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Abstract: Control methods of paralleling regulating transformers are described and compared in
this guide. The control methods include: master/follower, circulating current, power factor,
circulating reactive current and negative reactance methods. Operating philosophy descriptions,
sample wiring diagrams, typical operational variations, the provision of adequate backup
protection, and typical misapplication consequences are presented. This guide does not apply to
phase-shifting regulating transformers.

Keywords: backup protection, circulating current method, circulating reactive current method,
IEEE C57.153™, line current compensation, line drop compensation, master/follower method,
negative reactance method, power factor method, tap changer control, transformer loading,
transformer paralleling, voltage control
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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 Notice” or “Important Notices and Disclaimers Concerning IEEE Standards
Documents.”

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.
Volunteers 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 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.

Translations

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

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.
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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. 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.

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-SA Website at
http://ieeexplore.iece.org/xpl/standards.jsp 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 all IEEE standards can be accessed on the IEEE-SA Website at the following URL:
http://standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata
periodically.

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 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 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 C57.153-2015, IEEE Guide for Paralleling Regulating Transformers.

This guide was prepared by the C57.153 Working Group of the Power Transformers Subcommittee of the
Transformers Committee of the IEEE Power and Energy Society.

The intent of this new guide is to present information for the selection and application of transformer
paralleling methods used to maintain power system operations. This guide describes paralleling methods in
common practice at the time this guide was written and provides information concerning the operational
requirements and limitations of each method. Additional information is provided for cases of paralleling
transformers with unequal ratings and other operational conditions requiring special considerations.
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IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, security, health,
or environmental protection, or ensure against interference with or from other devices or networks.
Implementers 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.

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 paralleling guide describes and compares control methods of paralleling regulating transformers. The
control methods include: master/follower, circulating current, power factor, circulating reactive current, and
negative reactance methods. This guide presents operating philosophy descriptions, sample wiring
diagrams, typical operational variations, the provision of adequate backup protection, and typical
misapplication consequences. This guide does not apply to phase-shifting regulating transformers.

1.2 Purpose

The purpose of this guide is to provide power transformer paralleling users with an easily accessible source
for comparing control methods of transformer paralleling. This comparison allows the proper choice of
control method and proper operation to best maintain proper system operations. The guide also provides an
operational understanding to assist in the analysis of changing system configurations on paralleling
operations.

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
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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 C57.12.70™, IEEE Standard Terminal Markings and Connections for Distribution and Power
Transformers. 2

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

IEEE Std C57.131™ [EEE Standard Requirements for Tap Changers.

3. Definitions, acronyms, and abbreviations

3.1 Definitions

For the purposes of this document, the following terms and definitions apply. The [EEE Standards
Dictionary Online* and IEEE Std C57.12.80™ should be consulted for terms not defined in this clause.

apparent circulating current: An expression of the difference in currents between paralleled regulating
transformers due to a transformer turns ratio discrepancy, transformer impedance, or other external factors.
See also circulating current; system-induced circulating current; tap position—induced circulating
current.

circulating current: An expression of the difference in currents between paralleled regulating
transformers. See also apparent circulating current; system-induced circulating current; tap position—
induced circulating current.

general paralleling application (GPA): Two or more paralleled regulating transformers connected to a
common source bus, with matching impedances, load tap changers with equal tap step sizes, and ranges.

hunting condition: A system condition in which no combination of paralleled regulating transformers with
either load tap changer or step-voltage regulator tap positions can satisfy the control requirements resulting
in erratic voltage regulation.

matched impedances: A system condition where the impedances of paralleled regulating transformers at
each transformer’s highest MVA rating are equal.

off-tap operation: An operating condition in which a paralleled regulating transformer’s tap position is not
in the position to yield the lowest difference in load currents between the paralleled regulating transformers
relative to their MV A ratings.

operational transformer impedance variation: An operating condition of paralleled regulating
transformers such that simultaneous increasing or decreasing tap positions creates non-similar impedance
changes.

regulating transformer: For the purposes of this guide, a transformer equipped with a voltage-regulating
device, which may be either a load tap changer or an external step-voltage regulator.

! [EEE publications are available from The Institute of Electrical and Electronics Engineers (http://standards.ieee.org/)

% The IEEE standards or products referred to in this clause are trademarks of The Institute of Electrical and Electronics Engineers, Inc.
3 IEEE Standards Dictionary Online subscription is available at:
http://www.ieee.org/portal/innovate/products/standard/standards_dictionary.html
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runback: An algorithm that overrides the primary voltage-control algorithm to restore the terminal voltage
within a defined range. A runback level is a voltage level that triggers the runback algorithm.

separate source buses: A system condition in which paralleled regulating transformers do not have a
common source bus.

system-induced circulating current: An expression of the difference in currents between paralleled
regulating transformers caused by system or equipment variations. See also apparent circulating current.

tap position—induced circulating current: An expression of the difference in currents between paralleled
regulating transformers caused by the disparity of turns ratio of the transformers, most commonly due to
different tap positions of the transformer load tap changers or step-voltage regulators. See also apparent
circulating current.

3.2 Acronyms and abbreviations

CC circulating current

CRC circulating reactive current

CT current transformer

GPA general paralleling application

LCC line current compensation

LDC line drop compensation

LTC load tap changer (Syn: on-load tap changer [OLTC] in International Electrotechnical
Commission documents)

MF master/follower

NR negative reactance

PF power factor

PTP peer-to-peer

VT voltage transformer

4. Basic paralleling information

4.1 General application

Two or more transformers connected in such a manner that they share in the supply of a common load bus
(actively regulated voltage bus) are considered to be paralleled. The common load bus will usually be
passive in nature, but may contain any types of load such as switched capacitors, shunt reactors, or
generation. A general paralleling application (GPA) is when two or more paralleled regulating transformers
are connected to a common source bus, with matching impedances and load tap changers (LTCs) with
equal tap step sizes and ranges.

This guide describes and compares control methods and operations of paralleled transformers equipped
with either LTCs or step-voltage regulators. In every case of voltage regulation, the paralleled regulating
transformer control voltage must be that of the regulated common load bus.
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Paralleled transformers are typically equipped with either an internal LTC or a separate, external step-
voltage regulator. These voltage-regulating mechanisms may be connected to either the high-voltage (HV)
or the low-voltage (LV) winding of the transformer. Special considerations are necessary if the voltage-
regulating mechanisms are not similarly located on each paralleled transformer. See 4.4.3.

4.1.1 Radial distribution substation transformers

Distribution substation transformers are in parallel operation when either of the following conditions is met
(see Figure 1):

— Both tie breakers shown are closed and at least one of the incoming source lines is connected to the
primary bus (common source bus).

— The load bus tie breaker is closed and both of the incoming source lines are connected to the
primary bus(s) (regardless of the status of the primary bus tie breaker).

Distribution substation transformers are not in parallel operation when either of the following conditions is
met (see Figure 1):
— The load bus tie breaker is open (required closed for paralleling definition of common load bus).

— There is a coincidental loss of a supply line connection (locally or remotely) and an open primary
bus tie breaker.

NOTE—This effectively creates a series connection of the transformers (with intermediate secondary voltage
load) that requires removal of paralleling control).*

J LINES l
[l
115kV L]

oL
- Lo
[ Tewl]

(Voltages shown are typical for this application)

Figure 1—Distribution substation

4.1.2 Network intertie transformers

In this paralleling guide, network intertie transformers will refer to paralleled regulating transformers
between systems with generation capabilities on both the primary and secondary systems. In contrast to
radially operated distribution substation paralleled regulating transformers (no secondary generation),
Figure 2 illustrates the possibility for line power flows in either direction in the network intertie application.

At any given time, network intertie transformers must have a designated regulated bus. For LTC control
purposes, the HV bus may be designated either the regulated bus or the non-regulated bus, but not both
simultaneously. The same is true for the low-voltage bus. In every application of LTC voltage regulation,
the control voltage must be that of the designated regulated bus.

4 Notes to text, tables, and figures are for information only and do not contain requirements needed to implement the standard.
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Once the regulated bus has been established, the control system acts similar to the distribution substation of
4.1.1 regardless of power flow direction. The regulated bus designation may be automatically determined
and assigned by real and/or reactive power flow analysis or other system considerations.

Additional care must be taken when automatic voltage control is applied to network intertie transformers.
The aggregate effects of other remote intertie transformers in “virtual” parallel may affect the paralleling

operation. The changes in system reactive power (VAR) flow and number of tap operations from normal
operation may become excessive.

I LINES
[
- \/\LA/ -
NT%‘ [

115kV B
LINES

(Voltages shown are typical for this application)

Figure 2—Network intertie substation

4.1.3 Distribution substations with generation

Figure 3 shows a typical distribution substation with generation. In this application, there may be only one
or several regulating transformers in parallel with one or more generation systems. The generation acts as
an alternate source of power to the load and/or to the system. As such, it can have a large effect on the
voltage of the distribution bus. If there is no active voltage control on the bus from the generator, as is most
common in an induction generator application, the generator appears as a varying load to the system. In this
case, the LTC is not considered to be in a paralleling application. However, if a generator voltage bus
control is present, the LTC must be considered in parallel for most advantageous operation of both the
generation and the system power flows.

LINE

GEN SYSTEM
230kV

o Lo |l
Lo |

PARALLEL OPERATION
(Voltages shown are typical for this application)

Figure 3—Distribution substation with generation
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The problem with a transformer voltage-regulating control and a generator bus voltage control is the
relative speeds of operation. A generating system automatic voltage regulator (AVR) is much faster than
the slowly operating LTC. With no paralleling control, the AVR will cause the generator to supply VARs
to/from the system to regulate the bus voltage. This generator AVR action results in limiting LTC action
until the generation has exhausted its var capability and the bus voltage varies beyond the LTC control
bandwidth.

This application is described in this guide only to alert users to the possible interaction of paralleled
regulating transformers and distributed generation and to the possible effects on their transformer
paralleling strategies.

4.2 Reasons for paralleled transformer operation
The reasons transformer paralleling is undertaken include:

— To improve system reliability and security and to provide local backup capability. When two or
more transformers are connected together at load side, when one transformer fails (and is isolated
from the source and load buses) the other transformer(s) will continue to serve either full load or
partial load without interruption. Actual operation will depend on the ratings of the other
transformers still connected in parallel. Paralleling transformers may avoid the possibility of
critical load being interrupted by the tripping of one transformer.

— To increase substation capacity. When load increases beyond the existing transformer’s capacity,
another transformer can be connected in parallel to increase capacity. Fault-interrupting capability
of bus equipment must be considered when making the decision to parallel transformers.

— To provide flexibility for scheduled outages and improve access for maintenance and repair
purposes.

4.3 Basic voltage-control operation

4.3.1 Basic voltage control

Figure 4 illustrates the major inputs/outputs to/from either LTC or step-voltage regulator controls. The
values shown indicate typical ranges. These typically include:
—  The voltage transformer (VT) input magnitude of one phase of the regulated bus voltage.

—  The current transformer (CT) input magnitude of one (same) phase of the transformer regulated bus
current.

— A current input for parallel operation (not shown).

— An output connection to the voltage-regulating mechanism to raise or to lower the taps to maintain
the specified regulated bus voltage.

— Also indicated is the capability to select a desired bus voltage (V) level setting, a voltage tolerance
or bandwidth (BW), a time delay (TD) setting, and line drop compensation (LDC) settings (line
drop compensation settings will be discussed in 4.3.2).
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Figure 5 illustrates the functions of LTC/step-voltage regulator controls. These typically include:

—  The desired bus voltage level setting (V).

— The BW or tolerance setting describing the voltage variation allowed before correcting action is
taken (V + 0.5 BW to V— 0.5 BW).

—  The time delay (TD) setting establishing the time interval the voltage is allowed to remain outside
the bandwidth before correcting action is taken. As shown in Figure 5, when the TD setting is
exceeded, the control signals a voltage-regulating mechanism to raise or lower to correct the
voltage back into the bandwidth.

— A block raise (BR) level at which the control raise action is blocked.
— A block lower (BL) level at which the control lower action is blocked.

— A runback (RB) level at which a lower or raise command is issued.

CT

_ Ve
CONTROL © [s}
Tap SET o
Changer V=108 Vto 132V g
; BW=15V1o3V VT
Mechanism TD = 1.5 sec to 90 sec o
LDCR=-24Vto24V

LDCX=-24Vto 24V

Figure 4 —Basic control inputs
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BR

Vv +0.5BW

/ =[IME
V-0.5BW

BL \CHANGE OF
TD—hl LTC TAP

POSITION

RB
V=Valtage Setpoint of tapc hanger control

Figure 5—Operation example—control function
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4.3.2 Line drop compensation (LDC)

The application of LDC to paralleled voltage-regulating controls may dramatically change control
operation under contingency conditions. Consideration should be given to potential overvoltages or
undervoltages that may occur if one transformer goes out of parallel when choosing LDC settings. This is
described in the LDC section of each paralleling method.

4.3.2.1 R&X method

The most commonly used form of distribution LDC is known as the R&X method, illustrated in Figure 6.
The purpose of the R&X method of LDC is to regulate the voltage at a point on the distribution system
remote from the regulating transformer. This point is shown as the load center in Figure 6. This function is
especially effective when applied on long lines to distant load centers with minimal distributed loads (or
switched capacitors) between the regulating transformer location and the load center.

The effectiveness of many R&X applications suffer from inaccurate line impedance calculations, unequal
impedances between phases, and from distributed loads on the circuit. When applied to a bus with several
circuits or a circuit with several branches between the regulating transformer and the load center, accurate
settings for total system operation are not practical. Since these additional circuit or additional branches are
effectively distributed loads along the line to the load center, their effect must be included in the setting
calculations.

As an alternative to performing impedance calculations, some utilities will adjust the R and X settings
based on actual voltage readings at the user-selected load center. R and X values are increased or decreased
until the desired voltage at the load center is achieved. When using this method, it is helpful to know the
approximate X/R ratio of the system impedance to the load center. This ratio is maintained when selecting
the R and X set points.

LDC - R & X (Exact Compensation)

- Application: Load center remote from bus

& gg Tg

GEN. REGULATOR LINE LOAD
CENTER

- Concept: Regulate load center voltage

- Requires line impedance and ratios

- Uses complex phasor calculation

- Bus voltage increases as line drop increases

Figure 6 —Single regulating transformer example—R&X method

As shown in Figure 4, the control is supplied with the local bus voltage and the line current. Settings
include voltage drops derived from the resistance (R) and reactance (X) of the line section between the
regulating transformer and the desired load center voltage-control point (see Figure 6). With those
quantities, the control can calculate the voltage drop in the line at any loading condition. Effectively
(whether by changing the set point or biasing the input voltage) it raises or lowers the operational set point
to compensate for the line drop. The voltage at the load center now has become the regulated voltage point
and the local control bus voltage varies to maintain the load center voltage.
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Figure 7—Compensation voltage diagram—R&X

As illustrated in Figure 7, the calculation of Vgys by the control is best illustrated with a phasor analysis for
the real and reactive voltage drops due to line resistance and reactance respectively. Some controls add the
compensation to the set point and others subtract the compensation from the measured voltage for
equivalent results.

To prevent the control from raising the system voltage too high for loads close to the substation during
unusually high load conditions, some form of overvoltage blocking and runback protection is typically
used. Overvoltage blocking may be internal to the voltage-regulating control or performed using external
devices. If this overvoltage protection is provided externally from the primary control, it will also provide
protection in the event of primary control failure.

4.3.2.2 Line current compensation (LCC) method

A second method of line drop compensation, the line current compensation (LCC) method, is used
primarily for bus regulating applications. It may be difficult to calculate impedances for multiple dissimilar
circuits connected to the bus, such as distributed line loads and distributed capacitor banks as required by
the R&X method. The LCC method does not require line impedances settings and operates on the basis of
regulating the distribution system voltage strictly as a function of the load current magnitude at the
regulating transformer.

Figure 8 illustrates the application for the LCC method. In this example, the current seen by the control is

NOT the current in any one line as described for R&X method.

LCC (System Compensation)

- Application: Distribution bus regulation

E—
R S
/b DISTRIBUTION
‘ E - — FEEDERS
>
GEN. REGULATOR
BUS

- Concept: Increase bus voltage as the load level increases
- No individual line information
- Uses current magnitude ONLY

Figure 8 —Single transformer example—LCC
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Using the LCC method, the compensation setting (Vset) is determined simply as the magnitude of desired
bus voltage boost at the rated control current, as shown in Figure 9. The set point (Vset) can be the
maximum voltage drop in any single feeder on the circuit at maximum load (reflected to the standard LDC
CT rated secondary current of 200 mA). This results in a compensation voltage of zero at no load condition
and the set point voltage at full load.

!

Compensation
Voltage

Set

0 200 mA |
(CT)

Figure 9 —Compensation voltage diagram—LCC

4.4 Effects of off-tap operation

An off-tap operation is an operating condition where a paralleled regulating transformer’s tap position is
not in the position to yield the lowest difference in load currents between the paralleled regulating
transformers relative to their MVA ratings. This is equivalent to the position for minimum apparent
circulating current.

The goal of transformer paralleling systems is to optimize the shared loads of paralleled regulating
transformers while maintaining the regulated bus voltage. Optimum transformer loading may be
determined differently for different applications and paralleling control strategies. These differences in
determining the conditions of optimum transformer loading will be described in the paralleling methods
Clause 8 through Clause 12.

As an expression of transformer loading differences, the concept of circulating current has been central to
the matter of paralleling regulating transformers. Figure 10 illustrates the concept of circulating current
between two transformers. For multiple paralleled transformer applications, the circulating current in any
one transformer is the deviation between that transformer’s current and the average current of all the other
paralleled transformers.
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Figure 10 —Load and circulating currents

If transformers 1 and 2 have equal impedances, the load current is shared equally by both transformers.
Circulating current is zero (the transformer loading difference is lowest) as long as the transformers are on
the same tap position.

A transformer’s impedance will change slightly with a one tap step change, so the sharing of load current
will remain essentially 50-50 if transformer 1 moves to one tap step apart from transformer 2. The
significant change with the tap step difference is that a circulating current Icirc occurs between the
transformers.

However, for many paralleling applications there actually are two relevant components of circulating
current. The first is a tap position—induced circulating current that is affected by, and adjustable by, tap
changes. The second is a system-induced circulating current that is affected by system configuration or
transformer characteristics changes.

System-induced circulating current is usually only minimally affected by the tap changes of individual
paralleled regulating transformers. Examples of conditions capable of causing system-induced circulating
current include unmatched transformer impedances, separate source bus applications, separate source side
voltages, multiple load winding transformers, and varying impedance changing designs (operational
transformer impedance variation).

In these applications, the total transformer current is the phasor sum of the transformer load current, the tap
position—induced circulating current, and the system-induced circulating current. The sum of the tap
position—induced and the system-induced circulating currents is described as apparent circulating current.
See Annex C for a discussion of apparent circulating current.

4.4.1 Common source bus application

Figure 1la illustrates a two-transformer paralleling application with a common source bus. Assume
transformer 2 is in a one tap raised or boost position that results in a lower primary-to-secondary turns ratio
for transformer 2 relative to transformer 1.

This tap difference inserts a voltage (tap step-voltage) into the loop comprising both transformers. The
impedance of this loop has the extremely high X/R (reactance to resistance) ratio of the transformers. With
an in-line voltage source applied to the impedance of the loop, a predominantly reactive current flow (or

. Documents
Copyright © 2015 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 21:48:57 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.153-2015


http://www.avadocuments.com/doc/ieee-c57-153-2015
http://www.avadocuments.com/doc/ieee-c57-153-2015

IEEE Std C57.153-2015
IEEE Guide for Paralleling Regulating Transformers

VAR load) occurs. This current flow adds to the load of transformer 2 and subtracts from the load of
transformer 1. This current is an example of a tap position—induced circulating current.

| = | 5 |
o L L

[Tl [Tel]

a) Common source bus b) Separate source bus

VARS INCREASE NS
VARS DECREASE 3¢
=

@
l T
=
VARS INCREASE N

VARS DECREASE

Figure 11 —Paralleled transformer off-tap operation

The circulating current, shown in Figure 11 as IC, is generally determined by measuring or calculating the
difference in the transformer currents and dividing by 2.

The circulating current per off step can be approximated for a two-transformer case by the following
equation:

_ Tap voltage

€= (ZI+ZZ) W

where:

7y is the impedance of transformer 1

Z, is the impedance of transformer 2

This equation illustrates the fact that any load or supply system changes will not affect the amount of the
circulating reactive current flow in a common source bus transformer paralleling application.

In applications with different CT ratios, transformer ratings, or transformer impedances, a difference in
load and control current (system-induced circulating current) may occur even in on-tap operations. For
example, if unmatched impedance transformers are paralleled, both the load currents will be different in the
unmatched transformers (in relation to the impedances). This application creates a difference in load
currents (system-induced circulating current) that is not induced by tap-position action. This on-tap
circulating current can enhance or interfere with paralleling operation and with LDC operation.

Example: Transformers with significant impedance differences will pass significantly unequal portions of
the load current and the Icire = (difference current)/2 may be incorrectly interpreted as tap position—induced
circulating current.
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Example: In Figure 11a, if the impedance of T1 = 8% and T2 = 10% it can be determined that
Troad 1= 0.56 X Iroad

Troad2=0.44 X Iroaq

(0.56 Iy opq —0.44x1; 4)
2

Iapparem circulating = + Iapparem ciculating due to tap position

As defined, the circulating current IC is almost wholly reactive (near zero power factor), whereas Iioaq 18
usually at a high power factor. A phasor calculation must be made to calculate the apparent circulating
current.

Because modern systems may need to plan for appreciable apparent circulating current, which differs from
the tap position—induced circulating current, it is preferred to use the term apparent circulating current for
the general case.

The effect of this non-tap position—induced circulating current will be discussed for the various paralleling
control methods in Clause 8 through Clause 12.

4.4.2 Separate source bus application

Figure 11b illustrates a two-transformer paralleling application with the source side tie breaker open,
resulting in separate, locally independent source buses. This application must anticipate different primary
voltages for each of the transformers.

Since the two primary voltage levels and phase angles are not expected to be exactly equal in this
application, it is probable some system-induced circulating current will exist even when the transformers
are on the same relative taps. As discussed in 4.4.1, this application creates a difference (circulating or
apparent) current that is not induced by tap-position action. The effect of this system-induced circulating
current will be discussed for the various paralleling control methods in Clause 8 through Clause 12.

Depending on the X/R ratio of the circulating current path impedance, a difference in the relative
magnitudes of the source voltages will affect the paralleled transformers’ reactive current or VAR flows. A
difference in the relative phase angles of the source voltages will affect the paralleled transformers’ real
current or power flows.

The impedance of the circulating current circuit, for this application, includes the system impedances back
to the common primary source. System configuration changes due to system switching will affect the
circulating current circuit impedance. The variation of the individual source bus voltages (and therefore
system-induced circulating current) will also be a function of the system loading.

These varying system-induced circulating currents are not easily known or calculable for this application
and may include substantial real (kW) power. Paralleling techniques are available to parallel transformers
with differing primary or source bus voltages and will be discussed later in Clause 8 through Clause 12.

4.4.3 Operational transformer impedance variation

Operational transformer impedance variation between paralleled transformers will refer to the unusual but
possible application of paralleling transformers with substantially different impedance changes with tap
operation. The most likely applications are for transformers with LTCs installed on different windings
(primary or secondary) or for LTC windings located differently on the transformer cores. As taps change
equally on these transformers, the impedance change on each can be quite different. In some cases, raising
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a tap on one will increase the impedance while it will decrease the impedance on the other. IEEE Std
C57.131™ illustrates the different positions possible for LTCs in wye and delta configured windings.

The transformer nameplate will indicate the impedance of the transformer. Depending on the design, the
impedance of transformers may increase or decrease as the tap position digresses from neutral. The
impedance variations of transformers of dissimilar design can result in very significant impedance
differences as the tap positions digress from neutral.

For example, two transformers with equal impedances of 10% at rated voltage would be considered as
matched impedance transformers. However, when the tap position on each transformer changes in the same
direction, one transformer’s impedance could change to 9.5% and the other could change to 10.5%. These
transformers would not only be unmatched at any non-neutral tap position, but their impedances would be
changing under normal operating conditions. The effects of this type of operation for each of the paralleling
methods will be described in Clause 8 through Clause 12.

4.5 Consequences of less-than-optimal paralleling operation

4.5.1 Unequal load sharing

For most paralleling applications the importance and the effect of apparent circulating current depends on
the load of the paralleled transformers. If the transformers are lightly loaded, the addition of a circulating
current affects mostly losses. However, if the transformers are loaded close to their capacity, the addition of
unnecessary circulating current can affect the maximum station loading capability. Transformer loss of life
and LTC contact wear may also become a concern.

4.5.2 Excessive circulating currents

As illustrated in 5.1.1.2, a control voltage error between units can create excessive tap position—induced
circulating currents or a difference in loadings. Without proper paralleling control constraints, during
normal operation one LTC could go to full boost while the other goes to full buck. Based on the
information provided in 4.4.1, the circulating current for this condition (that does not consider additional
load current) can be approximated by:

_ Tap range voltage

IC max — 7 (2)
where:

Ic max is the maximum circulating current in per unit

Z is the impedance of the circulating current path

For example, for two paralleled regulating transformers where the tap voltage range is + 10% and Z = 8%
for each transformer,

0.2 pu volts

2x0.08 puimpedance

IC max — (

) =1.25 per unit

(or 1.25 times rated transformer current)
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4.5.3 Excessive LTC operations

As described in detail in 5.1.1.1, a timing difference between paralleled regulating transformers could cause
one unit to operate for all required tap changes. This action would essentially double the number of
operations of one LTC and reduce the number of operations of the other to zero. This action would also
create a tap position—induced circulating current that, depending on the LTC control action, could cause
transformer overloading.

Since the maintenance schedule for LTC mechanisms is typically related to the total number of LTC
operations, the above operation could require twice the maintenance on the more active LTC.

A LTC position hunting condition can occur due to an inappropriate paralleling control choice,
mis-operation, or inappropriate voltage-control settings. Usually this is a problem of sensitivity settings and
will be discussed in detail in Clause 8 through Clause 12. Since position hunting usually consists of
numerous and frequent series operations, damage to the LTC equipment is a consideration. The system
voltage is usually not significantly affected since the voltage usually varies near the control set point.

4.6 Regulating transformer/system requirements for parallel operation

The stated requirements for the parallel operation of regulating transformers for this guide will be less
limiting than normally encountered in documents describing paralleling requirements. These relaxed
requirements are consistent with:

a) The purpose of the guide to provide users of paralleled regulating transformers an accessible
source for comparing control methods for transformer paralleling applications.

b) The recognition that many non-compatible or barely compatible regulating transformers, by
traditional guidelines, are operated in parallel.

¢) Advancing technology has resulted in the development of control methods previously unavailable.
These control functions can better achieve the desirable goal of reducing the difference in currents
circulating between paralleled regulating transformers relative to their MV A ratings.

4.6.1 Phasor group

Transformers operating in parallel must have the same phase shift between the HV and LV windings and
will be simplified if the windings belong to the same phasor group as described in IEEE Std C57.12.70™.

4.6.2 Impedance requirement

For most efficient transformer capacity usage, the impedances of paralleled transformers should be
matched at their highest available rating. This will automatically compensate for transformers having
different cooling class ratios from self-cooled to maximum ratings. Matched impedances will allow all
transformers to carry their maximum rated load. Impedance matching will be discussed in Clause 8 through
Clause 12, and in Annex B.

Although matched impedances provide the most efficient operation, the clauses describing each paralleling
control method will include the effects of, and solutions to, nominal or significant impedance differences. It
should be noted that higher impedance units in parallel need to be de-rated since full load cannot be
achieved without overloading the lower impedance units. Although circulating current is common to both
transformers, it will affect the loading of the paralleled transformer with the lower MVA rating the greatest.
Step-voltage regulators will experience the same load differentials when used in series with power
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transformers with unmatched impedances. Derating of the combination of the higher impedance
transformer in series with its step-voltage regulator would be required also.

For example, assume transformer A impedance is 10% and the equally rated paralleled transformer B
impedance is 8%. Since the loading is inversely proportional to the impedances (10/8), transformer A load
would be (8/10) of the transformer B load. When transformer B reaches full load, transformer A has only
reached 80% of its equal rating. Since transformer A cannot be loaded up to rating without overloading
transformer B, transformer A must be de-rated by 20%.

4.6.3 Source bus connections

Unlike previously assumed application requirements, the primary windings of paralleled transformers do
not have to be permanently connected as normally described. This guide will refer to paralleling
applications with different source side voltages as “separate source bus” applications. Paralleling
techniques are now available that do not necessarily create improper operation due to the operation of a
source bus voltage tie breaker. The effects of source bus connections for different paralleling methods will
be described in Clause 8§ through Clause 12.

4.6.4 Voltage ratios (rated)

Transformers operating in parallel are not required to have the same voltage ratio as normally described.
Paralleling techniques are available to parallel transformers with differing primary or source voltages. For
example, in appropriate applications a 230 kV/69 kV transformer can be paralleled with a 115 kV/69 kV
transformer. This is an example of a separate source bus case of Figure 11b.

4.6.5 Winding designs

Transformers operating in parallel are not required to be of similar design such as to cause similar
individual impedance changes as the taps progress. Depending on paralleled transformer winding locations,
equally increasing tap positions may cause the impedances to increase or decrease.

This causes an operational transformer impedance disparity between the paralleled units (see 4.4.3).
Paralleling techniques are available that may satisfactorily parallel transformers with operational
transformer impedance variation within specific limitations.

5. Requirements of the paralleling control system

5.1 Need for paralleling operation control

Common non-paralleled control functions, described in 4.3, may not adequately provide the appropriate
paralleling tap changing action to meet the added requirements of transformer paralleling applications.

The desirable goal of all paralleling methods is to reduce the difference in currents circulating between
paralleled regulating transformers relative to their MV A ratings as much as possible for all credible system
or equipment conditions. This goal should be achieved while maintaining the regulated bus voltage
specified by control settings.
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5.1.1 Possible basic control mis-operation examples

If appropriate preventive measures and/or paralleling control features are not implemented, a timing error
or voltage level error may occur.

5.1.1.1 Timing error

A timing error can be caused by control timing circuit tolerances or by tap changer mechanical operating
times. The variable for this case is the timing of the control or physical tap operations of the two
transformers.

Assume the transformer 1 voltage-regulating mechanism consistently operates faster than the transformer 2
voltage-regulating mechanism. As the bus voltage and the control voltages increase or decrease together,
there is no operating difference until the voltages reach the band edges. However, when the control
voltages reach both band edges (which signal both controls to begin timing and sends signals to their tap
changers to operate) the overall time to tap operation of each transformer will not be equal.

Whenever the bus voltage reaches the upper band edge (which calls for a tap reduction) the faster voltage-
regulating mechanism (#1) operates. This lower #1 tap operation reduces the regulated bus voltage and
both control voltages return back into band and the controls stop their call for any further action. Whenever
the bus voltage reaches the lower band edge (which calls for a tap increase) the faster voltage-regulating
mechanism (#1) again operates. Now the #1 raise tap operation raises the regulated bus voltage and both
control voltages return back into band and the controls stop their call for any further action.

The result of this timing difference is that the #1 voltage-regulating mechanism is doing all the regulation
and operation while the #2 voltage-regulating mechanism does not operate. This not only causes different
duties on the mechanisms and mechanism contacts but also has detrimental effects on the loading and
heating of both units. These system effects of differences in tap positions of the transformers are described
in more detail in 4.4.

5.1.1.2 Voltage level error

Figure 12 illustrates an example of a voltage error. In this example operating times may be equal but the
value of the voltages V1 and V2, as seen by the two controls, are unequal. Control voltage V1 is shown to
be higher than the control voltage V2 in magnitude. This difference may be a result of the accuracy
tolerances of the voltage transformers (VT) supplying the individual voltages to the controls, accuracy
tolerances of the control, or individual loading differences of the VTs. The variable for this case is the
direction of the physical tap operations of the two transformers.

As the bus voltage and the control voltages increase or decrease together, there is no operating difference as
long as neither voltage reaches the band edge. However, during increasing voltage conditions, control
voltage V1 will reach the upper band edge first and operate the #1 voltage-regulating mechanism to reduce
the voltage back into its bandwidth. In contrast, during decreasing voltage conditions V2 will reach the
lower band edge first and operate the #2 voltage-regulating mechanism to increase the voltage back into its
own bandwidth.

The result of these unequal applied control voltages is that the #1 voltage-regulating mechanism completes
all the tap operations to lower the voltage while the #2 voltage-regulating mechanism completes all the tap
operations to raise the voltage. Consequently, the diverging tap positions between the two transformers can
only continue to regulate the voltage until one reaches a limiting raise or lower tap position. The final result
of such operations can be forcing the transformers to opposite ends of the tap ranges with no remaining
voltage control. As described in 4.5.2, this can cause extremely high and damaging tap position—induced
circulating or difference current.
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SETPOINT

Figure 12 —Voltage error example

5.2 Basic paralleling control requirements

5.2.1 Basic responsibility

The desirable goal of all paralleled regulating systems is to reduce the loading difference between
paralleled transformers relative to their MV A ratings as much as possible while maintaining the regulated
bus voltage. This action will allow the maximum loading capability of the combined or paralleled
transformers. It is recognized that an LTC tap change in a reactive system will affect reactive (VAR) flows
to a greater extent than it will affect real power (kW) flows, according to the overall circuit X/R (reactive
impedance/resistive impedance) ratio.

There are three basic requirements for the appropriate control of multiple paralleled regulating
transformers:

—  The regulating transformers must continue their basic function of controlling the regulated bus
voltage as prescribed by the basic settings on the control (band center, bandwidth, time delay, and
line drop compensation).

— The voltage-regulating mechanisms shall be operated to maintain tap positions that meet the
particular goals of the application and the chosen paralleling method. These goals may include:
1) maintain the same tap position (transformer turns ratio) of all paralleled regulating transformers,
2) reduce the total current difference between the transformers, 3) reduce the reactive current
difference between the transformers, or 4) equalize the paralleled transformer load power factors.

NOTE—Depending on the designs of the transformers or the system application, the appropriate tap positions on the
paralleled transformers may not necessarily be the same numerical tap.

— The previous functions should operate correctly in applications with multiple paralleled
transformers regardless of credible system configuration changes or breaker operations that alter
the parallel connection, loading, or operation of the regulating transformers.
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5.2.2 System or bus configuration

In addition to the responsibilities discussed in 5.2.1, the paralleling control system must be designed and
capable of performing its duties without causing operations that will be detrimental to equipment/power
system services or create safety issues.

This additional requirement generally creates a need for some means of communication connections
between the control system and equipment in or beyond the station. This clause is by no means inclusive of
all possible configurations and is meant to exemplify the paralleling control considerations required for any
system or bus configuration change.

A major requirement of most paralleling control systems operation, except for the negative reactance
method, is the automatic (or manual) determination of the system or bus configuration. Without an accurate
determination of when regulating transformers are in parallel and the system configuration, the ability to
meet the three basic requirements described in 5.2.1 may not be consistent during system configuration
changes.

This status information may be communicated by: a) external wiring between paralleled regulating controls
and inputs of breaker position contacts, b) communication between one or more of the regulating controls
and the inputs of breaker position contacts, or ¢) independent devices that can receive the system external
information and communicate settings or changes directly to the controls or to the voltage-regulating
mechanisms.

5.2.3 Configuration effect examples

Many different bus configurations are possible. Case A is a two-transformer arrangement with source side
bus tiebreaker; case B is a three-transformer arrangement with source side bus tie breakers; and case C is a
three-transformer load ring bus arrangement with source side bus tie breakers.

The presence of the source voltage breakers may have a large effect on the applicability of different
paralleling methods. However, if the applied paralleling control method is appropriate for separate source
bus voltages, a single source bus breaker status change does not add to different paralleling strategies.

Multiple source bus or certain source bus/load bus combinations will increase possible the number of
configurations.

5.2.3.1 Case A—two-transformer arrangement with source bus and load bus tie circuit
breakers

Case A is a two-transformer arrangement with source bus and load bus tie circuit breakers as shown in Figure 13.
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Figure 13 —Case A
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—  The transformers are NOT in parallel if any of the T1, T2, or LB1 breakers are open.

— If either T1 or T2 breakers are open, the LDC response must be appropriate for the configuration
and paralleling control de-activated.

— If LB1 is open, LDC settings may need correction depending on the resultant distribution feeder
configuration and loading. (The transformers are no longer in parallel operation.)

—  With sources on both incoming supply buses, as shown, the operation of breaker SB1 has no effect
on the paralleling status; however, if this condition of open SB1 can occur several paralleling
control methods (as described in Clause 8 through Clause 12) may not be appropriate.

5.2.3.2 Case B—three-transformer arrangement with source bus and load bus tie circuit
breakers

Case B is a three-transformer arrangement with source bus and load bus tie circuit breakers as shown in
Figure 14.
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Figure 14—Case B
— If T1 is open and LB2 is closed, T2 and T3 are in parallel (similar analysis for either T2 or T3
individually opened). As such, the T2 and T3 transformer loading has changed requiring LDC
setting changes.
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&

— If LB1 or LB2 are opened, two transformers are still in parallel and the third is in independent
operation. All loading has changed requiring LDC setting changes.

— If both LB1 and LB2 are open, all three transformers are in independent operation and the
paralleling control de-activated. All loading has changed requiring LDC setting changes.

—  Operation of SB1 or SB2 does not affect the paralleled status. However, if this condition occurs
some paralleling control methods are not applicable. Individual LDC is not generally applicable
under this condition.

—  Operation of both SB1 and SB2 removes transformer 2 from service and from paralleling, similar
to opening T2. Note that transformer 2 remains energized unless T2 is also opened. Since the high
side buses are also disconnected, several paralleling control methods are not applicable. Individual
LDC is not generally applicable under this condition.

—  For multiple transformer applications, if SBx and LBx breakers (example SB2 and LB2) are open,
the paralleling transformers on either side must be established into individual independent
paralleled groups.
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5.2.3.3 Case C—three-transformer arrangement with source bus and load ring bus

Case C is a three-transformer arrangement with source bus and load ring bus as shown in Figure 15.

I

Figure 15—Case C

—  The individual operations of T1, T2, T3, SB1, and SB2 have similar effects as in case B.

—  The operation of load bus intertie breakers LB1, LB2, and LB3 causes much different conditions
than case B. For instance, the individual operation of any load bus tie breaker has no immediate
effect on loading or paralleling status of any transformer. However, the combination of load bus
intertie breakers operation becomes significant and must be accounted for in the paralleling
strategy.

—  When more complicated bus configurations, such as breaker and half schemes or double bus/double
breaker schemes are applied, the accurate determination of system configuration and desired
paralleling equipment operation also becomes more complicated.

6. Equipment involved in paralleling

6.1 Regulating transformers

When paralleling regulating transformers, the relative impedance of each transformer will determine the
load sharing. Therefore, if transformers of the same rating, ratio, and impedance are paralleled they will
share load equally. Transformers are considered suitable for paralleling if their impedances do not exceed
the following tolerances:

a) Two-winding transformers +7.5%
b) Duplicate two-winding transformers +7.5%
c) Three or more windings or zigzag + 10%

d) Duplicate three or more windings or zigzag =+ 10%

e) Autotransformers +10%
f)  Duplicate autotransformers +10%
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