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Abstract: Protection methods for different types of phase shifting transformers (PST) are provided
in this guide, and the interaction between protection and operating conditions of PSTs is discussed.
Models representing PSTs to determine short circuit currents for relaying functions are presented.
Sizing and location issues of protection current transformers employed in the protection of PSTs
are included. Examples of appropriate relay applications and settings are provided.

Keywords: advance phase angle, application of multifunction relays for transformer protection,
CT saturation, current transformers, differential protection, dual-core design, IEEE C37.245™,
overcurrent protection, phase-shifting transformer, power transfer, protection of transformers,
retard phase angle, series transformer, single-core design
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE documents are made available for use subject to important notices and legal disclaimers. These notices
and disclaimers, or a reference to this page, appear in all standards and may be found under the heading
“Important Notices and Disclaimers Concerning IEEE Standards Documents.” They can also be obtained on
request from IEEE or viewed at http://standards.ieee.org/ipr/disclaimers.html.

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use,
are developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute) develops its standards through a consensus
development process, approved by the American National Standards Institute (“ANSI”), which brings
together volunteers representing varied viewpoints and interests to achieve the final product. IEEE Standards
are documents developed through scientific, academic, and industry-based technical working groups.
Volunteers in IEEE working groups are not necessarily members of the Institute and participate without
compensation from IEEE. 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 or the soundness of any judgments contained in its standards.

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure
against interference with or from other devices or networks. Implementers and users of IEEE Standards
documents are responsible for determining and complying with all appropriate safety, security, environmental,
health, and interference protection practices and all applicable laws and regulations.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and
expressly disclaims all warranties (express, implied and statutory) not included in this or any other document
relating to the standard, including, but not limited to, the warranties of: merchantability; fitness for a particular
purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness of material. In
addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort. IEEE standards
documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments received
from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity nor is IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his or
her own independent judgment in the exercise of reasonable care in any given circumstances or, as appropriate,
seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO:
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.
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Translations

The IEEE consensus development process involves the review of documents in English only. In the event that
an [EEE standard is translated, only the English version published by IEEE should be considered the approved
IEEE standard.

Official statements

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations
Manual shall not be considered or inferred to be the official position of IEEE or any of its committees and shall
not be considered to be, or be relied upon as, a formal position of IEEE. At lectures, symposia, seminars, or
educational courses, an individual presenting information on IEEE standards shall make it clear that his or her
views should be considered the personal views of that individual rather than the formal position of IEEE.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless
of membership affiliation with IEEE. However, IEEE does not provide consulting information or advice
pertaining to IEEE Standards documents. Suggestions for changes in documents should be in the form of a
proposed change of text, together with appropriate supporting comments. Since IEEE standards represent a
consensus of concerned interests, it is important that any responses to comments and questions also receive
the concurrence of a balance of interests. For this reason, IEEE and the members of its societies and Standards
Coordinating Committees are not able to provide an instant response to comments or questions except in
those cases where the matter has previously been addressed. For the same reason, IEEE does not respond to
interpretation requests. Any person who would like to participate in revisions to an IEEE standard is welcome
to join the relevant IEEE working group.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
Piscataway, NJ 08854 USA

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document 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.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under U.S. and international copyright laws. They
are made available by IEEE and are adopted 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 these documents available for use and adoption
by public authorities and private users, IEEE does not waive any rights in copyright to the documents.
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Photocopies

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to photocopy
portions of any individual standard for company or organizational internal use or individual, non-commercial
use only. To arrange for payment of licensing fees, please contact Copyright Clearance 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.

Updating of IEEE Standards documents

Users of IEEE Standards documents 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. A current 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.

Every IEEE standard is subjected to review at least every ten years. When a document is more than ten years
old and has not undergone a revision process, it is reasonable to conclude that its contents, although still of
some value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that
they have the latest edition of any IEEE standard.

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 Xplore at http://ieeexplore.ieee.org/
or contact IEEE at the address listed previously. For more information about the IEEE-SA or IEEE’s standards
development process, visit the IEEE-SA Website at http://standards.ieee.org.

Errata

Errata, if any, for IEEE standards can be accessed via https://standards.ieee.org/standard/index.html. Search
for standard number and year of approval to access the web page of the published standard. Errata links are
located under the Additional Resources Details section. Errata are also available in IEEE Xplore: https://
ieeexplore.ieee.org/browse/standards/collection/ieee.

Patents

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 by the IEEE with respect to the
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has
filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE-
SA Website at http://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation
or under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair
discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which alicense 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 standard 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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Introduction

This introduction is not part of IEEE Std C37.245™-2018, IEEE Guide for the Application of Protective Relaying for
Phase-Shifting Transformers.

Phase shifting transformers (PSTs) are applied on the electric power system but typically represent only a small
portion of a utility’s overall transformer fleet. As such many protection engineers have limited familiarity with
PSTs and the considerations behind properly applying relay protection to them. The variety of PST designs
and configurations further complicates the process for new engineers to familiarize themselves with PST
protection schemes.

This document provides application guidelines for selecting and engineering protection schemes for a variety
of commonly applied types of PSTs.

The guide provides a background on the theory and application of PSTs, as well as an overview of common
types of both single-core and two-core PSTs. PST overload mitigation techniques, equivalent MVA calculations
for use in estimating inrush currents, and PST fault modeling methods and considerations are also discussed.
Considerations for current transformer (CT) and voltage transformer (VT) location and ratings are provided.

The guide provides a detailed discussion on PST protection schemes, focusing on the microprocessor based
protective schemes for both single-core and two-core PST designs.

Setting calculation examples are provided in Annex A and Annex B.
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IEEE Guide for the Application of
Protective Relaying for Phase-Shifting
Transformers

1. Overview

1.1 Scope

This guide provides protection methods for different types of phase shifting transformers (PSTs) and discusses
the interaction between protection and operating conditions of PSTs. Models representing PSTs to determine
short circuit currents for relaying functions are presented. Sizing and location issues of protection current
transformers employed in the protection of PSTs are included. This guide provides examples of appropriate
relay applications and settings.

1.2 Purpose

The purpose of this guide is to provide protection engineers with information that helps them to properly apply
relays and other devices to protect phase-shifting transformers.

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.

IEEE Std C37.91™, [EEE Guide for Protecting Power Transformers. '

3. Acronyms and abbreviations

ARS advance-retard-switch

AT ampere-turns

ATB ampere-turns balance

CCVT capacitance coupled voltage transformer
CT current transformer

EMTP electromagnetic transient program

'The 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 (http://standards.ieee.org/).
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FPR fault pressure relay

KCL Kirchhoff's Current Law

LTC load tap changer

POTT permissive overreaching transfer trip
PST phase shifting transformer

REF restricted earth fault

RPRR rapid pressure rise relay

SPR sudden pressure relay

VT voltage transformer

4. Device numbers

The device numbers used in this guide are listed in Table 1. Detailed definitions of these devices are given in
IEEE Std C37.2-2008, IEEE Standard Electrical Power System Device Function Numbers, Acronyms and
Contact Designations [B8].}

Table 1—Device numbers and device identification

Device number Identification
21 Distance relay
49 Thermal overload relay
50P Phase instantaneous overcurrent relay
S1P Phase time overcurrent relay
51G Ground time overcurrent relay
52 AC circuit breaker
60 Current balance relay
63 Pressure switch
87 Differential protective relay
87P Primary winding differential protective relay
87S Secondary winding differential protective relay

5. Application and theory of PSTs
5.1 Introduction

PSTs are applied in networked power systems to control the flow of power along desired or rated paths. The
principle applies because the angle between the voltages on each side of the PST is controllable by tap changes
within the PST.

5.2 Basic principle of application

The PST changes the angle of the positive sequence voltage by adding a voltage between the source and load
sides. Since this voltage is at or near + 90° with reference to the source and load side voltages (VS and VL,
respectively), it is called a quadrature voltage. This quadrature voltage is shown as AV in Figure 1.

Note that the shift in angle across a PST may be positive or negative. In Figure 1 the angle of the load side voltage
is shown as positive or “advanced” with respect to the source side, and the load side voltage is leading the source
side voltage. Depending on the application, some PST designs support both positive and negative phase shifts,
while others may allow a phase shift in only one direction. The change of angle between the source and load
voltage across the PST will affect the magnitude and direction of power flow through the system.

*The numbers in brackets correspond to those of the bibliography in Annex C.
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AV
VL VS

Figure 1—Quadrature voltage across a PST causes a shift in angle

In a simple network with several parallel branches, power flow will divide in inverse proportion to the branch
impedances. Consider a simple system as shown in Figure 2 where the power to be transferred from the
sending end to the receiving end is given as F;, and P; = P, (neglecting losses). Note that in Figure 2, the

receiving end voltage is lagging the sending end voltage.

Sending Receiving
End End
Vs£0 Vr£0

Ps XLINE1 ™
—>
@ Xiinez Pk
XLINE3

Figure 2—Simple network

If the total parallel reactance of all three lines is given as X, , then the power flow through each line divides as
follows in Equation (1), Equation (2), and Equation (3):

X
PL[nel :PS X = ( 1 )
Linel
X
})LineZ =})S X . (2)
Line2
X
L 3)
Line3
where
P is the power flow through line 1
P,..  isthepower flow through line 2

P,..  isthepowerflow through line 3
P, is the total power transferred between sending and receiving end busses
X, is the total parallel reactance of all three lines
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X,,. Isthereactance ofline 1
X,me»  1sthereactance of line 2
X is the reactance of line 3

Line3

Note also that, the power transferred is also proportional to the sine of the angle between the sending and
receiving end positive sequence voltages. In a lossless system, power will flow according to the formula
shown in Equation (4):

P Ve xV, xSin(0)
’ X

P

“)

is the total power transferred between sending and receiving end busses
is the sending end voltage magnitude

is the voltage angle difference between the sending and receiving end

B

VS

Vi is the receiving end voltage magnitude

0

X,  isthetotal parallel reactance of all three lines

It is possible to add a new constraint to the power flow by adding a PST to one of the branches as shown in

Figure 3.
Sending Receiving
End End
Vs£0 Vr£0
PS XLINE1 :
@ XLINE2 PR
X >
LINE3
o
V'rZ(0+0)

Figure 3—PST added to one branch

The angle across the PST will affect the power flow in the network as a whole as well as the power flow
through line 3. Depending on the sign of the angle across the PST, the power flow through line 3 could be
increased or decreased. With the same sign of 6 as shown in Figure 1, the phasors of the three voltages V, V,

and V', are shown in Figure 4 (where V', is the voltage at the source “S” terminal of the PST).

With the addition of the PST, a new constraint is added to the power flow through line 3 as follows in Equation (5):

Ve %V, xSin(0 + &)
Line3 = X

Line3

©)

Note that with the angle J being as shown in Figure 4, the power flow through line 3 has increased compared to
what it would have been without the PST because the angle across the line impedance of line 3 is (6+0) not just
6. Since the PST controls angle J, the power flow through line 3 becomes controllable.

The ability to control the power flow in a particular branch of a meshed network is useful for at least two
important reasons:
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Vv ,
VS R AV V R

Figure 4—Phasor diagram with the addition of the PST

Firstly, it allows transmission owners to control the power flow through their own network for their own
purposes. Consider, for example, three utility networks (F, G, and H) connected together as shown in Figure 5.

L
<3

Figure 5—Three interconnected utilities

It can be seen that if utility H contracts for power exchange with utility F, some of the power transfer will flow
through utility G, unless the flow through the G to H interconnection is controlled. A PST can be applied to
control the power transfer between G and H to meet owners’ requirements.

Secondly, within a single transmission owner’s network, a PST can be used to help ensure that ratings of
certain transmission facilities are not exceeded. Consider, for example, a system as shown in Figure 6 where
an EHV transmission path overlays an HV path.

EHVLine 1
EHVLine 2

Tk
i}
. P
@_ HVLine 3 =®__>

Figure 6—EHYV transmission overlays HV transmission
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Under normal conditions the power flow split between the EHV and HV paths may be appropriate. However,
it may be possible that under contingency conditions, (say one EHV line out of service), the HV Line 3 might
become overloaded. The PST angle may be adjusted to reduce the power flow through HV Line 3 to a level
within its rated capacity and force the remaining power to flow through the single remaining EHV line. Thus
the PST has allowed the full capacity of the HV and EHV transmission paths to be available.

Since PSTs are often applied to facilitate maximizing transmission capability, the rating of the PST may be
considered as part of a system. The ratings of the PST and its associated bushings and tap changer would
normally be carefully specified to be compatible with the rating of the external equipment. Under extreme
conditions, if the steady state rating of the PST becomes exceeded, system integrity protection schemes may
need to be applied to avoid overstressing the PST in a similar manner as such schemes may be applied to avoid
overstressing any part of a transmission network.

5.3 Installation configurations

A variety of installation configurations may be provided for optimal operation of the PST. Some example
arrangements are shown in the following simplified single line diagrams. It can be seen that there is usually
a PST bypass facility provided to allow the PST to be taken out of service while retaining the availability
of the remaining power transfer equipment (such as a transmission line) up to its capability with no phase
shift. Whether or not circuit breakers or disconnect switches are used depends on the degree of operational
flexibility required and cost impact of alternative switching arrangements. Normally for PSTs connected in
parallel, only one bypass device is applied. For PSTs connected in series, each PST may be equipped with
individual bypasses.

The location of circuit breakers and associated CTs will affect the protection zones for the PST. Even if
dedicated breakers are not provided, as shown in Figure 7(a), the PST will usually have its own dedicated
protection zone defined by CTs around the PST. The presence of one or more dedicated PST breaker(s), as
shown in Figure 7(b), Figure 7(c), and Figure 7(d), allows the PST to be isolated quickly by control action
without the need to bring the PST to neutral position before bypassing.
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Bypass
switch
AN
To To
external «—— @ » external
system PST system
(a)
Bypass
switch
To To
external <——D—@—/——> external
system PST system
(b)
Bypass CB
[]
L
To To
external <——D—®—/——> external
system PST system
(c)
Bypass CB
[]
L
To To
external &—D—@-D——» external
system PST system

(d)

Figure 7—Alternative arrangements of PST bypass and
isolating switches and circuit breakers

6. Types of PSTs

PSTs use a winding arrangement that injects a quadrature voltage between the source and load bushings. For
example, to advance the phase angle of VA, a voltage in phase with VCB is added to the VA voltage. To retard
the phase angle of VA, a voltage in phase with VBC is added to the VA voltage.

PSTs can be classified by the number of three-phase magnetic cores. Three single-core designs and two two-
core designs are described.

Further, PSTs can be classified as symmetrical and asymmetrical. A symmetrical design will not change the
voltage magnitude between the source and load bushings in the process of advancing or retarding the phase
angle. Two asymmetrical designs and three symmetrical designs are described in this guide, though other
designs may be applied.

In Figure 8 through Figure 12, Vi, designates the quadrature voltage applied to the excitation winding of the
PST for the phase 1 terminals of the transformer. V;, designates the quadrature voltage inserted between the
source and load terminals of the PST by the regulating winding for the phase 1 terminals of the transformer.
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6.1 Single-core PSTs
6.1.1 Single-core asymmetric, with tap winding outside the delta (extended delta)

The single-core asymmetric PST is shown in Figure 8. This is an asymmetrical design because the load side
voltage magnitude is increased when a phase shift is induced. A single three-phase tap changer moves the
L terminal along the regulating winding. A reversing changeover selector, (not shown) connects each end of
the regulating winding to the S terminal switches.

L
(a) Single Line Diagram Symbol (b) Nameplate Diagram (c) System Phase Shift Diagram

VAS VBS VCS

(j)S1 J)SZ (LSIS

F\

(|) L1 (f L2 T L3
VAL VBL VCL
(d) Three Line Diagram

Figure 8—Single-core asymmetric, with tap winding outside the delta,
shown in the advanced position

6.1.2 Single-core symmetric, with tap winding outside the delta (extended delta)

The single-core symmetric PST with tap winding outside the delta is shown in Figure 9. The delta excitation
winding is fixed at the midpoint of the regulating windings. Two tap changers move the S and L terminals
along the regulating winding. This is a symmetrical design as long as the two load tap changers (LTCs) are
operated such that they always remain within one step of being the same number of taps from either side of the
midpoint of the regulating winding. The relative positions of the tap changer or the action of a reversing switch
determine whether the PST is in advance or retard operation.
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1
L L1 S3
(a) Single Line Diagram Symbol (b) Nameplate Diagram (c) System Phase Shift Diagram

VAS VBS VCS

J)S1 $S2 J)S3

o o o
Dl D D

I |

VAL VBL VCL

(d) Three Line Diagram

Figure 9—Single-core symmetric, with tap winding outside the delta,
shown in the advanced position

6.1.3 Single-core, symmetric, polygon (delta hexagonal)

The single-core symmetric, polygon PST is shown in Figure 10. The excitation windings are fixed at the
endpoints of the regulating windings. Two tap changers move the S and L terminals along the regulating
winding. This is a symmetrical design as long as the two LTCs are operated such that they always remain
within one step of being the same number of taps from either side of the midpoint of the regulating winding.
The relative positions of the tap changers determine whether the PST is in advance or retard operation.
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