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INTERNATIONAL ELECTROTECHNICAL COMMISSION

GUIDE FOR THE APPLICATION, SPECIFICATION,
AND TESTING OF PHASE-SHIFTING TRANSFORMERS

FOREWORD

1) 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
electrpnic fields. To this end and in addition to other activities, IEC publishes Antetnational_Standards,

Technlical Specifications, Technical Reports, Publicly Available Specifications (PA i hereafter
referr¢d to as “IEC Publication(s)”). Their preparation is entrusted to technical gommitfess; National
Com S rnational,
goverpmental and non-governmental organizations liaising with the IEC als® it {r thi pparation.
IEC cpllaborates closely with the International Organization for Standardizat i ordpnce with

2) The fprmal decisions or agreements of IEC on technical matiér 8S, early“as pogsible, an
international i techmyjcal commjttee has

3) IEC Ppublications have the form of recommendations for i ati q National
Com v ent of IEC
Publidations is accurate, IEC cannot be h i r for any
misinterpretation by any end user.

4) In order to promote international uniformit £ i blications
transgarently to the maximum extent possiblg in i vergence
betwepn any IEC Publication and the q 3 e clearly

indicafed in the latter.
5) IEC pyovides no marking procedure dix e for any
equip \
6) Attentjon is drawn to the

paten{ rights. IEC ifall

Internatjonal Standa
Commit

subject of

has been processed through IEC Tlechnical

The tex i i ad on the following documents:
FDIS Report on voting
C¥57.185 (2001) 14/491/FDIS 14/494/RVD

Full informationwvoting for the approval of this standard can be found in the rgport on
voting ir||dicated in the above table.

Attention is drawn to the fact that a certain number of graphical symbols used in this IEEE
publication differ from the IEC graphical symbols laid down in IEC 60617.

Consequently, an Annex B has been created outlining the differences in the graphical
symbols for diagrams between IEEE C57.135:2001 and IEC 60617. This annex is not
exhaustive and only mentions the equivalences of the most important symbols used.

Once the IEC/IEEE publication has been revised, Annex B will be deleted and the graphical
symbols will be put in line with IEC 60617.

The committee has decided that the contents of this publication will remain unchanged until
2006.

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |
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IEC/IEEE Dual Logo International Standards

This Dual Logo International Standard is the result of an agreement between the IEC and the Institute of
Electrical and Electronics Engineers, Inc. (IEEE). The original IEEE Standard was submitted to the IEC for
consideration under the agreement, and the resulting IEC/IEEE Dual Logo International Standard has been
published in accordance with the ISO/IEC Directives.

IEEE Standards documents are developed within the |EEE Societies and the Standards Coordinating
Committees of the IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards
through a consensus development process, approved by the American National Standards Institute, which
brings together volunteers representing varied viewpoints and interests to achieve the final product. Volunteers
are not necessarily members of the Institute and serve without compensation. While the IEEE administers the
process and establishes rules to promote fairness in the consensus development process, the IEEE does not
independently evaluate, test, or verify the accuracy of any of the information contained in its standards.

Use of an IEC/IEEE Dual Logo International Standard is wholly voluntary. The IEC and IEEE disclaim liability for
any personal injury, property or other damage, of any nature whatsoever, whether special, indirect,
consequ 1tal, Or COMmpensdlory, direcCty Or 1ndirecty Tesultimng 1o tre publication, Or relgnce upon
this, or any other IEC or IEEE Standard document.

The IEC gnd IEEE do not warrant or represent the accuracy or content of the mdterial i rein, and
expressly| or fitness
for a spdqcifi ngement.
IEC/IEEE|Dual Logo International Standards documents are supplied “AS 1S/

The existgnce of an IEC/IEEE Dual Logo International Standard does not imply tha ‘ r ways to
produce, [test, measure, purchase market, or provide other goods dandksexvice pe of the
IEC/IEEE i S andard is
approved|and issued is subject to change brought about through € e art and
commentg received from users of the standard.

Every IEEE Standard is subjected to review at least eys i 3 isie i i When a
documen{ is more than five years old and has d, j contents,
although Ftill of some value, do not wholly refleckthe prese : g i check to
determing that they have the latest edition of 2

In publishing and making this document availa rendering
professional or other services for, or on behalf of, any pe 9 dertaking
to perforrth any duty owed by any other persgn o it 2 pny other
IEC/IEEE|Dual Logo Internatio IEnda ds document should rely upon the advice of a
competenft professional in detefqini ise of freasoRable care in any given circumstances.

Interpretations — Occasionally y egarding the meaning of portions of standards as they relate
to specifi¢ applications. Whlen the i i is brought to the attention of IEEE, the Ingtitute will
initiate agtion to prepdre appropriate respohsesy Since |IEEE Standards represent a consensus of goncerned
interests,|it is impo € { int o i

interests.|For this reasen E a of its societies and Standards Coordinating Commiittees are
not able fo provide an j Naterpretation requests except in those cases where the npatter has
previously received fo }

Comments for revisi 0go International Standards are welcome from any interesfed party,
regardlesp S 1} i¥h the IEC or IEEE. Suggestions for changes in documents sheuld be in
the form ANge together with approprlate supporting comments. Comments on ptandards
and requg

Secretaryj S 3s Board, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331, UBA and/or
General § ue de Varembé, PO Box 131, 1211 Geneva 20, Switzerland.

Authorization, to photocepy portions of any individual standard for internal or personal use is grantged by the
Institute ¢f Efectrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to [Copyright
Clearance_Center To arrange for payment of licensing fee please contact Copyright Clearanceé Center,
Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy
portions of any individual standard for educational classroom use can also be obtained through the Copyright
Clearance Center.

NOTE - Attention is called to the possibility that implementation of this standard may require use of subject
matter 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. The IEEE shall not be responsible for
identifying patents for which a license may be required by an IEEE standard or for conducting inquiries into the
legal validity or scope of those patents that are brought to its attention.

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |
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IEEE Guide for the Application,

Specification, and Testing of

Phasp-Shifting Transformers

Sponsqr

Transformers Committee

of the

IEEE Rower Engineering Society

Approved 1 August 2002
Amerigan National Standa

Approved 6 Decerr e
IEEE-$A Stan 3

Abstradt: phase-shifting transformers, and the difference of specffication
and testi m transformers are described. Various types of phaseishifting
transfo  How ect the optimal design to achieve required control of power flow are
covere An tdenstanding of the terminology, types, construction, and testing specifical to| phase-
shifting

Keywords?,“advance~’phase angle, dual-core design, main transformer, power transfer,|phase-
shifting|transformer, retard phase angle, series transformer, single-core design, special tegts
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IEEE Introduction

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.

— Organizations responsible for testing phase-shifting transformers.

This guide is designed to help organizations
A tets—types—of-phase-sk Jiugs ASTory ate—How opty) them to obtain

phase-shifting

— |

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |
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GUIDE FOR THE APPLICATION, SPECIFICATION,
AND TESTING OF PHASE-SHIFTING TRANSFORMERS

1. Ovdrview

1.1 Scope

This gu|de covers the application, specification, theory of epe S\ ary’and field festing of single-
phase gnd three-phase oil-immersed phase-shifting tra

This gdide is limited to matters partic notNinclude matters relating to general
requirements for power transformers cot i S, or guides.

1.2 Puipose
The terminology, functionapplicati the f PSTs are not
covered i provide guidance

to thosg specifying, des

2. References

This stgndard g standards are

superse

NOTE TKe s 2 ) nt among

publications issued byECY published
hittees on

by other prganizati g regional or national levels. However, following comments made by national comy
14/491/FIpIS, eH ined that as no IEC publications exist that are exactly equivalent to IEEE standardd, it would
be misleafling to-provide réferences to similar IEC publications. This standard therefore includes references in thig clause to
IEEE standards’only.

IEEE Std 693-1997, IEEE Recommended Practices for Seismic Design of Substatfons.
IEEE Std 1313.1-1996, IEEE Standard for Insulation Coordination—Definitions, Principles, and Rules.

IEEE Std C37.90%:2002, IEEE Standard Surge Withstand Capability (SWC) Tests for Protective Relays
and Relay Systems.

1The IEEE standards or products referred to in Clause 2 are trademarks owned by the Institute of Electrical and Electronics Engineers,
Incorporated.

2IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 18®8&yPisca

NJ 08855-1331, USA (http://standards.ieee.org/).

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |
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IEEE Std C57.12.0862000, IEEE Standard General Requirements for Liquid-Immersed Distribution,
Power, and Regulating Transformers.

IEEE Std C57.12.161988, American National Standard for Transformers 230 kV and Below 833/958
through 8333/10 417 kVA, Single-Phase, and 750/862 through 60 000/80 000/100 000 kVA, Three-Phase
without Load Tap Changing; and 3750/4687 Through 60 000/80 000/100 000 kVA with Load Tap Chang-
ing—Safety Requirements.

IEEE Std C57.12.782000, IEEE Standard Terminal Markings and Connections for Distribution and Power
Transformers.

IEEE Std C57.12.802002, IEEE Standard Terminology for Power and Distribution Transformers.

IEEE Std C57.12.901993, IEEE Standard Test Code for Liquid-Imme
Regulating Transformers, and IEEE Guide for Short Circuit Testing of Djsthi

d Distrikution, Power, and
¢r Transformers.

IEEE Std C57.19.001991 (Reaff 1997), IEEE Standard General Req Procedures for
Outdoof Power Apparatus Bushings.

IEEE Std C57.19.011991 (Reaff 1997), IEEE Standard Perfqrm S cter Dimensions for
Outdoof Apparatus Bushings.
IEEE S}d C57.19.1001995 (Reaff 1997), Lishings.

Pad-Mounted
se.

IEEE 9
Distriby
IEEE S ormers.

IEEE S

3. Def

All definitions, except as's ifi C57.12.80-1978
andThe i i

3.1 ady
voltage

pad (L) terminal

3.2 excjtation-regulating winding: A two-core phase-shifting transformer (PST) design in which the main
unit hag-one winding operating as an autotransformer that performs both functions listed under excitation
and redUfating winding of & two-core PST.

3.3 excitation winding: The winding of a phase-shifting transformer (PST) that draws power from the
source to energize the PST.

3.4 excited winding of a two-core phase-shifting transformer (PST)he winding of the series unit that
is excited from the regulating winding of the main unit.

3The numbers in brackets correspond to those of the bibliography in Annex A.

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |
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3.5 L terminal: The L terminal is used to measure the voltage phase-shift angle when compared to the S
terminal of the phase-shifting transformer (PST).

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

3.7 phase-shifting transformer (PST)A transformer that advances or retards the voltage phase-angle rela-
tionship of one circuit with respect to another.

3.8 primary circuit of a phase-shifting transformer (PST): The circuit on the input side of a single-core
PST or of the main unit of a two-core PST. This circuit is composed of the excitation winding.

3.9 ratg pr which the
PST is
3.10 ra ptween the S
and L t4

3.11 rated voltage of a phase-shifting transformer (PST)he phase 3 Ch operating
and pe i ‘ load and based on
turn rat

3.12re the PST in

which it

NOTE—] tion to the phase
angle, d

3.13re f the main unit

of a twq

3.14 refard phase e € sed in degrees that results when the L ternpinal voltage lags
the S tgrminal vo .

3.15 s6 At has one

winding

3.16 seyies unit that is

connec

all windings ‘are mournited on a single core.

3.17 sqvgle-core desigpA single-core phase-shifting transformer (PST) consists of a singlé unit in which

3.18 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).

3.19two-core designA two-core phase-shifting transformer (PST) consists of a series unit and a main unit.
The series and the main unit can be either in one tank or in separate tanks.

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |
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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 reliable and efficient service and has allowed generation sources to be, in some cases, located long
distances from large load centers. While large interconnected grids strengthen a power system’s reliability,
complications can arise with the control of steady-state power flow along certain segments of the system.
These complications can be attributed to several factors, including the impedance of parallel paths in the
power grid, variation in power generation output, variation in loads, and load center phase angles.

4.2 Bagic principle of application—advanced and retard phase angle

PSTs gre used to control the power flow in electrical power system$\W : ovs between two
systems, there is a voltage drop and a phase angle shift between the souxc heNloadl that depends upon
the magnitude and power factor of the load current. If the systeg ¢ ‘ r in two or more
parallelf paths so that a loop exists, any difference in the impe ikca balapced line loading.
Figure 1 shows an example with the load-side power factor aSsumed\to e resistances being
negligiljle with respect to their reactances. An arbitrary peo v distéibuti ned by inserting

a PST into one of the branches. Dependent upon whether the P i od i with the higher or
lower impedance, an advanced or a retard phas i . anced means that the L terminal
voltage| (VL) leads the S terminal voltage\(VS); retar (VL) lags the S

terming| voltage (VS).
Vs N % System 27,

1*21
s Vi vL Vg
1,*Z, < 1,*Z, ,*Z, > 1,*Z,
Advanced: V *| eadsVg Retard V * | agsVg

Figure 1—Load-side power factor of 1

I, X Zy—AV = I, x 1,0 AV = 1,xZ,— 1, x Z, (1)

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |
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A numerical example should illustrate this. If it is required that both systems are loaded with 50% of the
total transferred power 2S, and the impedances are assumed;te Be02 and z= .30, related to S, the
necessary additional voltage becomi®s= .30 — 0.02 = .28. Hence, a load phase angle (advanced) of about
15.6° is necessary. The total angle between source and load becomes 1.1°. In the ,case.30 and

z,=0.02, the same load phase angle (retard) would be needed but the total phase angle between source and
load would become 16.7°. If no measures were taken, the load distribution between system 1 and 2 would be
0.9375 to 0.0625 instead of 0.5 to 0.5.

A second important application is the use of a PST to control the power flow between two large independent
grids. An advanced phase-shifting angle is necessary to achieve a flow of active power from system 1 to
system 2 (Figure 2).

System 1 _A‘,/

4.3 The PST under load
So far andeal PST, i.e.,[a transforine 3 A nstrate load
conditigns, an equivalgnt cirCuiNis uUs hown in Figure 3, with an ideal PSTywitl® and an

additional transf Wi

Where

cosp | isdoad power factor,

ZT ib tlallbellllUl illlpt:ulcll ILT,
B is transformer load angle,
a is phase-shift angle,

+ advanced

— retard.

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |
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Figure 3—Demonstration of load conditions

The phasor diagram of the PST can be drawn. Starting with the load the ohmic
and regctive voltage drop in the 1:1 transformer, the load chLa*@ itS pri tained. The
load phiase angl@ can be calculated by using Equation (2).
_ I, xXxcosp —1 xRxsing,

p= alrCtanVL+|L><X><sin¢L+|L><R>< cosp, @
The phpse-shifting unit addsxtand so, fi Ind a*(r)
respectjvely are obtained.

a*F o —B is phase-shift angle((loaded 3)

a'nF @ +p) (4)
To obtgin an advanced|pha n properly
under gonsiderati leis
increaspd under load! 1.8.4.

4.4 Po

A PST

that driye

circuit.
require
To eas
whole

through the line. Second, by the PST, an additional impedan
The > eff ay work against each other. Therefore, a minimum phase
| to compensate for the additional voltage drop across the PST’s impedance in the
e the followingconsiderations, the impedance of the PST has been assumed to b
egulating range, a tolerable approximation for two-core designs (the impedand

designs is commonly zero at zero degree phase shift).

With the denotations used in Figure 3 and

Po
Qo

is power transferred whan= 0 (preload)
is reactive power transferred wher= 0  (preload)

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |
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the power components at the source side become

2

P(a) = Pylcosa — QyUsina + \)/(—S* sina (5)
T
Vv 2

Q(a) = P,Csina + Q,Ccosu + X—S(l— cosul,) (6)
T

Figure 4explains the effect of the introduction of the phase-shift amdle the equation, the first two terms

reflect the effect of the phase angle on the original power flow as easily as can be derived from Figure 4. The
last termptrepresentsthe-additional-powerflow generated-by the additionalvdtagesssthe impedance

jX of the PST. Taking into consideration that the real componet\ @AV cos@/2) drives a current with a
positivg imaginary component, and the imaginary componeﬂ\/(zﬁ\fsin(a/ 2)) & cureent with @ positive

real component and thav= 2*Vs*sin(a/2), the last terms in Equation (3) & quation(4) respectively can

be confirmed without difficulties.

1,=AU/ jH=1¢*
;

Figure b
with theg }

Xr=1)

Figure e phase angle
depending on,differentpreload conditions. The maximum additional transferred power 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 the major impact
on the influence of the PST angle.

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |
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05— ‘_ = ‘ S
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Figure 5—Variation of additional power flow with t \Ps@e

A AN
SRS

eactive Power Q (pu)

Active Power P (pu)

Figure 6—Variation of power flow with the phase-shift angle a
depending on different preload conditions

4.5 Types of PSTs
4.5.1 Introduction
The basic principle to obtain a phase shift is to connect a segment of one phase into another phase. Figure 7a

shows an elementary arrangement; the phasor diagrams are drawn for no-load condition. A PST is used with
the exciting winding delta-connected. The regulating winding of piasé; is connected to phasg and
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so on. Thescheme has been plotted for subtractive polarity of the windings and the tap position has been
chosen so that the transformer produces an advanced phase angle. Under no-load condition the regulation is
symmetrical, i.e., the absolute values of source and load voltage are the same.

— AV

Vg ()
Vii (8)
Va 3 )

With considerati hexphasor diagram can be drawn and absolyte values can be

determined.
Vs1F Vi1 3 (10)
Vio (11)
AV, [ V1E12Dsin (12)
V, = V3= VIDJéDcos% (13)
ls1= 1= 1y (14)
I, = |L1E9\/_Vlmcos% = 1,12 %ind (15)

A
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The rated throughput power of the PST is shown in Equation (7).
P, = 3bv,H L1 (16)

whereas the rated design power which determines the size of the unit becomes:

Pr =3y, 0,

= P 2Lsing (17)

In practice many solutions are possible to the design of a PST. The user's electric power system
requirements and the manufacturer’s preference generally determine the design. The major factors

determ ||i||u the typc of PSTsare Uivcn betow:

Performpance factors

— The power rating and phase-shift angle requirements
— The voltages
— The connected system’s short-circuit capability

Design|factors
— Type of construction (core form or shell for

— llayer or disc winding design
— S$hipping limitations

These é type has to be chosen. These two types are

describ)

452S

With th etrical conditions are obtained. The LTC can g@lso be equipped
with a ¢ g solution permits changing from an advanced| phase angle to a
retard W e design, it is generally accepted practice to supply two sets of three
single 8 S ONE ghnected to the S terminals, and the second set ¢onnected to the L

, it is also possible to use only one-half of the tapped winding. But in that
ith respect to the source voltage with increasing phase angle (Figure 7b).

termina
case th

m L
Ve, Veir = Vo

— o Tha

Vi

Figure 7b—PST with half tap winding
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In the case of a small rated switching capacity (step voltage x through current), a solution with one two-
phase LTC per phase is possible, using an LTC assembly according to Figure 8.

S Change-over selector L

X 7

As a further example, Figure 9 shows the connecti
PST. These transformers have LTCs wi

Bxagonal
ctor.

thlinear regqulation, i.€.

/* C

S1—
S2----f-------
Ss3

S2
S3 L2

Retard position

Connection diagram and the phasor diagram of
a delta-hexagonal PST

The singlé-core design is less complex and has fewer kVA parts than two-core desigrrs, 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 short-circuit currents and overvoltages.

— \oltage per tap and current are determined by the phase angle requirement and rating of the PST and
cannot be adjusted to obtain optimum switching conditions. If one of these parameters exceeds its
limit, the solution would not be possible although the required switching capability may still be
given.

“There are numerous other possibilities, e.g., designs with de-energized operation.
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4.5.3 Two-core design

The most commonly used circuit for two-core designs is shown in Figure 10. This configuration consists of a
series unit and a main unit. For smaller ratings and lower voltages, two-core PSTs may be built into one
single tank, while large ratings and high voltage PSTs require a two-tank design.

The advantage of a two-core design is the flexibility in selecting the step voltage and the current of the
regulating winding. They can be optimized in line with the voltage and current ratings of the LTC. Since
LTCs have limited current ratings and step voltages per phase as well as limited 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.

Further| ~ fhree single-pole
LTCs hpve to be used. The LTC insulation level to ground is independen y voltage and can
generally be kept low. The potential connection of the regulating windi 3 cked (see 4.6.1) but
often itfis not critical and the values are comparable with those of a regulating i he neutral end of

Advanced position

4.6 Sp
46.1P

During is temporarily
disconrjected from the main winding. Its potential at this moment is determined by the| voltages of the
adjacentwindings—as-wellas-by the coupling-capascitances—to-these-windings—andto—graunded parts. The
resulting differential voltage exerts stress across the switching distance of the opening change-over selector
contacts. In the case of PSTs having regulation at the line end, high recovery voltages can occur due to the
winding arrangement. The change-over operation takes place in the mid-position of the LTC, i.e., when the
tap selectors are in position “K” (see Figure 8).

Figure 11 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 15-35 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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el is specified, it may be pos
, the advantage that it protec

The first

@}S 4
bperation b’ a

ecqndhpossibility is to use an advance-retard switch (ARS) as shown in Figur
vS the\reversi hange-over operation to be carried out in two steps without
regulating-winding remains connected to a fixed potential during the whole operati
parameter fox fHe ARS is the process of commutation, which has to be controlled

witched current
h the range of a

sible to use this
s the regulating
bwing solutions

ng change-over
idle of the regu-
applicable in

s are used). The
to the small resis-

b 12. This switch
hterruption. The
bn. The limiting

Dy the ARS. It is

Hetermined by the commutation of the through current from a small inductive loop t

D a larger one.

4.6.2 LTC with coarse change-over selector

By using the change-over selector for inserting a coarse regulating winding, the achievable phase angle in
one direction can be enlarged. If a change from advanced to retard position is required, an additional
switching device, which has to be designed like an ARS, is necessary so that the switching can be performed
without interruption of the load current. The ARS has to control the process of commutation which, in this
case, is not only determined by the loop formed by the connecting leads but also by the impedance of the
winding itself. If the reversing operation can be carried out with a de-energized transformer, an off-circuit
tap changer is sufficient. Figure 13 shows different arrangements with coarse change-over selectors (a, b)
and, in addition, the use of two LTCs (c). Also the arrangement of an ARS for the exciting winding of the
series transformer is shown in (b).
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Figure 12—Use of ARS

46.3N

See Tal

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 MVA rating of the bank of
series connected PSTs is equivalent to the MVA 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.

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |



https://iecnorm.com/api/?name=06f67456c19047aee69dbd5913a81ae3

—-22 - IEC 62032:2005(E)
IEEE C57.135-2001(E)
Table 1—Minimum number of LTCs required
Type Figure Regulation Number of LTCs Number of ARSs
7a LTC with reversing 3 two-phase units or
Single- core change-over 6 smgle-gpase unfts None
7b selectof 3 single-phase unfts
LTC plus ARS
acting as a reversing N . .
12 change-over 6 single-phase units 3-6 urfits
selector
LTC without change-
9 over 6 single-phase units Non
selector (linear
regulation) (
LTC with reversing 1 three-pha: it
Two-core 10 change-over (wye-connected) o x\ e
selector 3 smglezprw nit
. t \/
13(a) LTC vagi?]e coarse e- co;:ﬁ(’:%&)\gr\ 1-3 unit§
9 sm@phas un
LTC with Sever '{:i ‘ 1-3 unit§
13(b) coar%
Two LTGs in § s
13( ar h & ingle-phase unfts 1-3 unit8
over tor and
N 3 single-phase units

472 P

If two d
parallel
equival

ot skown on Figure 7a and Figure 7b.
rough current. The two-phase LTCs have to be

'The reversing chapge-ovi
Dependln ateg switc |ng pa
ed accord' i .

PSTs are connected in parallel, the impedance from each
to provide guced total impedance. The MVA rating of the bank of parallel-co
bni-to.the sumof the MVA ratings of all parallel-connected PSTs. For example, two

connect-

PST combine in
hnected PSTs is
100 MVA PSTs,

each w

thha’5° phase shift and 10% impedance connected in parallel will be equivalent to o

with a 5° phase shift and 5% impedance.

4.8 De

sign criteria

4.8.1 Phase angle

he 200 MVA PST

The rated phase angle is defined under no-load conditions. However, it should be noted that the unit is

unlikely to operate at this phase angle under load in the advanced position due to the effect of the voltage

drop in the unit. In the retard position the no-load phase angle should not be exceeded (unless the unit has
been designed for that), as overexcitation will occur in parts of the PST (see also 4.8.4). In the retard position

the power that can be transferred is usually lower than the rated power in the advanced position.
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4.8.2 Dielectric design of the two-core type

The transmission of transient voltages in the two-core design is rather complex. When applying impulse
tests to either the S or the L terminals of the series transformer, the connected exciting winding of the main
transformer will also be exposed to a high voltage. There may be high-voltage oscillations of the connecting
leads, depending on the capacitive voltage control of the series winding. High voltages may be transferred to
other windings coupled to the series winding or to the excitation winding. Therefore, rather complex
computer models may be required to compute the transient voltages for this configuration.

4.8.3 Special considerations for a two-tank design

When the two-core design is used with two tanks, special precautions must be taken to design connections

the lea
conditig
which v
would re
metal &
circuit.

4.8.4 O

Overlog
internal
positior
phase
single-q
the ratgd voltage. Further
degree [of overexcitation wi
ratio of the impedances|of sel

It must{—beside
the parameters’ voltage pe

design.

5. Seryi

PSTsc

5.1 Uspal service conditions

bltage level so that
I power frequency
5 an internal fault,
r this special case
mmended to use
sources of a short

ting increases the
he retard

um rated no-load
rIage per step of a
this case, exceed
erience a certain

nces for the regulating winding. The degree depends on the

coré(s) may be overfluxed—therefore also be|checked whether
and switching capability are still within the limits of the LTC

de will be suitable for operation at rated voltage and rated kVA Jas follows:

These conditions shall be as stated in IEEE Std C57.12.00-2000, 4.1.1 through 4.1.7, and 4.1.9; 4.1.8 shall

not apply. In 4.1.6.1 (a), the wosecondaryshall mean 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 service. This shall include breaker or switch operations resulting from faults external

and internal to the PST.

b) The PST shall be suitable for energization by voltage applied to 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 te&ard position has to be considered.

d) Seismic requirements shall be as specified in IEEE Std 693-1997. The seismic zone shall be
provided by the purchaser. The foundation design shall be provided to the PST manufacturer by the

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |



https://iecnorm.com/api/?name=06f67456c19047aee69dbd5913a81ae3

f)

—24-— IEC 62032:2005(E)
|EEE C57.135-2001(E)

purchaser. Thenanufacturer shall provide for differential motion between the two tanks, if used, and

in the case of remotely mounted radiators provide for their differential motion.

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 purchaser
and manufacturer.

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
design for lightning impulse and switching surges. This condition will require additional testing with

the terminals connected, as in operation, to demonstrate that the insulation level meets the specified

BIL.

observed for retard operation under overload. These limits my
upon by the purchaser prior to completion of the PST desigr

5.3 Unpsual service conditions

The unpsual conditions shall be the same as those i
Additiopal unusual service conditions that may app

5.3.1 Operation with two or more PSTs{n pa

rer R nameplate data, test data, and

The purchaser shall ensure the manu
information necessary to design the PSTs fo e

manufacturer the LTC's contre

el manufacturer and

12.00-2000, 4]3.1 through 4.3.3.

applicable system

aring. The purchaser must specify in detail to the
the purchaser. If the manufacturer provides the

LTC’s ¢ontrols, the purcha S the cbotrol scheme used with any existing PSTs to the

manufacturer to ensure

5.3.2 Operation T ' i ies.cépacitor banks

If the RAST is, or
pointed| out to ths

eries with a series capacitor bank, this operating tondition shall be
He purchaser. The operating conditions shall be s$pecified and the

protecti ) purchaser to prevent series resonance shall be proyvided to the PST

manufg ‘ QY onsiderations in design.

533U

The pufchaSer*mustyprovide details of operating conditions that will subject the PSTs to (

nbalanced phase

currentg«and voltages that may exceed allowable standard limits. The manufacturer will provide for these

conditions during the desigm of the PSTS. THhe folfOwing are exampies of Operatng con
produce such problems:

itions that could

a) Unbalances resulting from operation of parallel transmission lines in close proximity to the PST
connected lines, where line transpositions are unequal resulting in unbalanced voltage at the PSTs

and unequal current flow through the series windings.

b) Single-pole operation of the circuit breakers following line faults where single-pole reclosing is

utilized
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5.3.4 Transient recovery voltages

Transient voltage may exist circuit breakers are operated. These conditions may be between the PST and the
circuit breaker.

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 prgtectio ETTTE TETO endedfor PSTs s simitar tothatfor power tramsformersywith one notable
exceptipn: differential relaying. In general, transformer differential relays (are designéd| to allow for a
difference between the primary and secondary currents of the transforpder of @t\east 1006 because of the
voltage[taps. This is done by means of restraint windings (or logic) that desensitizethe xglay during heavy

through gland load currents,
the cur 5.4.1, differential
schemg und protection is
also ing led discussion of
differen . [B4], lbrahim,
Stacon h are discussed

in 5.4.2

541D

The co ser must agree to
the locations before the design can be\finalized:sine Protection
schemg ¢ ngements.

54.1.1

A differ gements shown in Figure 7a and Figure 7b should provide

primary misoperate because of PST core saturationl. A three-phase

transfofmer differentia ith three restraint elements per phase. It is prefetfable that the CTs
have th hdugh the relay can typically compensate for some mismatch.

5.4.1.2

The md erential scheme for the two-core arrangement (see Figure 10) is shown in Figure 14
and Fig . There gre two sets of differential protection. Figure 14 shows the primary get and Figure 15,

the secpndary set. The two sets provide differential protection with redundancy.

The primary differential relay (Figure 14, 87P) requires a set of CTs in the neutral of the primary winding of
the main 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
of the main 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
main 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 main unit (see “Applied Protective Relaying” [B1], and Sen, Craig
[B23]), the zero sequence impedance will be much lower and 51N1 must coordinate with line side ground
relays. The 51N1 relay is also subject to false operation due to inrush current when the main unit is
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energized. @ prevent this from happening, the relay must be desensitized or a relay with second harmonic
restraint used (see Plumptre [B22]). The associated CT may be external to the tank.

The secondary differential relay (Figure 15, 87S) requires a set of CTs in the neutral of the secondary of the
main unit. They will also most likely be inside the tank. The ratio of these CTs will be determined by the
ratio (K) of the series unit, as shown in Figure 15. The differential relay can compensate for some CT
mismatch. The rating of the CTs should closely match the high side CTs. A three-phase transformer
differential relay is required with three restraint elements per phase. The integrity of this scheme depends on
the value of “K” remaining constant—the series unit not saturating. Since the voltage rating of the series unit
is considerably smaller than rated phase-to-ground voltage, it is possible that it might saturate during heavy
through faults (see Ibrahim, Stacom [B8]). If series unit saturation is a problem, desensitizing the secondary
relay system is required. A ground relay (50N2) is usually installed in the neutral of the main unit secondary
winding. This relay can be set quite sensitive since there should be current/in it~anly dur|ng a fault in the
main uiit secondary circuit. The associated CT may be external to the ta

5.4.2 Other types of protection
5.4.2.1(Sudden pressure (rapid rate of rise) relaying

Suddern pressure relays protect for arcing faults. It is co
relays fpr each oil-filled tank and separate compartme
The PS
settingy

e sudden pressure
bn the oil volume.
ure relays and the
hent.

54.2.2

elief device. It is
r of pressure relief

Each o
commo
devices

O
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Figure 14—Primary differential relay
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Figure 15—Secondary differential relay

5.4.2.3|Gassaccumulation rela y

Gasbhubbles generated in the oil will migrate toward the top of the oil compartment. The use of a device to
accumulate the gas and cause an alarm or trip is recommended for each compartment.

6. Rating data

In general, rating data for PSTs should be in accordance with the requirements for power transformers as
covered in IEEE Std C57.12.00-200dth the following exceptions or additions.
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arity, angular displacement, and terminal markings

6.1.1 Terminal markings unique to PSTs

The designations H and X shall not be used and shall be replaced by S and L to indicate the source and load.
The S terminals shall be mark8d S,, Sz, and (if applicablej,. The L terminals shall be markégl, L,, Ls,
and (if applicable)q. Y and Z designations shall be used for additional windings that are brought out of the

tank.

6.1.2 Enclosed throat connection terminal markings

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

referen

6.2 1m

Impedance shall be in accordance with IEEE Std C57.12.00-RatDC

6.2.1 G
Rated i
6.2.2C

The im
specify
impeda
impeda

The na
zero ph
The na|

maximun

accepta

for inclysi

The usé

6.3 Nameplates
Nameplates shall b; jn PE Std C57.12.00-2000 with the following addit

Ce and cannot be confused with the markings of the external transforpher texminals.

pedance

eneral

mpedance shall be at zero phase-shift connect|

pedance of PSTs can vary substanti : S e-0f phase-angle regulatio
the acceptable ranges of impedg d\the nufacturer shall calculate and

erification of impedance value
hce should be speg purchaser and manufacturer.

the phase shift in degrees from the S to the L termi
\tap position in the advance and retard direction while op

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

h. The user must
rovide a matrix of
5 other than rated

on:

hals starting at the
brating at no-load.
ihile operating at
vhich result in

ion.

7. Construction

In general, construction requirements for PSTs should be in accordance with the requirements for power
transformers, as covered in IEEE Std C57.12.00-2000 and other applicable IEEE standards based on kV and
kVA ratings, with the following exceptions or additions.
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7.1 Enclosed throat connections
Enclosed throat connections in fully assembled condition must meet the pressure and vacuum requirements

of PST tanks for all designs that subject the enclosed throat connection to the same operating pressures and
vacuum levels as the transformer tank.

7.2 Liquid insulation and preservation system

Liquid insulation and preservation systems shall be in accordance with IEEE Std C57.12.00-2000 with the
following addition.

7.2.1 TWo tank designs with enclosed fiquid-fiffedthroat connection

to the insulating
ation or removal
modate thermal

Enclosg
fluid frdg
without
expans

For a 3 bguire a separate
conser

Foras n of the insulating
fluid in rvator system of
the mai b analysis to isolate

problems will be complicated.
For thrgat connections that place barriers be bot
with thg following accessox

— (Gas accumulatio

Pressure r e
Liquid fillin d.dra

Rapid rate of K

e'tanks and the throat, the throat shall be equipped

——m — e

8. Shd

8.1 Sh

8.1.1 General

PSTs shall comply with the short circuit requirements of IEEE Std C57.12.00-2000, unless otherwise agreed
upon by the purchaser and manufacturer.

8.1.2 Transformer categories

The kVA rating to be considered for determining the category should be the equivalent to the rating
according to IEEE Std C57.12.00-2000.
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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 C57.12.00-2000. 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 C57.12.90-1993. 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.

For twg-core PSTs this usually requires a test on the zero phase-shift positi
the sellies transformer, and a second test on a position to be agr
manufgcturer.

tion involves only
en customer and

9. Control system

9.1 Control equipment and accessories

Control optrof ofthe tead tap changing eqdliipment shall be
providef. @I

The control system of a PST includes a senasing app to the system real
power fi P to an exchange
defined| as forward power flow (FPF), i.e) ‘ 7 inals. Similarly,
negative (-) values of pow 1o e defined as reverse power flow (RPF), i.e., power

from ndrmal L terminal

The control syst Is S 8 device to interpret the input of the sensing apparatus, relate the
input td condition j \
function

The to rnished as a complete package with the transformer; however, the

stand- system makes it appropriate to consider the control sygtem in a unified
context

A weat 8 t shall be provided for housing the automatic control and relgted devices. The
cabinet -

9.2 Requirements
9.2.1 Environmental

The control must withstand —40 °C-80 °C control enclosure temperature, relative humidity from 0-100%
and altitude of up to 3000 m without loss of control.

9.2.2 Set point adjustment ranges

The default device shall accommodate parameter set point adjustment as follows.
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a) Power flv adjustable from at least —2.0 pu—-2.0 pu
b) Power flow bandwidth adjustable from at least 0.025 pu-0.25 pu
c) Fixed time delay adjustable from 0 s to at least 120 s

NOTE—The base power (1.0 pu power) will be scaled as required based upon the transformer rating.
9.2.3 Accuracy
The control system error shall be 1.0% or less. The accuracy is based upon 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 base llowing reference
conditigns: ambient temperature of 25 °C, rated system frequency, no har n the line, and the
PST ddllivering rated kVA at rated voltage.

9.2.3.1|Accuracy determination criteria

The ern
(+) errg
the pos
control

:I;e maximum plus
e of the sum of
ed accuracy of the

a) s operated in its
se of supplemen-
e is varied in the

hcy at the refer-

bnce conditions.
b) Error in the control all due
Control system spasing apparat

ncy to which the

system frequency

X e conditions.

c) [Errorin t)ﬁ} 5 em\dueto the power throughput of the PST. The power throughput of the
PST to wh s s IS connected is varied in the range of —2.0 pu-2.0 pu (where 1.0

DU is taken 3 Aofthe/PST) while holding the ambient temperature and the power sys-

9.2.3.2
The ac t points.

9.24A

The folle
system.

aut of the control

a) Means for display of particular parameters of interest:
1) Phase angle of power system voltage, S terminals relative to L terminals
2) System kVA throughput
3) Power throughput, including direction as forward flow or reverse flow
4) Reactive throughput, including direction as forward flow or reverse flow
5) Tap-changer operations counter
6) Tap-changer tap position
b) Status alarms:
1) Control self-check—discrepancy detected
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2) Tap changer at end of advance tap range
3) Tap changer at end of retard tap range
4) Control system unable to accomplish desired (set point) system power flow

c)

Mode selection

1) Off/local manual control/automatic control selector switch
2) Local manual control—advance/retard control switch

9.3 Test code for control systems

9.3.1 Design tests

9.3.1.1 Petermimmatiorrof accuracy of comntrotsystem

9.3.1.1{1 Test for error in power due to control system inaccuracy

This dgsign test is made at rated power system frequency = O,

differenice in control system power flow recognition to actual systé

in stepg of 0.25 pu.

9.3.11

This tes

differen r flowv at ambient tempel

9.3.1.1
This te
control
—0.25%
9.3.1.1
For eaq
recordsd
the thre
greater

9.3.1.2

The SW

system power flg
, at rated freque

4 Total co@s §

itive error or greatest negative error for a given test 1

CAest'is a design test for the control device in its operating environment. In order tg

control

device shall continue to operate properly after the test. Refer to IEEE Std C37.90.1

9.3.2 Routine tests

9.3.2.1

Applied voltage test

1 °C. Record the

—1.5 pu-1.5 pu

1 Hz. Record the

5t is made at 1.0 p > . the difference in

rated frequency

htest negative error
hay be zero.) Sum

he three negative errors. The error of the control systen is taken to be the

pass this test the
119809.

The control device shall withstand a voltage of 1500 V at rated system frequency from all terminals to case
for 1 minute. The test shall be performed with the control device disconnected from the system. After the
test, it shall be determined that no change in calibration or performance has occurred.
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9.3.2.2 Operational test
All features ofthe control device and its peripherals will be operated and checked for verification of proper

functioning. The control is also calibrated at this point.

10. Testing of PSTs

10.1 General

Unless otherwise specified, all tests carried out at the factory should be made in accordance with IEEE Std
C57.12[90-1993."Additional tests, particular to PSTS, are defined in 11.2,S tests fof PSTs. Since the
method of testing PSTs is dependent on the design, the testing methods wi greed upon by the
user and manufacturer.

10.1.1 Test set-up for PSTs

10.1.1.1 Resonant frequency and transient voltage tests

These SSER air.” However, fhey can also be
perforn f to required test
points. bd as for impulse
testing.

These atural frequencies at vaflious points in the
windings at all tap combinations and co i can be compared and evaluated Wit’|L studies.

10.1.1.2 Temperature test

ed for connections to windings, which [are not normally
gistances for the temperature tests and to determine the losses

In mosy cases tempora

accessible, in or
and thd distributio

The log N and is subject to
agreem hte to determine the
losses b provided by the
manufa

10.1.1.

For dielectric-tests each tank with its corresponding core and windings should be connectgd electrically and
mechanically together as for the service condition In mast cases_temporary bushings milist be installed on
lower voltage windings in order to perform the IEEE standard low frequency induced test on the higher
source and load side windings.

In very high 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 low-frequency induced test
through the use of temporary bushings.

[ Published by IEC under licence from IEEE. © 2005 IEEE. All rights reserved. |



https://iecnorm.com/api/?name=06f67456c19047aee69dbd5913a81ae3

	IEC 62032:2005/IEEE C57.135-2001
	Contents
	Foreword
	IEEE Introduction
	1. Overview
	1.1 Scope
	1.2 Purpose

	2. References
	3. Definitions
	4. Application and theory of PSTs
	4.1 Introduction
	4.2 Basic principle of application—advanced and retard phase angle
	4.3 The PST under load
	4.4 Power transfer
	4.5 Types of PSTs
	4.6 Special on load tap changer (OLTC) features
	4.7 Arrangement of more than one PST
	4.8 Design criteria

	5. Service conditions
	5.1 Usual service conditions
	5.2 Loading at other than rated conditions
	5.3 Unusual service conditions
	5.4 Protection

	6. Rating data
	6.1 Polarity, angular displacement, and terminal markings
	6.2 Impedance
	6.3 Nameplates

	7. Construction
	7.1 Enclosed throat connections
	7.2 Liquid insulation and preservation system

	8. Short-circuit characteristics
	8.1 Short circuit requirements

	9. Control system
	9.1 Control equipment and accessories
	9.2 Requirements
	9.3 Test code for control systems

	10. Testing of PSTs
	10.1 General
	10.2 Special tests for PSTs

	11. Tolerances
	11.1 General
	11.2 Tolerances for ratio of series and main units
	11.3 Tolerance for phase angle and impedance

	12. Bid document checklist
	12.1 Nontechnical information
	12.2 Technical information
	12.3 Special requirements or conditions
	12.4 Additional information

	Annex A (informative) Bibliography
	Annex B (informative) Differences of graphical symbols for diagrams between IEC 60617-DB:2001 and IEEE C.57.135:2001  
	Annex C (informative) List of Participants




