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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
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
(hereafter referred to as “IEC Publication(s)”). Their preparation is entrusted to technical committees; any
IEC National Committee interested in the subject dealt with may participate in this preparatory work.
International, governmental and non-governmental organizations liaising with the IEC also participate in
this preparation.

IEEE Standards documents are developed within IEEE Societies and Standards Coordinating Committees
of the IEEE Standards Association (IEEE-SA) Standards Board. IEEE develops its standards through a
consensus development process, which brings together volunteers representing varied viewpoints and
interests to achieve the final product. Volunteers are not necessarily members of IEEE and serve without
compensation. While IEEE administers the process and establishes rules to promote fairness in the
consensus development process, IEEE does not independently evaluate, test, or verify the accuracy of
any of the information contained in its standards. Use of IEEE Standards documents is wholly voluntary.
IEEE documents are made available for use subject to important notices and legal disclaimers (see
http://standards.ieee.org/IPR/disclaimers.html for more information).

IEC collaborates closely with IEEE in accordance with conditions determined by agreement between the
two organizations.

2) The formal decisions of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees. The formal decisions of IEEE on technical matters, once consensus
within IEEE Societies and Standards Coordinating Committees has been reached, is determined by a
balanced ballot of materially interested parties who indicate interest in reviewing the proposed standard.
Final approval of the IEEE standards document is given by the IEEE Standards Association (IEEE-SA)
Standards Board.

3) IEC/IEEE Publications have the form of recommendations for international use and are accepted by IEC
National Committees/IEEE Societies in that sense. While all reasonable efforts are made to ensure that
the technical content of IEC/IEEE Publications is accurate, IEC or IEEE cannot be held responsible for the
way in which they are used or for any misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
(including IEC/IEEE Publications) transparently to the maximum extent possible in their national and
regional publications. Any divergence between any IEC/IEEE Publication and the corresponding national
or regional publication shall be clearly indicated in the latter.

5) IEC and IEEE do not provide any attestation of conformity. Independent certification bodies provide
conformity assessment services and, in some areas, access to IEC marks of conformity. IEC and IEEE
are not responsible for any services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or IEEE or their directors, employees, servants or agents including
individual experts 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.

8) 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.

9) 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
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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 voting indicated in the above table.

The IEC 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 web site under "http://webstore.iec.ch" in the data related to the specific publication.
At this date, the publication will be

* reconfirmed,

e withdrawn,

* replaced by a revised edition, or
* amended.
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IEEE Std C57.135™-2011
(Revision of
IEEE Std C57.135-2001)

IEEE Guide for the Application,
Specification, and Testing of Phase-
Shifting Transformers

Sponsor

Transformers Committee
of the
IEEE Power & Energy Society

Approved 16 June 2011

IEEE-SA Standards Board

Abstract: Theory, application of phase-shifting transformers, and the difference of specification
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 are covered. An understanding of the terminology, types, construction, and testing specific to
phase-shifting 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.

—  Organizations responsible for testing phase-shifting transformers.

This guide is designed to help organizations:

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

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

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

This guide is intended to satisfy the following objectives:

— Promote consistency within organizations for the application 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 this guide was first published in 2001, several recommendations from users and manufacturers 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 (1) was divided into two parts to show the difference between advance and retard
operations.

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

— Various 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. J Documents
Document Sharing Hub
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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 of IEEE standards should be aware that these documents may be superseded at any time by the
issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect. In order to determine whether
a given document is the current edition and whether it has been amended through the issuance of
amendments, corrigenda, or errata, visit the IEEE Standards Association web site at
http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.

For more information about the IEEE Standards Association or the IEEE standards development process,
visit the IEEE-SA web site at http://standards.ieee.org.

Errata

Errata, if any, for this and all other standards can be accessed at the following URL:
http://standards.ieee.org/reading/ieece/updates/errata/index.html. Users are encouraged to check this URL
for errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/
index.html.

Patents

Attention is called to the possibility that implementation of this guide may require use of subject matter
covered by patent rights. By publication of this guide, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. The IEEE is not responsible for identifying Essential
Patent Claims for which a license may be required, for conducting inquiries into the legal validity or scope
of Patents 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 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-Shifting

Transformers

IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or

environmental protection. Implementers of the standard are responsible for determining appropriate

safety, security, environmental, and health practices or regulatory requirements.

This IEEE document is made available for use subject to important notices and legal

disclaimers. These notices and disclaimers appear in all publications containing this document and

may be found under the heading “Important Notice” or “Important Notices and Disclaimers

Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at

http://standards.ieee.org/IPR/disclaimers.html.

1. Overview

1.1 Scope

This guide covers the application, specification, theory of operation, and factory and field testing of

single-phase and three-phase oil-immersed, phase-shifting transformers (PSTs).

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.
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1.2 Purpose

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.

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 anv amendments or corrigenda)

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

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

Clearances in Air.

IEC 60076-5, Power Transformers—Part 5: Ability to Withstand Short Circuit.

IEC 60076-7, Power Transformers—DPart 7: Loading Guide for Oil-Immersed Power Transformers.

IEEE Std 693TM 1997 TEEE Recommended Practice for Seismic Design for Substations.””

IEEE Std C37.90.1TM.1989 2002IEEE Standard for Surge Withstand Capability (SWC) Tests for

Proteetive Relays and Relay Systems Associated with Flectric Power Apparatus.

IEEE Std C57.12.001M-2006, IEEE Standard General Requirements for Liquid-Immersed

Distribution, Power, and Regulating Transformers.

1 IEC publications are available fromthe Sales Department ofthe 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 IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, -O-Bex3334
Piscataway, NJ 0885454141433+, USA (http://standards.ieee.org/).

3 The IEEE standards or products referred to in this clause are trademarks owned by the Institute of Electrical and

Electronics Engineers, Incorporated.
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IEEE Std C57.12.801 M-2002, IEEE Standard Terminology for Power and Distribution Transformers.

IEEE Std C57.12.90TM—1—998, IEEE Standard Test Code for Liquid-Immersed Distribution, Power,
and Regulating Transformers, and IEEE Guide for Short-Circuit Testing of Distribution and Power

Transformers.

3. Definitions

For the purposes of this document, the following terms and definitions apply. The IEEE

Standards Dictionary: Glossary of Terms & Definitions”_should be consulted for terms not defined in this

clause.

All other definitions, except as specifically covered in this guide, shall be in accordance with
IEEE Std C57.12.80_". 197

tB461.

advance phase angle: The phase angle expressed in degrees that results when the load (L) terminal

voltage leads the source (S) terminal voltage.
excitation-regulating winding: A two-core phase-shifting transformer (PST) design in which the
exciting srainr unit has one winding operating as an autotransformer that performs both functions

listed under excitation and regulating winding of a two-core PST.

excitation winding: The winding of a phase-shifting transformer (PST) that draws power from the

source to energize the PST.

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

5 Information on references can be found in Clause 2.
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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 main unit.

exciting srain 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 winding

on the high-voltage side of the exciting unit.

phase-shifting transformer (PST): A transformer that advances or retards the voltage phase-angle

relationship of one circuit with respect to another.

rated kVA 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 angle measured between the S

and L terminals at maximum advance and/or retard tap position under no-load condition.

rated voltage of a phase-shifting transformer (PST): The phase-to-phase voltage to which operating
and performance characteristics are referred. The voltage ratings are to be defined at no-load and

based on turn ratios.

regulated circuit of a phase-shifting transformer (PST): The circuit on the output side of the PST

in which it is desired to control the voltage, e+ the phase relation, or both.
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NOTE—In the regulated circuit the voltage may be held constant, or may vary with or without

relation to the phase angle depending on the type of PST.’

regulating winding: The winding of a single-core phase-shifting transformer (PST) or of the

exciting mairr unit of a two-core 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 terminal voltage.

series unit of a two-core phase-shifting transformer (PST): The core and coil unit that has one or

more windings connected in series with # the line circuit.

series winding(s) of a two-core phase-shifting transformer (PST): The winding(s) of the series unit

that is (are) connected in series in the line circuit.

single-core design: A single-core phase-shifting transformer (PST) has eensists-ef-a—singleunitin

whieh all windings are-mounted on a single core.

S terminal: TheS terminal is the terminal that is used as the fixed reference point when measuring

the voltage phase angle of a phase-shifting transformer (PST).

two-core design: A two-core phase-shifting transformer (PST) consists of a series unit and a exciting

main unit. The series and the exciting sain unit can be either in one tank or in separate tanks.

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

implement this standard.
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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. Although hile 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 pathsin the power grid, variation in power generation

output, and variation in loads and load center phase angles.

4.2 Basic principle of application —advanced and retard phase angle

PSTs are used to control the power flow in electrical power systems. When power flows between
two systems, there is a voltage drop and a phase—-angle shift between the source and the load that
depends upon the magnitude and power factor of the load current. If the systems are connected
together in two or more parallel paths so that a loop exists, any difference in the impedances will
cause unbalanced line loading. Figure 1 shows an example with the load side power factor
assumed to be 1 and the system resistances being negligible with respect to their reactances. An
arbitrary power flow distribution can be obtained by inserting a PST into one of the branches.
Dependent upon whether the PST is installed in the branch with thehigher or lower impedance, an
advanced or a retard phase angle is needed. Advanced means that the L terminal voltage (V) leads

the S terminal voltage (VS); refard means that the L terminal voltage (V]) lags the S terminal

voltage (VS).
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Figure 1 —Load side power factor of 1
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Equation (1a) and Equation (1b) illustrate the advance and retard operations shown in Figure 1.

D*Z2-AV -1 *Z11i=0 = AV=D*Z>-I1* 71 (1a)
L*Z1+AV-D*7=0 = AV=D*7Z-I1* 71 (1b)

A numerical example should illustrate this. If it is required that both systems are loaded with 50%
of the total transferred power 2xS and the impedances are assumed to be z; = 0.02 and z, = 0.30,
related to S, thenecessary additional voltage becomes AV = 0.30 — 0.02 = 0.28. Hence, a load phase
angle (advanced) of about 15.6° (=arctan(0.28)) is necessary. The total angle between source and

load becomes minus 1.1°. In ke case with ef z; = 0.30 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, then 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).

AV
System 1 _— 5 System 2 AV, 17
/ ﬁ
rb Vi®
Vv \‘\
¢ \
\
\
\

Figure 2 —Advanced phase-shifting angle
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4.3 The PST under load

So far an “ideal” PST (i.e., a transformer with an impedance zr = 0) has been dealt with. To

demonstrate load conditions, an equivalent circuit phasor diagram is used as shown in Figure 3

with an ideal PST with zr = 0 and an additional transformer with a turns ratio of 1:1 and an

impedance zr = Rr + jXr.

where

Vi is load-side voltage (no-load)

Vi is load-side voltage (loaded)

Vs@ s source-side voltage (advanced)
Vsw  is source-side voltage (retard)

I is load current

cos ¢, is load power factor

zZT is transformer impedance
B is transformer load angle
a is phase-shift angle

+ advanced

- retard
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Vsm

Figure 3 —Demonstration of load conditions

Next, the phasor diagram of the PST can be drawn. Starting with the load voltage V; and
calculating the ohmic and reactive voltage drop in the 1:1 transformer, the load voltage V,* atits

primary-side can be obtained. The load phase angle Bcan be calculated with by—wusing Equation (2):
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f = arctan I x X~ mslgnr_ — 1, xRxsing, = arctan :
V,»l, x X xsing@, +1, xR xcosg, 100+ £, xsing,

Lo KCosQ,

(2)

The PST phase-shifting—unit adds, +aand so, finally, the load phase angles of the transformer o,

and o, respectively, are obtained as shown in Equations (3) and (4):

oty =ax— is phase-shift angle (loaded) advance (3)

oty =— (a+ P) is phase-shift angle (loaded) retard (4)

On the one hand, to obtain an advanced phase angle o) under load, the no-load phase anglea has

to be chosen properly under consideration of the phase angle o) g- of the PST. On the other hand,
the retard phase angle o*(r) is increased under load. This has an impact on transformer and tap

changer as discussed dealt-with in 4.8.4.

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, by the PST’s an 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 wholeregulating range, a tolerable
approximation for two-core designs (the impedance of single-core designs is commonly zero at 0°

phase shift).
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With the denotations used in Figure 3 and

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

Qo is reactive power transferred when o= 0 (preload)

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

2

|
Pla)=PF xcosa—(Q, xsina +—xsina (5
T

r

|
Q[a]:!?;xsjna+§_}nxcma+x'—“'xfl—cma',j} (6)
T

Figure 4 explains the effect of the introduction of the phase-shift angle a. In the formula eguation,
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 term represents the additional power flow generated by the
additional voltage AV across theimpedance jX of the PST. Taking into consideration that the real
component of AV (-AV* cos(a/2)) drives a current with a positive imaginary component and the
imaginary component of AV (zAV*sin(«/2)) is a current with a positive real component and that AV
= 2*Vs * sin((at/2), the last terms in Equations (5) and Eguatien(6), respectively, can be confirmed

without difficulties.
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+

L=AVIiX =1+ T
pyr AV =15

Figure 4 —Effect of phase-shift angle o

Figure 5 shows the variation of the additional power flow (assumption: P0 = Q0 = 0, Zr= jXy,

VSZ/XT = 1) with the PST angle o
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Figure 5 — Variation of additional power flow with the PST angle a

Figure 6 shows as an example the variation of the power flow at the source side with the phase
angle a, depending on different preload conditions. The maximum additional power transferred has

been assumed to be 1.
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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
u=0° = u=40°
1
R
2 c
a— 05 A2
o 0 -
o —
@
=
E E -0.5 *—
48]
-1
-1 0.5 0 0.5 1 1.5
Active Power P (pu)

Figure 6 —Variation of power flow with the phase-shift angle o

depending on different preload conditions
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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 7 shows an elementary arrangement; the phasor diagrams are drawn for a no-load
condition. A PST is used with the exciting winding delta connected. The regulating winding of

phase V2-V3 is connected to phase V1 and so on. The scheme 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 the no-load condition, the regulation is symmetrical, i.e., the absolute

values of source and load voltage are the same.

Vi Vo ay, Vs

Figure 7 —Phasor diagram for the no-load condition
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