high

through Wmm%%wﬂﬂm—dﬁmmwm load
currents| the current difference would be approximately 43%, so a special differential scheme is gequired.

In 5.4.1] differential schemes for PSTs will be briefly discussed with emphasis on the PST requifements.
Ground |protection is also included because of its close association with differential protection. Fof a more
detailed|discussion of differential and ground protection, see Applied Protective Relaying [B3], [[brahim
and Stadosm [B11], Sen and Craig [B32], Li [B22], Ibrahim et al. [B10], Plumptre{B31], and Brojvn et al.
[B6]. Other types of protection are discussed in 5.4.2.

5.4.1 Djfferential and ground protection

The complete current transformer (CT) requirements must be det€rmined and the purchaser must fagree to
the locations before the design can be finalized because internal “buried” CTs are often required. Pfotection
schemeq are different for single-core and two-core type constructions.

5.4.1.1Single-core arrangement

A diffegential scheme for the single-core arrangements shown in Figure 7 and Figure 8 should|provide
primary| differential protection that will net_misoperate because of PST core saturation. A thrge-phase
transforfner differential relay is requiredwith three restraint elements per phase. It is preferable|that the
CT’s haye the same ratings and ratiosyalthough the relay can typically compensate for some mismajch.

5.4.1.2[Two-core arrangement

The mopt common differential scheme for the two-core arrangement shown in Figure 11 is shown in
Figure 15 and Figurel6. There are two sets of differential protection. Figure 15 shows the primary set and
Figure 1|6 the secondary set. The two sets provide differential protection with redundancy.

The prirpary differential relay (Figure 15, 87P) requires a set of CTs toward the neutral end of the|primary
windingl ofithe exciting unit. These will probably be inside the tank. It is preferable that these CTs have the
same rating and ratio as the high-side CTs, although the differential relay can compensate for some
mismatch. This scheme is not affected by PST core saturation. A ground relay (51N1) is usually installed in
the neutral of the primary winding of the exciting unit to provide sensitive protection for ground faults near
the neutral. It will see current during ground faults on the system. The amount of current will depend on the
sequence network impedance. If the exciting unit is of shell form construction, the zero sequence current
will be relatively high. However, if it is of core form construction or if the secondary circuits provide a path
for zero sequence currents because of voltage regulating windings on the exciting unit (see Applied
Protective Relaying [B3], and Sen and Craig, p. 7 [B32]), then the zero sequence impedance will be much
lower and 51N1 must coordinate with line side ground relays. The 5IN1 relay is also subject to false
operation because of the inrush current when the exciting unit is energized. To prevent this from
happening, the relay must be desensitized or a relay with a second harmonic restraint used (see Plumptre, p.
5 [B31]). The associated CT may be external to the tank.
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Figure 15—Primary differential relay
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Figure 16 —Secondary differential relay

ndary differential relay~(Figure 16, 87S) requires a set of CTs in the neutral of the seconda
unit. They will alse'\most likely be inside the tank. The ratio of these CTs will be determingdd by the

of the series unit; as shown in Figure 16. The differential relay can compensate for spme CT
h. The rating~of the CTs should closely match the high-side CTs. A three-phase trag
ial relay gs\required with three restraint elements per phase. The integrity of this scheme
alue of- K™ remaining constant ~(the series unit not saturating). Because the voltage ratirfg of the
hit is\considerably smaller than rated phase-to-ground voltage, it is possible that it might
igh(through faults (see p. 397 of Ibrahim and Stacom [B10]). If series unit saturation is a |
then desensitizing

'y of the
sformer
depends

saturate
roblem,

neutral of the exciting unit secondary winding. This relay can be set sensitive because there should be
current in it only during a fault in the exciting unit secondary circuit. The associated CT may be external to
the tank.
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5.4.2 Other types of protection

5.4.2.1

Sudden-pressure (rapid rate of rise) relaying

-2011

Sudden-pressure relays protect for arcing faults. It is common practice to have one or more sudden-pressure
relays for each oil-filled tank and separate compartments; the number of relays depends on the oil volume.
The PST manufacturer should recommend the quantity, location, and type of sudden-pressure relays and
the settings if not specified by the purchaser. Also, Buchholz relays will protect for oil displacement.

5.4.2.2

Pressure-relief device

Each oil
commoft
relief de

5.4.2.3

Gas bub
accumu

6. Rat

In general, the rating data for PSTs should be in accordance with the requirements for power tran:

as cover

6.1 Pojarity, angular displacement, and terminal markings

6.1.1 Terminal markings unique to PSTs

The des
Load. T
Lz, L3, a
out of th

Hfilled tank and separate oil-filled compartment shall be provided with a pressure-reliefdeyf
practice to have more than one pressure-relief device on large tanks. The numberof p
vices should be determined by the manufacturer.

Gas accumulation relay

bles generated in the oil will migrate toward the top of the oil compartment. The use of a ¢
ate the gas and cause an alarm or trip is recommended for each ¢ompartment.

ing data

ed in IEEE Std C57.12.00 or IEC 60076-1 with the following exceptions or additions.

gnations H and X shall not be used and shall be replaced by S and L to indicate the Sot
he S terminals shall be marked S, S,, S5, and (if applicable) Sy. The L terminals shall be ms
nd (if applicable) L,. Y and Z designations shall be used for additional windings that are
e tank.

ice. It is
ressure-

evice to

formers

irce and
rked L,
brought

6.1.2E

nclosed throat connection terminal markings

Enclosed throat winding terminal connections shall be marked in any manner that will permit convenient

referenc

e and shall not be confused with the markings of the external transformer terminals.

6.2 Impedance

Impedance shall be in accordance with IEEE Std C57.12.00 or IEC 60076-1 with the following additions.
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6.2.1 General

Rated impedance shall be at zero phase-shift connections.

6.2.2C

hange in impedance with phase-angle regulation

The impedance of a PST can vary substantially over its range of phase-angle regulation. The user must
specify the acceptable ranges of impedances, and the manufacturer shall calculate and provide a matrix of
impedances as required by the user. The extent of test verification of impedance values other than rated
impedance should be specified and agreed upon by the purchaser and the manufacturer.

6.3 Name plates

Namepl

htes shall be in accordance with IEEE Std C57.12.00 or IEC 60076-1 with the follewing ad

The nanpeplate of the PST shall show the phase shift in degrees from the S to the'Lyterminals starti
zero phdse-shift tap and for each tap position in the advance and retard direction while operating at
The nampeplate shall also show the phase shift in degrees from the S to the L terminals while ope
maximujm rated KVA output at unity power factor at the S terminal forlall tap positions, which
acceptable service conditions. Intermediary phase shifts at varying leads may be specified by the p
for inclysion on the nameplate.

The use

may request impedance changes be indicated on the nameplate for any tap position.

7. Construction

In genefal, construction requirements for PSTs should be in accordance with the requirements fa

transfor

mers, as covered in IEEE Std C57.12.00 or IEC 60076-1 and other applicable ANSI/IEEH

standards based on kV and kVA ratings,.with the following exceptions or additions.

7.1 En

Enclose
of PST
vacuum

closed throat connections

] throat connéetions in fully assembled condition must meet the pressure and vacuum requi
anks for all.designs that subject the enclosed throat connection to the same operating press
levels as\the transformer tank.

lition.

ng at the
no load.
Fating at
result in
irchaser

r power
or IEC

rements
ures and

7.2 Liquid insulation and preservation system

Liquid insulation and preservation systems shall be in accordance with IEEE Std C57.12.00 or
IEC 60076-1 with the following addition.

7.2.1 Two tank designs with enclosed liquid-filled throat connection

Enclosed liquid-filled throat connections may be either sealed from each tank or opened to the insulating
liquid from one or both tanks. Enclosed throat connections shall be designed for installation or removal
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without the need of jacking or moving the transformer tanks, and it shall accommodate thermal expansion
and contraction of the throat assembly and both tanks.

For a sealed throat system that isolates the insulating liquid, the throat connections require a separate
conservator system.

For a system where the throats are not directly connected to a main tank and the isolation of the insulating
liquid in different compartments is not important, the throats may be connected to the conservator system
of the main tank. If this approach is used, then the user should be aware that the use of oil and gas analysis
to isolate problems will be complicated.

For throat connections that place barriers between both the tanks and the throat, the throat shall be equipped
with the|following accessories:

— Gas accumulation relay

—  Pressure relief device/relay

— Liquid filling and draining valves
—  Sudden pressure relay

—+ Liquid level gauge

8. Short-circuit characteristics

8.1 Shprt-circuit requirements

8.1.1 General
PSTs sHall comply with the short-citenit requirements of IEEE Std C57.12.00 or IEC 60076-4, unless
otherwige agreed on by the purchaser dnd the manufacturer.
8.1.2 Transformer categories

The kVJA rating to/be considered for determining the category should be the equivalent to the rating
accordinjg to IEEE Std C57.12.00 or IEC 60076-1.

8.1.3 Short-circuit current magnitude

The manufacturer shall determine the most onerous conditions for short circuit on every winding or active
part in accordance with IEEE Std C57.12.00 or IEC 60076-5. These conditions should take into account the
large impedance swings that can occur as the tap position is changed from the extreme positions to the mid
position. Since the system short-circuit levels are critical to the design of PSTs, the user shall specify the
maximum system short-circuit fault levels expected throughout the life of the unit.

If a short-circuit test is performed, it shall be done in accordance with IEEE Std C57.12.90™ or
IEC 60076-5. The test shall be carried out on the tap position that produces the most severe stresses in each
winding. This may require more than a single test depending on the type of construction.
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For two-core PSTs, this usually requires a test on the zero phase-shift position, as this position involves
only the series transformer and a second test on a position to be agreed on between the customer and the

manufacturer.

9. Control system

9.1 Control equipment and accessories

shall be

Control . dexices to facilitate manual and automatic control of the load tap changing. pr}nipmpnt
=

provided.

The control system of a PST includes a sensing apparatus to provide a signal proportioned,to thd
real power flow through the transformer. For this purpose, positive (+) values of power flow reld
exchange defined as forward power flow, i.e., power from normal S terminals tQ \normal L tg
Similarly, negative (—) values of power flow relate to an exchange defined ascreverse power fl

power ftom normal L terminals to normal S terminals.

The conftrol system also includes a control device to interpret the input 6f the sensing apparatus, T|
input to[ conditions desired by the operator, and command the tap changer of the PST automat,

functior| to hold the power flow thereby required.

The totgdl control system is usually furnished as a complete package with the transformer; howqd
“stand-alone” nature of the control system makes it approptiate to consider the control system in &

context.

9.1.1 Epclosure

A weatljer-resistant cabinet shall be proyided for housing the automatic control and related devi

cabinet $hall be specified by the user.

9.2 Refquirements

9.2.1 Ephvironmental

system
te to an
rminals.
bw, 1.€.,

blate the
cally to

ver, the
unified

bes. The

The cornjtrol fust withstand —40 °C to 80 °C control enclosure temperature, relative humidity from 0% to

100%, and\dltitude of up to 3000 m (9900 ft) without loss of control.

9.2.2 Set point adjustment ranges

The default device shall accommodate parameter set point adjustment as follows:

NOTE—The base power (1.0 pu power) will be scaled as required based on the transformer rating.

a)  Power flow adjustable from at least —2.0 pu to 2.0 pu
b)  Power flow bandwidth adjustable from at least 0.025 pu to 0.25 pu

c) Fixed time delay adjustable from 0 s to at least 120 s
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9.2.3 Accuracy

2012
-2011

The control system error shall be 1% or less. The accuracy is based on the combined performance of the
sensing apparatus (including instrument transformers, transducers, or other means of sensing as required)
and the control device.

For determining the accuracy of the control system, the percent error is based on the following reference
conditions: ambient temperature of 25 °C, rated system frequency, no harmonics present on the line, and

the PST

delivering rated kVA at rated voltage.

9.2.3.1 Accuracy determination criteria

The errq
(+) erro
the posi
the cont

)

b)

©)

9.2.3.2

The acc

9.24 A

The foll
system:

rs to be included in the determination of the accuracy of the control system are the maxiif

and the maximum minus (-) error for each of the following. The greater magnitude-of th
ive percent errors or the sum of the negative percent errors shall constitute the stated acc
Fol system:

FError of the control system due to the ambient temperature. The control System is operat]
ntended configuration and environment as pertains to the control enclosure. The
supplemental control enclosure heaters must be reported, if used>The enclosure tempe
varied in the range of —40 °C to +65 °C while holding the transformer kVA and power
frequency at the reference conditions.

Frror in the control system due to the system frequency."The power system frequency to w
Control system sensing apparatus is connected is, vatried in the range of rated power
frequency +0.25% while holding the transformer, KVA and the ambient temperature at 1|
conditions.

Frror in the control system due to the powér‘throughput of the PST. The power throughp
PST to which the sensing apparatus is connected is varied in the range of —2.0 pu to +2.0 p
1.0 pu is the rated kVA of the PST),~while holding the ambient temperature and the powe
frequency at the reference conditions:

Errors for set point marking deviation of control device

iracy determination etiteria allow for no error in the display of the control device set points

hcillary requirements

owinganeillary components, accessories, or functionality will be provided as part of thg

um plus
sum of
iracy of

Ed in its
use of
Fature is
system

hich the
system
eference

it of the
I (Where
[ system

control

a) Means for display of particular parameters of interest:

— Phase angle of power system voltage, S terminals relative to L terminals
— System kVA throughput

— Power throughput, including direction as forward flow or reverse flow
— Reactive throughput, including direction as forward flow or reverse flow
— Tap changer operations counter

— Tap changer tap position
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b) Status alarms:

— Control self-check—discrepancy detected
— Tap changer at end of Advance tap range
— Tap changer at end of Retard tap range

— Control system unable to accomplish desired (set point) system power flow

¢) Mode selection

— Off/local manual control/automatic control selector switch

— Local manual control—advance/retard control switch

9.3 Test code for control systems

9.3.1D

9.3.1.1

9.3.1.1
This de
differen
+1.5 pu

9.3.1.1

This tes
differen

psign tests

Determination of accuracy of control system

1 Test for error in power due to control system inaccuracy

bign test is made at rated power system frequency. *0.01 Hz and at 25 °C £ 1 °C. Re
Ce in control system power flow recognition to the actual system power flow in range of —
in steps of 0.25 pu.

2 Test for error in power due to_ ambient temperature

is made at 1.0 pu forward powet-flow £0.01 pu and rated system frequency £0.01 Hz. R¢
Ce in system power flow recognition to actual system power flow at ambient temperature o

to +60 °C in steps of 20 °C.

9.3.1.1

3 Test for error.in power due to power system frequency

This tes} is madeat{I"0 pu forward power flow +0.01 pu and at 25 °C = 1 °C. Record the diffe

control
-0.25%

ystem_power flow recognition to actual system power flow at system frequency of rated fi
at rafed\frequency and at rated frequency +0.25%.

cord the
.S puto

cord the
F—40 °C

rence in
cquency

9.3.1.1.4 Total control system error

For each of the three tests above, note the greatest positive error recorded and the greatest negative error
recorded. (Note that the greatest positive error or greatest negative error for a given test may be zero.) Sum
the three positive errors and sum the three negative errors. The error of the control system is taken to be the
greater of the magnitudes of the two errors summed in this manner.
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Surge withstand capability (SWC) test

The SWC test is a design test for the control device in its operating environment. To pass this test, the
control device shall continue to operate properly after the test.

Refer to

IEEE Std C37.90.1™-1989.

9.3.2 Routine tests

9.3.2.1

Applied voltage test

The con
for 1 mil
it shall b
9.3.2.2

All featt
function

10. Te

10.1 General

Unless
1IEEE Sf
method
user and

10.1.1

10.1.1.

These t

h. The test shall be performed with the control device disconnected from the system. After
e determined that no change in calibration or performance has occurred.

Operational test

ires of the control device and its peripherals will be operated and¢checked for verification g
ing. The control is also calibrated at this point.

sting of PSTs

ptherwise specified, all tests carriéd out at the factory should be made in accordar

perform|

pdniside the tank filled with oil and fitted with temporary bushings to give access to reqy

trol device shall withstand a voltage of 1500 V at rated system frequency from all terminalf to case

the test,

f proper

ce with

d C57.12.90 or IEC 60076-3. Additional tests, particular to PSTs, are defined in 10.2. Bedause the
of testing PSTs is dependent-on-the design, the testing methods will be mutually agreed op by the
manufacturer.
[est setup for PSTs

Resonant frequency and transient voltage tests
sts’ are normally performed on the core and coil assembly in air. However, they can

also be
ired test

points. For a two-core design in one or more tanks, the windings must be interconnected as for impulse

testing.

These tests are intended to verify the transient voltages and natural frequencies at various points in the
windings, at all tap combinations, and at connections that can be compared and evaluated with studies.
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10.1.1.2 Temperature tests and loss distribution

In most cases, temporary bushings must be installed for connections to windings, which are not normally
accessible, to determine the various resistances for the temperature tests and to determine the losses and the
distribution of these losses.

The location of these temporary bushings depends on the design and winding configuration and is subject
to agreement between user and manufacturer.

For two-tank designs, the tanks may be separate to determine the losses in the various cores and windings
and the temperature test. This information will be provided by the manufacturer to the user during
preliminary discussions.

10.1.1.3 Dielectric test

For dielgctric tests, each tank with its corresponding core and windings should beconnected eldctrically
and medhanically together as for the service condition. In most cases, temporary bishings must be |nstalled
on lowe} voltage windings to perform the ANSI/IEEE-standard induced test on the higher source find load
side wirldings.

10.1.1.4 Test windings
In very fhigh voltage PSTs, it is sometimes necessary to install an auxiliary winding next to the [core for

shielding purposes. This auxiliary winding can then be used.for performing the induced test througlh the use
of temp¢@rary bushings. The presence of these windings should be shown on the nameplate.

10.2 Special tests for PSTs

10.2.1 Ppecial dielectric test

When abypass switch is installed, the following two special dielectric tests should be specified by the user.

10.2.1.1 Special lighthing impulse test

A specigl lightning impulse test shall be applied individually to each phase with the L and S side tgrminals
connect¢d together. The untested terminals should be grounded separately through resistors. Th¢ neutral
terminal(s)_shall be grounded through shunts for current monitoring. In some cases, it is desfrable to

performlthe tests with the S or I terminals floating The test shall be performed on tap paositions mutually

agreed on by the user and the manufacturer.

10.2.1.2 Special switching impulse test

A special switching impulse test shall be applied to each phase with the L and S side terminals under test
being tied together. The other untested terminals are connected together, floating and connected to a
voltage divider. The neutral terminal(s) shall be solidly grounded through a shunt for current monitoring.
This test only applies to PSTs rated 345 kV and above, or as required by the user.
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