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IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating Commi
the IEEE Standards Board. Members of the committees serve voluntarily and without compensation. They
necessarily members of the Institute. The standards developed within IEEE represent a consensus of t
expertise on the subject within the Institute as well as those activities outside of IEEE that have expressed an
in participating in the development of the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an IEEE Standard does not imply that there are 
ways to produce, test, measure, purchase, market, or provide other goods and services related to the scope o
Standard. Furthermore, the viewpoint expressed at the time a standard is approved and issued is subject 
brought about through developments in the state of the art and comments received from users of the standa
IEEE Standard is subjected to review at least every five years for revision or reaffirmation. When a document
than five years old and has not been reaffirmed, it is reasonable to conclude that its contents, although still 
value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that they 
latest edition of any IEEE Standard.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of mem
affiliation with IEEE. Suggestions for changes in documents should be in the form of a proposed change 
together with appropriate supporting comments.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they 
specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will i
action to prepare appropriate responses. Since IEEE Standards represent a consensus of all concerned int
important to ensure that any interpretation has also received the concurrence of a balance of interests. For th
IEEE and the members of its societies and Standards Coordinating Committees are not able to provide a
response to interpretation requests except in those cases where the matter has previously received
consideration.

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE Standards Board
445 Hoes Lane
P.O. Box 1331
Piscataway, NJ 08855-1331
USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by the In
of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance
To arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer Servi
Rosewood Drive, Danvers, MA 01923 USA; (508) 750-8400. Permission to photocopy portions of any indi
standard for educational classroom use can also be obtained through the Copyright Clearance Center.

Note: Attention is called to the possibility that implementation of this standard may require use of subject m
covered by patent rights. By publication of this standard, no position is taken with respect to the existen
validity of any patent rights in connection therewith. The IEEE shall not be responsible for identifying all pate
for which a license may be required by an IEEE standard or for conducting inquiries into the legal validit
scope of those patents that are brought to its attention.
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Introduction

(This introduction is not part of IEEE Std 115-1995, IEEE Guide: Test Procedures for Synchronous Machines.)

IEEE Std 115-1995  incorporates and updates virtually all of the 1983 edition (reaffirmed in 1991), along with
Std 115A-1987. 

The first AIEE "Test Code" for Synchronous Machines (#503) was issued in 1945 and formed the basis 
subsequent IEEE Std 115, which was first published in 1965.

The Synchronous Machinery Subcommittee Working Group #12, which produced this present document, was
in January 1992, and a revised PAR form, dated April 1992, was approved by the Standards Board in June 19
approval included a proposal by the Working Group to divide the new document "Test Procedures for Synch
Machines," into 2 parts, as follows:

 Part I, Acceptance and Performance Testing
 Part II, Test Procedures and Parameter Determination for Dynamic Analysis

Part I basically includes all of the sections (1–7) of IEEE Std 115-1983, except section 8. These are now de
sections 1–8.

Part II includes section 8 of IEEE Std 115-1983  plus IEEE Std 115A-1987. These are now designated as se
through 12.

A new feature of this revised and expanded standard is the inclusion of several annexes following sections 5
12.

The Working Group believes strongly that the new arrangement will be more convenient to use; the now ex
section 8 from the 1991 document includes three new sections. These are:

 Section 9: Applications of machine electrical parameters
 Section 10: Tests for determining parameter values for steady-state conditions
 Section 11: Tests for evaluating transient or subtransient characteristic values

Section 12 deals with all aspects of standstill frequency response testing of synchronous machines, which wa
from IEEE Std 115A-1987. 

The membership of the working group at the time of approval was as follows:

Paul L. Dandeno, Chair    
Christopher Kaminski , Secretary    

Roger Beaulieu
I. M. Canay
Mark Gregory
I. Kamwa
Haran Karmaker

Tom Lipo
Don McLaren
Paul Nippes
Marcel Pilote
Shep Salon

Robert Saunders
Richard Schulz
Steve Umans

The following persons were members of the Power Group in the Electrical and Computer Engineering Depar
the University of Toronto, and provided secretarial and logistical assistance:

Patricia Doherty Lisa Kiovu Kelly Wong
iii
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The following persons were on the balloting committee:

Kevin D. Becker
Paul L. Dandeno
James S. Edmonds
Brian E. B. Gott
Thomas J. Hammons
Christopher A. Kaminski
Ali Keyhani

Thomas A. Lipo
William R. McCown
Donald G. McLaren
James R. Michalec
Lon W. Montgomery
Nils E. Nilsson
James A. Oliver

Marcel Pilote
Mulukutla S. Sarma
Manoj R. Shah
Jan Stein
Stephen D. Umans
Jayant G. Vaidya
Thomas R. Wait

When the IEEE Standards Board approved this guide 12 December 1995, it had the following membership:

E. G. "Al" Kiener , Chair    
Donald C. Loughry, Vice Chair    

Andrew G. Salem, Secretary    

Gilles A. Baril
Clyde R. Camp
Joseph A. Cannatelli
Stephen L. Diamond
Harold E. Epstein
Donald C. Fleckenstein
Jay Forster*
Donald N. Heirman
Richard J. Holleman

Jim Isaak
Ben C. Johnson
Sonny Kasturi
Lorraine C. Kevra
Ivor N. Knight
Joseph L. Koepfinger*
D. N. "Jim" Logothetis
L. Bruce McClung
Marco W. Migliaro

Mary Lou Padgett
John W. Pope
Arthur K. Reilly
Gary S. Robinson
Ingo Rüsch
Chee Kiow Tan
Leonard L. Tripp
Howard L. Wolfman

*Member Emeritus

Also included are the following nonvoting IEEE Standards Board liaisons:

Satish K. Aggarwal
Robert E. Hebner

Steve Sharkey
Chester C. Taylor

Rochelle L. Stern                                                                                                                                                                                                  
IEEE Standards Project Editor
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IEEE Guide: Test Procedures for 
Synchronous Machines

Part I—Acceptance and performance testing

1. Overview

1.1 Scope

This guide contains instructions for conducting the more generally applicable and accepted tests to determ
performance characteristics of synchronous machines. Although the tests described are applicable in ge
synchronous generators, synchronous motors (larger than fractional horsepower), synchronous conden
synchronous frequency changers, the descriptions make reference primarily to synchronous genera
synchronous motors. The tests described may be applied to motors and generators, as needed, and no attem
to partition this guide into clauses applying to motors and clauses applying to generators. It is not intended 
guide shall cover all possible tests, or tests of a research nature, but only those more general methods whic
used to obtain performance data. The schedule of factory and field tests which may be required on new equi
normally specified by applicable standards or by contract specifications. This guide should not be interpr
requiring the making of any specific test in a given transaction or implying a guarantee to meet specific perfo
indices or operating conditions.

The term specified conditions for tests as used in this guide will be considered as rated conditions unless othe
agreed upon. Rated conditions apply usually to the following quantities listed on the machine nameplate
include MVA, terminal voltage (or kilovolts), armature current, and power factor.

1.2 Organization of guide

The guide is broken down into 12 sections. Part I contains sections 1 to 8, and part II contains sections 9 to 1
section is organized into clauses and subclauses. Certain sections are followed immediately by one or more a

Alternative methods of making many of the tests covered in this guide are described and are suitable for differe
and types of machines and different conditions. In some cases the preferred method is indicated. The manu
choice of method for factory or field tests on new equipment will govern, in absence of prior agreement or c
specification.
Copyright © 1998 IEEE All Rights Reserved 1
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This guide should provide sufficient instructions for performing normally required tests. Throughout this guide
references to clauses have been used frequently to call attention to pertinent related material. When referenc
to a clause, it is intended that the reference include not only the specific clause but any immediately fo
subclauses that apply to the same general subject.

1.3 Miscellaneous notes

It is anticipated that the development of improved practices and new equipment such as electronic and a
devices will result in new or improved methods of carrying out the purposes of this standard. New or m
methods may be used as substitutes when their results have been shown to be reliable and consistent w
obtained by methods given in this guide.

The tests listed in both parts I and II basically relate to three-phase machines. The need for addressing 
machines with more than three phases was recognized. Procedures will probably be developed for tests on for
six, twelve, or much higher phase synchronous machines, and such practices should subsequently be revie
found to be acceptable. They will be considered for incorporation into future revisions of this standard.

The SI or metric system of units has been used in this document. To provide continuity with previous issues
IEEE guide, a conversion table is provided as annex Annex B, which relates metric units to English units. 
Annex A lists nomenclature used particularly in section 5, and in sections 9 through 12. Annex Annex C 
bibliography, in which references are noted particularly for section 5 and for sections 9 through 12.

Annexes Annex A, Annex B, and Annex C are situated at the end of Part II.

1.4 Instrumentation

The tests described in this guide usually require considerable care to obtain the desired accuracy. It is impo
instruments of proper type and range be used.

Information relating to the proper use of instrument transformers and instruments for obtaining the measu
described herein is contained in IEEE Std 120-1989 1. Consequently, the measurement circuits shown in the figure
this guide are often only schematic and IEEE Std 120-1989 should be referred to for accurately detailed 
However, for some special tests and for purposes of improved clarity, more detailed figures of instrument con
have been included.

Calibrated high-accuracy instrumentation and accessory equipment should be used. When suitable autom
acquisition systems or high-speed recorders are available they may be used. Where appropriate, special
which may be required to obtain accurate data have been indicated.

1The numbers in brackets correspond to those bibliographic items listed in annex Annex C.

CAUTION — Many of the tests described in this guide subject the machine to excessive thermal, dielectri
mechanical stresses that could occur beyond normal operating limits. To minimize the risk
damage to the machine, it is recommended that all tests be performed either under
manufacturer's supervision or in accordance with the manufacturer's recommendations.

Because of the dangerous currents, voltages, and forces encountered, adequate safety prec
should be taken for all tests. No attempt is made here to list or review the numerous general s
precautions that are well established throughout the industry. However, this guide recomme
special safety precautions applicable to the particular tests described. All tests should
performed by knowledgeable and experienced personnel.
2 Copyright © 1998 IEEE All Rights Reserved

stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services
stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services



IEEE GUIDE: TEST PROCEDURE FOR SYNCHRONOUS MACHINES IEEE Std 115-1995

erators

drical

drical

lectric

otating

tating

chinery

tating

tating

COPYRIGHT In
Licensed by 
COPYRIGHT In
Licensed by 
2. References

ANSI C50.10-1977, American National Standard General Requirements for Synchronous Machines.2 

ANSI C50.12-1982 (R1989), American National Standard Requirements for Salient Pole Synchronous Gen
and Generator/Motors for Hydraulic Turbine Applications. 

ANSI C50.13-1989, American National Standard Requirements for Rotating Electrical Machinery—Cylin
Rotor Synchronous Generators. 

ANSI C50.14-1977, American National Standard Requirements for Combustion Gas Turbine-Driven Cylin
Rotor Synchronous Generators. 

ASME PTC 18-1949, Hydraulic Prime Movers.3

NEMA MG1-1978, Motors and Generators.4

IEEE Std 1-1986 (Reaff 1992), IEEE Standard General Principles for Temperature Limits in the Rating of E
Equipment and for the Evaluation of Electrical Insulation (ANSI).5 

IEEE Std 4-1995, IEEE Standard Techniques for High-Voltage Testing (ANSI). 

IEEE Std 43-1974 (Reaff 1991), IEEE Recommended Practice for Testing Insulation Resistance of R
Machinery (ANSI). 

IEEE Std 56-1977 (Reaff 1991), IEEE Guide for Insulation Maintenance of Large Alternating-Current Ro
Machinery (10 000 kVA and Larger) (ANSI). 

IEEE Std 62-1978, IEEE Guide for Field Testing Power Apparatus Insulation (ANSI). 

IEEE Std 67-1990, IEEE Guide for Operation and Maintenance of Turbine Generators (ANSI). 

IEEE Std 85-1973 (Reaff 1986), Test Procedure for Airborne Sound Measurements on Rotating Electric Ma
(ANSI). 

IEEE Std 86-1987, IEEE Standard Definitions of Basic Per-Unit Quantities for Alternating-Current Ro
Machines (ANSI).6 

IEEE Std 95-1977 (Reaff 1991), IEEE Recommended Practice for Insulation Testing of Large AC Ro
Machinery with High Direct Voltage (ANSI). 

IEEE Std 100-1992, The New IEEE Standard Dictionary of Electrical and Electronics Terms (ANSI). 

IEEE Std 112-1991, IEEE Standard Test Procedure for Polyphase Induction Motors and Generators (ANSI). 

IEEE Std 118-1978 (Reaff 1992), IEEE Standard Test Code for Resistance Measurements (ANSI). 

2ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New York,
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3ASME publications are available from the American Society of Mechanical Engineers, 22 Law Drive, Fairfield, NJ 07007, USA.
4NEMA publications are available from the National Electrical Manufacturers Association, 1300 N. 17th St., Ste. 1847, Rosslyn, VA 22209, USA.
5IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-
1331, USA.
6IEEE standard 86-1987 has been withdrawn; however, copies can be obtained from Global Engineering, 15 Inverness Way East, Englewood, CO
80112-5704, USA, tel. (303) 792-2181.
Copyright © 1998 IEEE All Rights Reserved 3
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IEEE Std 119-1974, IEEE Recommended Practice for General Principles of Temperature Measurement as a
Electrical Apparatus (ANSI).7 

IEEE Std 120-1989, IEEE Master Test Code for Electrical Measurements in Power Circuits (ANSI). 

IEEE Std 433-1974 (Reaff 1991), IEEE Recommended Practice for Insulation Testing of Large AC Ro
Machinery with High Voltage at Very Low Frequency (ANSI). 

IEEE Std 492-1974 (Reaff 1986), IEEE Guide for Operation and Maintenance of Hydro-Generators (ANSI). 

IEEE Std 810-1987 (Reaff 1994), IEEE Standard for Hydraulic Turbine and Generator Integrally Forged
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IEEE Std 1095-1989 (Reaff 1994), IEEE Guide for Installation of Vertical Generators and Generator/Moto
Hydroelectric Applications (ANSI). 

IEEE Std 1110-1991, IEEE Guide for Synchronous Generator Modeling Practices in Stability Analyses (ANSI

3. Miscellaneous tests

3.1 Insulation resistance

The recommended methods for testing insulation resistance are given in IEEE Std 43-1974. Polarization index
effects of temperature, moisture, and duration of application of test voltage are also covered in IEEE Std 43-1

Too low a value of insulation resistance may indicate the presence of moisture in or on the insulation. In this c
machine should be dried out before dielectric tests are made or before the machine is placed in operation. See
43-1974  and IEEE Std 1095-1989  for methods of dry-out.

NOTE  —  While IEEE Std 1095-1989  is written specifically for vertical hydraulic-turbine-driven generators, the proced
applicable to other types of machines.

Any questions regarding the proper methods to be used for drying out a machine should be referred
manufacturer.

3.2 Dielectric and partial discharge tests

3.2.1 General

The high-potential test is usually but not necessarily applied after all other tests have been completed. The ma
frequency, wave shape, and duration of the test voltage are given in ANSI C50.10-1977  and ANSI/NEMA
1978.

7IEEE Std 119-1974 has been withdrawn; however, copies can be obtained from Global Engineering, 15 Inverness Way East, Engle, CO
80112-5704, USA, tel. (303) 792-2181.

CAUTION — Due to the high voltage used, which could cause serious personal injury or death, high-pote
tests should be conducted only by experienced personnel, and adequate safety precautions s
be taken to avoid such injury to personnel or damage to property. For the procedu
recommended, refer to IEEE Std 4-1978 and IEEE Std 62-1978 .
4 Copyright © 1998 IEEE All Rights Reserved
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The test voltage should be applied to each electric circuit (including each phase of polyphase windings if they
internally connected) with all other electric circuits and metal parts grounded. The leads of each winding o
should be connected together, whether the winding is to be tested or grounded.

3.2.2 Preparation

During testing of the field windings of large machines, the brushes normally should be lifted and isolated elec
from the collector rings so that no excessive voltage stress will be imposed on the field winding if some par
brush rigging or the leads falls. The brush rigging and station leads should be tested separately from the fiel
desired to test the brush rigging of a machine at the same time the field is being tested, the exciter leads s
disconnected unless it is intended that the exciter be tested simultaneously. In any case, the permanent instru
leads should be disconnected. They may be tested separately if desired.

During testing of the field windings of brushless machines, the dc excitation leads should be completely disco
from the exciter unless it is intended that the exciter and associated components be tested simultaneously.
case, the brushless circuit components (diodes, thyristors, etc.) should be short-circuited (not grounded) du
test.

Additional methods, procedures, and precautions are given in ANSI C50.10-1977  and NEMA MG1-1978, part
and 22.

3.2.3 Method I. Alternating-voltage testing at power frequency

An alternating voltage of power frequency is applied to the winding being tested. The following two standard m
of measuring alternating voltage are recognized:

a) The transformer-voltmeter and
b) The sphere gap

These methods are fundamentally different in kind and each can readily be checked against the other.

The transformer-voltmeter method is based upon the use of potential transformers designed for instrument
having accurately determined voltage ratios.

The sphere-gap method is based on an extensive calibration of the breakdown of air as a dielectric between s
specified sizes and spacings. Every precaution should be taken against the occurrence of overvoltage oscilla
to sphere-gap discharges. The sphere gap is frequently used only for overvoltage protection.

Resistance voltage divider methods are also available, and should be considered where applicable.

During application, the test voltage should be increased smoothly and promptly, held for the test period (norm
minute) and then promptly and smoothly reduced to zero.

3.2.4 Method 2. Direct-voltage testing of stator windings

A direct-voltage equal to 1.7 times the rms value of the specified power frequency test voltage (effective v
applied to the winding being tested. For the method of test, see IEEE Std 4-1995 and IEEE Std 95-1977. 
Copyright © 1998 IEEE All Rights Reserved 5
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The resistor-ammeter method is the standard method for direct-voltage measurements.

3.2.5 Method 3. Very-low-frequency testing of stator windings

A very-low-frequency (VLF) voltage (frequency being in the range of 0.1 Hz) with crest equal to 1.63 times th
value of the specified power-frequency test voltage (effective value) is applied to the winding being tested
testing is advantageous on large machines with high winding capacitance where it may result in reduced s
rating of the test equipment required. For the method of test, see IEEE Std 433-1974 .

3.2.6 Method 4. Partial discharge testing

Insulation maintenance, slot-discharge testing, and corona-probe testing are described in IEEE Std 56-1
addition, clause 7.1.2 of IEEE Std 62-1978 describes partial discharge measurements on rotating machines. T
been a very large increase in the research and application of partial discharge techniques using perman
temporarily mounted detectors. Application of such techniques to machines covered by this standard is incr
common and yields valuable information for both maintenance and diagnosis of winding problems.

3.3 Resistance measurements

3.3.1 General

To obtain direct-current resistance measurements of armature and field windings, the procedures given in IE
118-1978  should be used. The following subclauses give special considerations pertaining to the measur
winding resistance. Where generator field leads are inaccessible such as when brushless exciters are used, 
be possible to measure the field resistance unless provision is available through special instrumentat
procedures. The manufacturer should be consulted.

3.3.2 Correction to specified temperature

When the resistance, Rt, of a winding has been determined by test at a winding temperature tt, the resistance may be
corrected to a specified temperature ts by the following equation:

(3-1)

where

Rs is the winding resistance, corrected to specified temperature, ts (ohms)
ts is the specified temperature, °C
Rt is the test value of winding resistance (ohms)
tt is the temperature of winding when resistance was measured, °C
k is the characteristic constant for the winding material (see 6.4.4)

CAUTION — Following a direct-voltage high-potential test, the tested winding should be thoroughly ground
The insulation rating of the winding and the test level of the voltage applied determine the pe
of time required to dissipate the charge. In many cases, the ground must be maintained for se
hours to dissipate the charge to avoid hazard to personnel.

Rs Rt

ts k+

tt k+
------------ 

  Ω=
6 Copyright © 1998 IEEE All Rights Reserved
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3.3.3 Reference field resistance

The resistance is commonly measured at standstill in order to obtain a reference value (Rb) from which to determine
field temperature during running tests by the method of 6.4.4. For this purpose, the rotor is allowed to be exp
an essentially constant ambient temperature for a time sufficiently long enough for the entire rotor to reach the 
temperature. It is important that the method of measurement does not alter the temperature of the winding.
double bridge is used, the current through the winding is not sufficient enough to produce a change in tempe

When the field resistance is to be measured by drop of potential, a relatively low value of current should be use
the resulting I2R loss will not cause a significant change in temperature during the time of application. The appli
of current should be no longer than necessary for the electric transient due to field inductance to die out 
instruments to come to rest.

If the field resistance is measured by drop of potential, the current should be applied through clamping rings 
equivalent devices to avoid damage to the active surface of the collector. The field temperature can be mea
thermometers or thermocouples.

3.3.4 Reference field resistance from a running test

Although it is preferable to obtain the reference value of field resistance at standstill because both the resista
temperature can be determined more accurately, it is often advantageous to obtain or verify the reference v
test made at or near normal speed using the drop-of-potential method. For conductor-cooled rotors, 
temperature may change too rapidly to make this practicable. The making or relieving of turn-to-turn short cir
the field winding may cause the measured resistance of the field circuit to differ substantially from the standstil
thus providing a possible incidental check for short-circuited turns (see 3.4).

Immediately after the machine has been brought up to speed, starting with the rotor at a known uniform temp
direct current is applied to the field in as small a value as will permit accurate current and voltage measurem
soon as the current has become constant, the voltage drop across the collector rings should be measured.
voltage drop of the normal brushes may be a substantial fraction of the impressed voltage in this test, it is esse
the brush drop be eliminated from the voltage measurement, or minimized by special methods of voltage meas
or special test procedures (see 3.3.6).

3.3.5 Field resistance for running temperature tests

To determine the field temperature under specified or desired load conditions, the field resistance should be m
by the drop-of-potential method after the machine has been operated at the required field current and as
practicable to the required loading conditions long enough for a uniform temperature to have been reach
temperature of the field winding is then determined in accordance with 6.4.4. The resistance obtained from 
should be called Rt in equation 6-11.

Including brush voltage drop in the measured field voltage may introduce a substantial error in the temp
determination, and therefore, it is highly desirable to eliminate or minimize its effect in this test (see 3.3.6).

When measuring the resistance of the field with the machine loaded, the voltage regulator should be disconne
a number of armature voltage, power, and current readings should be taken simultaneously with field curr
voltage readings to ensure that the resistance is measured under uniform conditions.

3.3.6 Effect of brush-voltage drop

To determine the field resistance of a running machine accurately, it is necessary to obtain the voltage drop a
field winding without including the voltage drop of the brushes supplying the field current. This is espe
important when the field current is very small, as when determining the reference resistance value (see 3.3.4)
purpose it is desirable to measure the voltage drop directly across the collector rings, using special brushes t
contact with the collector rings only during voltage measurement. For this purpose, it is possible to use
stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services
stitute of Electrical and Electronics Engineers, Inc.
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a) Special copper or bronze leaf brushes bearing directly on the collector rings
b) Insulated brushes that have not developed a glazed surface
c) Insulated special carbon or graphite brushes compounded with highly conducting materials to redu

resistance

Unless a very small voltage drop occurs across these measurement brushes, a significant error may be intro

When these special methods of voltage measurement are not available, the voltage measurement necessari
the voltage drop across the brushes. In such cases, efforts to reduce its effect should be made. Since the vo
across the brushes remains reasonably constant with varying current, the effective brush resistance is re
increasing the current density. This may be accomplished by reducing the number or cross section of brus
during the test, particularly for low field currents. When information is available regarding the expected voltag
across the brushes, more accurate results can be obtained by subtracting the brush drop from the measur
before calculating the resistance, but the results thus obtained should be used with caution.

On machines whose collectors have high peripheral speed, care must be exercised to avoid damaging th
condition of the collector by voltage-measuring devices.

3.4 Tests for short-circuited field turns

3.4.1 General

The object of these tests is to detect field coils that have short-circuited turns, an incorrect number of turns, or i
conductor size. Not all short-circuited field turns are apparent at standstill, and a test at rated speed may be required.

3.4.2 Method 1. Voltage drop, direct-current

This method can be used to detect short-circuited turns only when connections between coils are accessible
is made, with the rotor at standstill, by passing a constant direct current through the entire field winding. The 
voltage of each coil or pair of coils is measured by means of a voltmeter. If these readings vary more than ±2% from
the average, it is an indication that there may be short-circuited turns in the coil, or that part of the winding is
with the wrong number of turns or size of conductor.

3.4.3 Method 2. Voltage drop, alternating current

A more sensitive test for short-circuited turns is made by passing constant-amplitude alternating current thro
entire field winding. If there is access to connections between coils, with the rotor at standstill, the voltage acro
coil or pair of coils should be measured. The voltage across a coil having a short-circuited turn will be subst
less than that across a sound coil. The voltage across a sound coil adjacent to the coil with a short-circuited 
be somewhat less than that across other sound coils because of the reduced flux in the short-circuited coil. Co
of the measured voltages will readily locate any coils that are defective.

If the connections between coils are not accessible, the current and voltage drop (across the entire winding) s
measured. The impedance of a one-circuit winding in which one coil has a short-circuited turn will be redu
approximately (m−1)/m times the value across a sound winding, where m is the number of turns in the winding. Thi
test is useful for detecting a machine which has a short-circuited turn only when running. If the speed is varie
the alternating current is applied, a discontinuity in the current or voltage readings should indicate the occur
removal of a short circuit.

The sensitivity of this method of test is much lower for cylindrical rotors in which the field winding lies in s
especially for solid-steel rotors. The sensitivity varies depending on which coil has a short-circuited turn. Facto
in which temporary short circuits are applied can be made to serve as the basis for future analysis when short-
turns are suspected. For cylindrical-rotor machines, method 3, 4, or 5 may be preferred.
8 Copyright © 1998 IEEE All Rights Reserved
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3.4.4 Method 3. Direct-current resistance

In this method, a comparison is made between the field resistance and a value previously obtained by
calculation.

After the rotor has been exposed to an ambient temperature for a period sufficient enough for the entire rotor 
to be at ambient temperature, the field resistance is measured by double bridge and the temperature of th
measured by several thermometers or thermocouples located at suitable points. The resistance is then corr
temperature at which the resistance has previously been determined by a similar test (or by calculation in the
a new machine). If the corrected value of the newly obtained resistance is significantly lower than the referenc
short-circuited turns may be present.

3.4.5 Method 4. Exciting coil for cylindrical rotors

This method uses a testing device having a U-shaped core capable of bridging one coil slot of a cylindrical ro
having an exciting coil wound on the core. The test is made by placing the device successively across each 
slot and passing alternating current (normally at power frequency) through the exciting coil. The voltage acr
field winding or the impedance of the exciting coil should be determined for each slot. When the device span
side with a short-circuited turn, the voltage of the field winding or the impedance of the coil will be lower than
slot containing a sound coil.

3.4.6 Method 5. Rotor waveform detection for cylindrical rotors

This method utilizes a transducer or coil pick-up to determine the rotor magnetic field waveform. The magnet
up should be mounted from the stator, in the air gap in close proximity to the rotor, according to the manufa
recommendations, and connected to an oscilloscope or other suitable recording device. With the rotor rotating
and the field winding excited, the occurrence of short-circuited turns can often be detected as discontin
dissymmetry in the recorded trace (see IEEE Std 67-1990 ).

3.5 Polarity test for field poles

The polarity of the field poles may be checked by means of a small permanent magnet mounted so that it may
reverse its direction freely. The field winding should be energized by 5% to 10% of rated current. The m
indicates proper polarity by reversing direction as it is passed from pole to pole. The magnet should be che
ensure that its magnetism has not been lost or its polarity reversed by the field flux.

3.6 Shaft current and bearing insulation

3.6.1 General

Irregularities in the magnetic circuit may cause a small amount of flux to link the shaft, with the result th
electromotive force is generated between the shaft ends. This electromotive force may cause a current to flow
the shaft, bearings, bearing supports, and machine framework, and back to the other end of the shaft, unless 
is interrupted by insulation.

NOTE  —  While other causes may produce a shaft voltage not involving a difference in potential from one end of the shae
other, special tests are not provided for the resulting effects because each of these sources requires special
methods of test, essentially of an investigative research nature.

For methods 1 through 4, the machine should be run at rated speed and excited at rated armature voltage op
unless other operating conditions are specified.
Copyright © 1998 IEEE All Rights Reserved 9

stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services
stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services



IEEE Std 115-1995 IEEE GUIDE: TEST PROCEDURES FOR SYNCHRONOUS MACHINES

 a high-

 voltage
 at rated
e at one
ft to the
ce shaft
 is not

bed in this
 frame of
, a low-
, and a
ly at each

nts if the

rnating-
earing to
artially
oltage

upling of
ither a

 in the
ulated
g of the

to reject

em. The
arried out
 example,
 may be
o assure

COPYRIGHT In
Licensed by 
COPYRIGHT In
Licensed by 
3.6.2 Method 1. Across end shafts

The presence of shaft voltage may be determined by measuring the voltage from end to end of the shaft with
impedance voltmeter.

3.6.3 Method 2. Across bearing oil film, uninsulated bearings

This method requires that the insulating properties of the bearing oil film be adequate to withstand the shaft
without breaking down. The presence of shaft voltage or current may be determined by running the machine
speed and voltage, and connecting a low-resistance conductor from the shaft to the frame of the machin
bearing, and a low-range ac voltmeter (or a high-range ac ammeter) with low-resistance leads from the sha
frame at another bearing. Deflection of the instrument indicates the presence of a voltage that may produ
currents. If the instrument does not deflect, there is either insufficient voltage present or the bearing oil film
acting as an adequate insulator.

3.6.4 Method 3. Across bearing insulation

Many machines have one or more bearings insulated to eliminate shaft currents. For these methods as descri
subclause as well as 3.6.5 through 3.6.7, it is assumed that insulation is located between the bearing and the
the machine. To determine the presence of a voltage that will produce shaft currents in such a machine
resistance conductor is connected from the shaft to the uninsulated bearing in order to short-circuit the oil film
low-range ac voltmeter (or a high-range ac ammeter) is connected between the shaft and the frame successive
insulated bearing. Deflection of the instrument indicates the presence of a voltage that will produce shaft curre
bearing insulation is not present.

3.6.5 Method 4. Bearing insulation

The insulation can be tested by connecting a low range alternating-current voltmeter (or a high range alte
current ammeter) across the insulation. A low-resistance conductor may be applied from the shaft to each b
short-circuit the oil film. Deflection of the instrument, in this case, is evidence that the insulation is at least p
effective. If there is no deflection of the instrument, either the insulation is defective or there is no shaft v
present.

3.6.6 Method 5. Bearing insulation

A layer of heavy paper is placed around the shaft to insulate the journals of the uninsulated bearings. The co
the driving or driven units should be disengaged if it is not insulated. Then, from a 110 V–125 V source, with e
filament lamp suitable for the circuit voltage or a voltmeter of approximately 150 V full scale with a resistance
range of 100 Ω/V–300 Ω/V placed in a series with the voltage source, two leads should be run, one to the ins
bearing and the other to the frame (across the insulation). If the lamp filament does not glow (or if the readin
voltmeter does not exceed 60 V) the insulation may be considered satisfactory.

A 500 V megger may also be used. This is much more sensitive than the above method and may tend 
insulation which is adequate to prevent the small shaft voltage from causing injurious current.

3.6.7 Method 6. Double insulation

On some machines, bearings are provided with two layers of insulation with a metallic separator between th
test of method 5 is applied between the metallic separator and the frame of the machine. This test should be c
on each of the various multiple paths between the shaft and the frame where insulated bearings are used (for
thermometer tubes, control pipes for a hydraulic turbine, hydrogen seals, and insulated couplings). This test
made with the machine stationary or running. The test should be supplemented by careful visual inspection t
that there are no possible parallel paths that are not provided with insulation.
10 Copyright © 1998 IEEE All Rights Reserved
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3.7 Phase sequence

3.7.1 General

The phase-sequence test is made to check the agreement of the machine with the terminal markings and pha
that have been specified, or with the requirements of NEMA MG1-1978. The results are used when connec
leads to the armature terminals to obtain correct phasing of a generator to the bus, or the correct direction o
for motors. The phase sequence on three-phase machines can be reversed by interchanging the line connect
two armature terminals. The phase sequence on two-phase machines can be reversed by interchanging the tw
either phase.

3.7.2 Method 1. Phase-sequence indicators

Phase sequence is determined by running the machine as a generator in the direction of rotation for whic
designed and by connecting to the terminals a phase-sequence indicator or an induction motor, whose dir
rotation is known when a given phase sequence is applied to its terminals.

Figure 3.1 is a diagram of one type of phase sequence indicator which consists of windings placed on a lamin
core, with a steel bar mounted in the center. The terminals of the machine under test, whether three-phas
phase, should be connected to the corresponding terminals of the indicator. The indicator shown in figure 
operate clockwise if the phase sequence is 1, 2, 3, and counter-clockwise if the phase sequence is 1, 3, 2.

Figure 3.1—Phase-sequence instrument

A type of phase-sequence indicator without moving parts is also available for three-phase machines and i
schematically in figure 3.2. The indicator makes use of a small capacitor and two neon lamps connected in Y
the three-phase circuit to be tested. For phase sequence 1, 2, 3, the lamp connected to terminal 1 will glow. F
sequence 1, 3, 2, the lamp connected to terminal 3 will glow. To check the indicator, the switch shown in fig
should be closed. If operating correctly, both lamps will glow with equal intensity.

When it is necessary to connect a phase-sequence indicator to the machine terminals through potential tran
extreme care should be exercised in observing the conventions for polarity markings of the potential transf
(See ANSI C57.13-1978 , clause 4.8.1.)
Copyright © 1998 IEEE All Rights Reserved 11
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3.7.3 Method 2. Indication of differential voltage

A convenient check of the phase sequence of a synchronous generator compared to the system to which 
connected can be obtained as described below.

Four potential transformers are connected as shown in figure 3.3 for three-phase machines. Great care is ne
maintain the correct polarity of the transformer connections. The asterisks show the corresponding termina
primary and secondary windings. This connection effectively places indicating lamps across open discon
switches between the generator and the system. The generator should be brought up to speed and excitatio
corresponding to normal voltage. When it is near synchronous speed, lamps connected to the potential tra
secondaries will brighten or dim simultaneously if the generator has the same phase sequence as the system
they will brighten or dim one after the other if the phase sequences are opposite.

Figure 3.2—Neon-lamp phase-sequence indicator
12 Copyright © 1998 IEEE All Rights Reserved
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Figure 3.3—Connection diagram for comparing the phase-sequence of a generator with that of a 
system by indicating the voltage across an open disconnect switch

3.7.4 Method 3. Direction of rotation for motors

In the case of a motor, the phase sequence can be checked by starting it from its normal source of power and 
its direction of rotation. If damage can result from improper rotation, the motor should be disconnected fr
apparatus which would be damaged. In some cases, apparatus such as a non-reverse ratchet cannot be disco
this case, a sufficiently low voltage should be used so as not to damage the apparatus, or another procedu
method 1 or an adaptation of method 2 should be used.

3.8 Telephone-influence factor

3.8.1 Telephone-influence factor

Telephone-influence factor (TIF) for the synchronous machine alone is normally measured when its re
excitation has been replaced by a ripple-free supply and power transformers have been removed from the l
obtained as the quotient of a weighted rms value of the fundamental and harmonics of a voltage wave, and 
mean-square value of the wave. This can be done analytically from data taken by harmonic analysis in con
with the weighting factors using the following equations:

(3-2)

where

(3-3)

ETIF is the weighted rms value of the voltage wave, using the weighting factors Tn
Tn is the TIF weighting factor for the nth harmonic

TIF
ETIF

Erms

-----------=

ETIF Σ TnEn( )2=
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En is the rms value of the nth harmonic component of voltage (including the fundamental compon
voltage) in the same units as ETIF

Erms is the rms value of the voltage wave, in the same units as ETIF

The weighting factor, Tn, used above, is equal to the single frequency telephone influence factor, TIFf, corresponding
to the nth harmonic frequency.

3.8.2 Weighting factors

For the weighting factors to be used in calculating TIF, see ANSI C50.13-1989  or NEMA MG1-1978.

3.8.3 Potential transformer considerations

If a potential transformer is connected between the machine and the instrument, it should be established
harmonic content of the machine voltage is not affected by the presence of the transformer. To perform such
a resistance voltage divider (having approximately 300 Ω/V and designed to produce the desired voltage fo
harmonic analyzer) should be placed across the terminals of the machine with the potential transformer disco
and the harmonic content of the machine voltage should be obtained. The potential transformer should then b
across the machine terminals and the harmonic analysis repeated, using the voltage divider. A second che
made by making a harmonic analysis using the secondary of the potential transformer. If the three analyses of
voltage harmonic content agree, the transformer can be considered satisfactory for use on other similar mach

3.9 Balanced telephone-influence factor

3.9.1 General

For the definition of balanced telephone-influence factor, see IEEE Std 100-1992. 

3.9.2 Method 1. Line-to-line voltage

For a three-phase wye-connected machine, equation 3.2 can be used, based on line-to-line voltage. The valuETIF
for a wye-connected machine can be measured by means of a TIF meter, or can be obtained from a harmoni
of the line-to-line voltage using equation 3-3. Readings are taken with the machine operating at rated volt
speed, without load.

3.9.3 Method 2. Phase voltage

The balanced telephone-influence factor of a three-phase wye-connected machine can be obtained using eq
2 and 3-3 based on a harmonic analysis of line-to-neutral voltage, but omitting the third harmonic and m
thereof from the computation of ETIF. Readings are taken with the machine operating at rated voltage and s
without load.

3.10 Residual-component telephone-influence factor

3.10.1 General

For the definition of residual-component telephone-influence factor, see IEEE Std 100-1992. 
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3.10.2 Method 1. Machines that can be connected in delta

The residual-component telephone-influence factor of a three-phase machine can be obtained by conne
machine in delta with one corner open and with the machine operating at normal speed and no load, with e
corresponding to rated open-circuit voltage. A TIF instrument or harmonic analyzer is placed across the ope
of the delta. Equation 3-4 should be used to evaluate residual TIF from this method.

(3-4)

where

ETIF is the weighted root-mean-square voltage taken across the open corner of the delta. It can be obtai
the reading of a TIF instrument or is calculated from harmonic analyzer data using equation 3-3

Erms is the voltage across one phase of the delta, in the same units as ETIF. This can be taken as the average 
the voltages of the three phases.

For other nomenclature, see equation 3-2.

Caution should be used in making the open-delta test on high-voltage machines. The voltage to be measured
small fraction of the voltage of one side of the delta. Hence a low-ratio potential transformer (from 1:1 to 10:1)
be used even on high-voltage machines. However, should one side of the delta accidentally become comp
partially short-circuited during the test, the voltage across the TIF instrument or harmonic analyzer would j
many times (from 10 to 100 times) the instrument voltage before the accidental short circuit. This new voltage
equal approximately the voltage that existed between the two points that were short-circuited divided by the
the potential transformer. For a 1:1 transformer, this could equal full normal line-to-neutral voltage of the mac

To eliminate the hazard associated with such an accidental short circuit, it is necessary on high-voltage mac
isolate the instrument and circuits from all personnel, or to use protective gaps and fuses to ground the instrum
isolate it from the machine in case of over-voltage. The duration of excitation during the test should be ke
minimum.

3.10.3 Method 2. Machines that cannot be connected in delta

In those cases where the machine cannot be conveniently connected in delta, the residual-component TIF
obtained by connecting three identical potential transformers in wye to the terminals of the machine and con
the secondaries in delta with one corner open. The neutral of the potential transformer primaries should be co
to the neutral of the machine. The measurements then may be taken in the potential transformer secondary in
manner as when taken directly on the machine as in method 1. When this method is used, it should be recogn
with low values of TIF, the accuracy may be affected by the exaggerated effect of slight variations amo
transformers.

3.10.4 Method 3. Line-to-neutral test

In the case of a three-phase machine where the phase voltages are balanced (the usual case), the residual-
telephone-influence factor can be computed using equations 3-2 and 3-3 from a harmonic analysis of the
neutral voltage, considering only the third harmonic and multiples thereof. Readings are taken with the m
operating at rated voltage and speed, without load.

Residual TIF
ETIF

3Erms
--------------=
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3.11 Line-to-neutral telephone-influence factor

3.11.1 General

The line-to-neutral telephone-influence factor of a three-phase machine is calculated from equation 3-2 base
line-to-neutral no-load voltage of the machine (considering all harmonics). This has significance only for a
connected machine, and is of value primarily for checking (see 3.11.3).

3.11.2 Method of test

The line-to-neutral TIF can be measured with one potential transformer connected from line-to-neutral acr
phase of the machine when operating at rated voltage and speed, without load. The weighted root-mean-squa
ETIF, of the voltage across the secondary of the transformer is obtained by TIF instrument or by harmonic a
using equation 3-3. The TIF is obtained from equation 3-2.

3.11.3 Check of balanced, residual, and line-to-neutral TIF

A useful check of the values of balanced, residual, and line-to-neutral telephone-influence factors is obtained 
following relationship:

(3-5)

3.12 Stator terminal voltage—Waveform deviation and Distortion factors

3.12.1 Procedure for testing

For the definition of deviation and distortion factor, see IEEE Std 100-1992 . The waveform of the test vol
recorded by using an oscillograph adjusted to produce a wide deflection, and operated at high speed so tha
interval of one-half cycle may be subdivided into a series of equal intervals. To permit adequate analy
maximum amplitude of the wave from zero should be at least 3.2 cm and the distance for one-half cycle at lea
Figure 3.4 shows the trace of an exaggerated wave to be analyzed, in rectangular coordinates. Also, the equiv
wave has been plotted on the same figure, so located that the maximum deviation of the wave to be analyzed
sine wave is a minimum. The amplitude of the equivalent sine wave may be determined by the method de
below. Plots of the wave in polar coordinates may also be used.

line-to-neutral TIF balanced TIF( )2 residual TIF( )2+=
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Figure 3.4—Plot of wave for deviation factor

To obtain the amplitude of the equivalent sine wave, the time interval of one-half cycle of the wave to be ana
divided into J (at least 18) equal intervals, beginning at a point where the trace of the wave crosses the
abscissas, and a vertical line is erected at the end of each interval, crossing the trace. If the value of the insta
voltage, Ej, is measured at each of the J points of intersection with the wave trace, the zero-to-peak amplitud
equivalent sine wave, EOM, is given by equation 3-6.

(3-6)

where

Ej equals an instantaneous value of the voltage wave at the jth point

In certain machines even harmonics of voltage may be produced, resulting in alternate half cycles differing f
negative of the intervening ones. For such an unsymmetrical wave, a complete cycle should be analyzed.

As an alternate method, the rms value of the equivalent sine wave, Eo, may be measured by an accurate dynamome
or thermocouple type ac instrument that has been calibrated against the same reference standard as the os
Since differences in calibration cause a magnified relative error in the deviation factor, a voltmeter reading sho
be relied upon unless the calibrations of the oscillograph and the voltmeter have been carefully compared. T
value of the equivalent sine wave, EOM, is the instrument reading EO multiplied by .

To adjust the equivalent sine wave so that the deviation between the wave being analyzed and the equivalent s
is a minimum, it is convenient to plot the equivalent sine wave on a transparent overlay to the same scale
oscillogram, and slide the overlay over the oscillogram, with the axes of the abscissa coincident, until a loc
found where the absolute value of the vertical deviation between the two waves is a minimum. This locati
usually occur when the zero values of voltage waveform occur at nearly the same point in time, and often w
maximum positive deviation is the same or nearly the same as the maximum negative deviation during the h
(see figure 3.4).

EOM
2
J
--- Ej

2

j 1=

j

∑=

2
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The traditional waveform analysis done by using an oscilloscope, a wave analyzer, and instrument meters r
manual calculations, and operations can be replaced by computer-controlled data acquisition systems 
accurate, and automatic data reduction and analysis. To illustrate this method, figure 3.5 shows a block diag
computer-controlled data acquisition system used for waveform analysis.

Figure 3.5—Block diagram of the instrumentation used in waveform analysis

The line-to-line or line-to-neutral analog voltage waveforms can be conveniently recorded at site or in the fac
the secondaries of the potential transformers, in a data recorder for off-line processing and data reducti
recorded waveforms on the video cassette are fed into a multi-channel digital waveform recorder.

The computer controls the programmable waveform generator to generate sampling pulses at a rate of at 
times the frequency of the voltage. The sampling pulses are transmitted to the waveform recorder to trigger 
sampling of the input waveform. Data samples are stored in the memory of the waveform recorder for transm
the computer via the interface bus.

Waveform analysis is then carried out by software codes that implement the method described in 3.12.2.

3.12.2 Waveform analysis

The maximum value of the deviation between the two waves, when located as described in 3.12.1, may be de
by ∆E. Then the deviation factor FDEV is given by equation 3-7.

(3-7)

Waveform analysis usually includes the determination of the rms amplitude of the equivalent sine wavefo
maximum deviation between the waveform and the equivalent sine waveform, the deviation factor, the ha
contents of the waveform, and the distortion factor.

FDEV
∆E

EOM
-----------=
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Prior to the analysis, any dc value in the waveform should be removed. This can be done by calculating the 
as follows:

(3-8)

where

EO is the dc value of the waveform
N is the number of sample data in one period
Ei is the i th sample data of the waveform

This dc value should be subtracted from the input waveform

Ej = Ei − EO

for j = 1, 2,…,N

The rms value of the input waveform is given by

(3-9)

Therefore, the zero-to-peak amplitude of the equivalent sine wave EOM is

(3-10)

To determine the maximum deviation, designated by ∆E, the location of the sine waveform relative to the inp
waveform should be found where the absolute value of the vertical deviation between the two waves is a m
This location will usually occur when the zero values of voltage occur at nearly the same point in time.

Therefore, the zero voltage points of the two waves are taken as the common points in time and a comparison 
out by shifting the input waveform so that it will start from zero point with positive slope. The starting point will
be the point having the smallest absolute value and a positive first derivative. This point can be found by a c
algorithm.

Then the input waveform is shifted and each sample point is relabelled, i.e., the first point (j=1) corresponds to the
smallest absolute value with a positive slope. The maximum deviation ∆E is given by

(3-11)

3.12.3 Fourier analysis

Fourier analysis is carried out to determine the harmonic contents of the wave by the following equations:

(3-12)

(3-13)

EO

Ei

i 1=

N

∑
N

---------------=

Erms
1
N
---- Ej

2

j 1=

N

∑=

EOM 2 Erms⋅=

∆E MAX ABS Ej EOM 2π j
N
---- 

 sin– 
 =  for j 1,2,...,N=

an
2
N
---- Ej

2πnj
N

------------ 
 cos

j 1=

N

∑=

bn
2
N
---- Ej

2πnj
N

------------ 
 sin

j 1=

N

∑=
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(3-14)

(3-15)

where

n                      is the order of the harmonic
an and bn         are coefficients for cosine and sine terms, respectively
En and φn        are rms magnitudes and corresponding relative phase angles of the various orders of harmon

The distortion factor, FDi, of a wave is obtained by dividing the rms harmonic content (the square root of the s
the squares of the rms amplitudes of all frequency components except the fundamental), by the rms value of 
including the fundamental

(3-16)

where

ΣEn
2 is the sum of the squares of all components of the voltage except the fundamental

Erms is the root-mean-square value of the voltage

By digital method, after obtaining the magnitudes of the harmonics, the distortion factor FDi can be calculated as

(3-17)

n = 2, 3,…, where En are calculated by equation 3-14.

In most cases, the amplitudes of the harmonics decrease as the order of the harmonic increases so that det
of the amplitudes of the first few harmonics is all that is needed to obtain a satisfactory value of the distortion
However, if the waveform indicates the presence of significant high-frequency ripples, the harmonics of rel
high frequencies may have significant amplitudes; the number of sample points used should be sufficient to pro
accurate determination of the amplitudes of these harmonics.

The rms value of the harmonic content of the wave can be obtained by a notch filter that blocks out o
fundamental, in conjunction with a dynamometer type ac voltmeter calibrated with the circuit. A harmonic an
can also be used to measure En.

3.12.4 Measuring rms value

The rms value of the wave is obtained using a dynamometer or thermocouple type alternating-current instru
suitable accuracy or a true rms digital meters. (Other types of instruments are likely to give incorrect readings 
they do not respond to the root-mean-square value of distorted waves.)

En an
2 bn

2+=

φn tan 1– bn an⁄( )= an 0>

 tan 1– bn an⁄( ) π+= an 0<

n 1,2,3,...=

FDi

Σ En
2

Erms
----------------=

FDi

Σ En
2

EOM
----------------=
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3.13 Overspeed tests

3.13.1 General

Overspeed tests are made only when specified. They are generally specified for synchronous generators con
turbines or other mechanical equipment that may be subject to over-speed on loss of load or other cau
manufacturer should be consulted prior to conducting any test which is above rated speed.

3.13.2 Procedure

Before making an overspeed test, the machine should be carefully inspected, making sure that all holding-do
and rotating parts are tight and in good condition. The rotor should be in as good a mechanical balance as
before starting the test. Every precaution should be made to protect life and property in case of any mishap. T
should be read with an electric tachometer or other accurate remote speed-indicating device. The tachometer 
calibrated with the leads used in the test and the reading checked at normal speed before starting the test.

When making the test, the machine should be operated at rated speed for a sufficiently long period for v
readings to be made and stabilized, and to ascertain that the machine is running satisfactorily. The machine sh
be accelerated with reasonable promptness to the specified overspeed. For tests at speeds greater than 115
speed, it is desirable to pause briefly at various speeds during acceleration to check such operating cond
vibration, runout of the rotor shaft, and behavior of the oil in the bearings. Vibration readings should also be m
rated speed following the test for comparison and reference.

Normally, the overspeed test is made with the machine unexcited. If the machine is excited, care should be e
to reduce excitation during the test so that the voltage does not exceed 105% of rated voltage.

Following operation at the specified overspeed for the specified time, the machine should be brought promp
smoothly back to or below rated speed.

If the overspeed has been applied for any prolonged period, the bearings will be at substantially higher than
temperatures and the viscosity of the oil much lower than normal. Therefore either the machine should be ret
normal speed or below until the bearing temperatures return to normal, or it should be shut down quickly 
restarted until the bearing temperatures cool down to normal conditions. The machine should be carefully in
after the test.

3.14 Line-charging capacity

3.14.1 General

The line-charging capacity of a synchronous machine is its reactive power in kilovoltamperes when op
synchronously at zero power factor, rated voltage, and with the field current reduced to zero. (This quantity
inherent relationship to the thermal capability of the machine, therefore note the caution in 3.14.4.)

3.14.2 Method 1. As motor

The machine is operated as a synchronous motor at no load, preferably uncoupled, and at rated voltage and f
with excitation reduced to zero. Because machine losses are supplied from the driving units, the line-charging 
is approximately the reactive power input in kilovoltamperes. If the machine is coupled to a condensing steam 
it should be uncoupled to prevent overheating of the turbine.
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3.14.3 Method 2. As generator

The machine under test is driven at normal speed and is connected to a load consisting of idle-running ove
synchronous machines, or to a bus that may be considered as an infinite-capacity voltage source, with rated v
the generator at rated frequency, and with its excitation reduced to zero. The line-charging capacity is approx
the reactive power input in kilovoltamperes.

3.14.4 Method 3. As generator

The machine is driven at normal speed and is connected to sections of transmission line, using sufficient se
give rated voltage when generator excitation is reduced approximately to zero. The line-charging capacit
reactive power input in kilovoltamperes. Because a transmission line requires at least a small synchronous s
excitation, it is not possible to make the test at zero excitation. Therefore, a series of tests with successively
values of excitation can be used as a basis for extrapolating the reactive power to zero excitation.

3.15 Acoustic noise

3.15.1 General

Test procedures for airborne sound are described in the IEEE Std 85-1973 and ANSI Std C50.12-1982. T
"noise" refers to any unwanted sound. The duration for the maximum permitted hours of exposure per work
various noise levels are set in the U.S. by the Occupational Safety and Health Administration (OSHA).

3.15.2 Procedure

A sound level instrument is an omnidirectional microphone with an amplifier, weighting filters, processing elect
and an indicating dial. The filters allow the selection of the ANSI "A", "B", or "C" frequency response characte
More details about tests, relative weightings, and test environments are described in IEEE Std 85-1973. 

A sound level instrument provides a single number in decibels (dB) for all sound within the audio frequency ran
gives no indication of the frequency content. Some indication of the importance of the components below 600 
be obtained by switching from an A to a C-weighting curve. An analysis of the sound in the frequency domain
spectrum analysis, can provide valuable information for noise suppression and control.

CAUTION — Note that a limit for reduction of field current of cylindrical-rotor machines at rated voltage m
be set by the manufacturer to avoid local heating in the armature. If such a limit exists, the 
may be taken at several greater values of field current (at rated voltage and zero power factor
extrapolated to obtain a value of reactive power at zero excitation (see IEEE Std 67-1990 ).

If armature current in excess of rated current is expected, the data may be taken at several v
of reduced current (and voltage) and extrapolated to obtain a value of reactive power at r
voltage.
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4. Saturation curves, segregated losses, and efficiency

4.1 General

4.1.1 Efficiency

The true efficiency of a machine is the ratio of output power to input power under specified conditions. On
machines, these can be measured directly. On larger equipment where the mechanical power cannot be 
accurately, a conventional efficiency is used, based on segregated losses (see 4.6.1).

The losses to be used in determining the conventional efficiency of a synchronous machine and their me
evaluation are prescribed in the applicable ANSI C50  standards series and NEMA MG1-1978. Test proced
determining the following individual losses are given in the subsequent subclauses:

a) Friction and windage loss
b) Core loss (on an open circuit)
c) Stray-load loss (on a short circuit)
d) Armature I2Ra loss using the armature current at the specified load and the dc armature resistance co

to a specified temperature (see 3.3.1 and 3.3.2).
e) Field I2R using the field current (see section 5) and the field resistance corrected to a specified temp

(see 3.3).

4.1.2 Methods of loss measurement

There are four methods available to measure the losses of a synchronous machine as follows:

a) Separate-drive method (see 4.2)
b) Electric-input method (see 4.3)
c) Retardation method (see 4.4)
d) Heat transfer method (see 4.5)

It is convenient to obtain data for the open-circuit and short-circuit saturation curves during the tests for determ
of losses, if one of the first three methods is used.

Each of the first three methods of loss determination requires the machine to be operated for two series o
simulate load conditions, one with the armature terminals open-circuited and another with them short-circuit
the heat transfer method, the machine may be operated either with load or with simulated load conditions a
first three methods.

If the armature terminals are open-circuited, the total loss includes friction and windage of all mechanically con
apparatus and the open-circuit core loss corresponding to the armature voltage and frequency. If the a
terminals are short-circuited, the total loss includes friction and windage of all mechanically connected appara
the armature copper loss and stray-load loss corresponding to the armature current and frequency.

4.1.3 Elimination of exciter input

If a direct-connected or belted exciter is used for excitation during the loss tests, its power input should be d
from the total input when determining friction and windage loss, core loss, and stray-load loss (see also 4.2.9

CAUTION — Windage loss varies with air or gas temperature. In the following test procedures for measu
losses, the air or gas temperature should be recorded in order to provide loss correction to 
coolant temperature.
Copyright © 1998 IEEE All Rights Reserved 23

stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services
stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services



IEEE Std 115-1995 IEEE GUIDE: TEST PROCEDURES FOR SYNCHRONOUS MACHINES

y of the oil
atures or

windage
eeded to

perature

aratus.
s cannot
stances
essary to
ently be

quency-
re usually

on to the

earing
d to other
te of this

onnected

rmulas
r runners

ring such
y factors
 the test.

 cooling
ceptable

COPYRIGHT In
Licensed by 
COPYRIGHT In
Licensed by 
4.1.4 Effect of temperature and pressure

The bearing temperature should be held as constant as possible during the test because it affects the viscosit
and therefore, the friction loss. Therefore, the machine should be run at rated speed until the bearing temper
friction and windage losses become constant before starting the loss measurements.

Coolant temperature, barometric pressure, humidity, gas purity affect the density of gas, and therefore, the 
loss. For machines in which this loss is of major significance, correction for changes in gas density may be n
correlate tests made under different conditions.

These effects should be considered in establishing conditions of tests for losses for those machines where tem
can be adjusted.

4.1.5 Coupled machines

The preferred condition for testing for friction and windage loss is with the machine uncoupled from other app
It is frequently necessary to test a machine coupled to other apparatus for which the friction and windage los
be determined experimentally. The bearings may not be designed to permit running it uncoupled, or circum
may make it inadvisable to uncouple for test and to recouple and realign after test. In these cases, it is nec
allocate the total measured friction and windage loss to the various machines. Such a procedure would frequ
required for a hydraulic-turbine-driven generator (see IEEE Std 492-1974 ). Motor-generator sets and fre
changer sets are examples of equipment where this allocation may not be necessary, since the efficiencies a
guaranteed on an overall basis.

When the tested friction and windage loss are allocated to the various machines, it should be done in proporti
best available estimates of the expected values for each.

The thrust bearing of a vertical unit is usually included with the generator (or motor). However, only the thrust b
loss due to the weight of the generator rotor is considered a generator loss. When the machine is tested couple
apparatus, there is an additional thrust bearing loss due to the weight of the connected apparatus. An estima
additional loss may be obtained from the generator manufacturer. This loss (as well as other losses of the c
apparatus) should be considered in the allocation described above.

ASME PTC 18-1949 gives formulas for calculating the windage of a hydraulic turbine runner. Since these fo
have been found to give inaccurate results in many cases, they should be used with care. Test data on simila
should be used as a basis for the estimated friction and windage loss when available.

4.1.6 Steam turbine overheating

Occasionally, steam-turbine-driven generators are tested for losses without steam on the turbine blades. Du
tests, precautions should be taken to avoid severe overheating of parts of the turbine. Because of the man
involved and the differences between machines, the turbine manufacturer should be consulted before making

4.1.7 Dewatering hydraulic turbines

A hydraulic-turbine-driven generator must be tested with its turbine completely dewatered and the runner seal
water shut off if accurate values of generator losses are to be obtained (see ASME PTC 18-1949). An ac
alternative term to "dewatering" is the use of the term "unwatering."
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Dewatering the turbine should be done in accordance with instructions from the turbine manufacturer. I
turbines generally can be dewatered while motoring at normal speed. Francis and propeller turbines usually 
dewatered at standstill, but there are exceptions. Their scroll cases should be empty to eliminate the effect
minor leakage through the wicket gates. Unless there is a valve ahead of the scroll case, this requires dra
penstock, which is a time-consuming operation. If the runner is set above tailwater, proper venting through the
air valve will allow the water to drain out of the draft tube. When the runner is not sufficiently high enough a
tailwater, the tailwater in the draft tube can be depressed by compressed air or by pumping. The water in the
seals produces appreciable loss. For this reason, it is preferable to run loss tests without the seal water. Th
manufacturer's approval should be obtained to do this since some types of seals cannot be operated withou
should be recognized that inaccurate test values may result if tests are run with seal water flowing.

4.1.8 Electric starting

When it is not feasible to bring the machine to speed by mechanical means, it is necessary to start it ele
Occasionally, the generator (or motor) is suitable for starting from a rated-frequency full-voltage power source
power source is adequate, this is the simplest method of starting.

If the inrush current or the heating of the amortisseur winding is excessive with full-voltage starting, it is occas
feasible to use reduced-voltage starting. This requires a power supply whose voltage can be reduced to a
value. For large machines, it is usually necessary that a second machine of suitable size be available, to be c
only to the machine being tested, for variable-voltage operation.

Most generators do not have amortisseur windings capable of starting the machine at full frequency and acc
it to full speed. In such cases, it is necessary that another machine of suitable size and capable of operation a
speed be available for synchronous starting of the machine to be tested.

For synchronous starting, the armatures of the driving and driven machines are connected together electrica
the machines are at rest. Under certain conditions, synchronous starting can be initiated in accordance 
manufacturer's recommendation while both machines are being driven by their turning gears. Separate so
excitation for both machines should be available, however, a single source of excitation feeding both fields i
may be used. The exciter of a third synchronous machine is sometimes used. Approximately normal no-lo
voltage field current is applied to the driving machine and approximately 80% of normal no-load full-voltage
current is applied to the driven machine. The prime mover of the driving machine is then started slowly and 
electrically connected machines are brought up to the desired speed. Unless the bearings of the driving ma
equipped for the supply of high-pressure oil at starting, the sudden reduction of friction torque after breakaw
cause such rapid acceleration that the driven machine will oscillate and will fail to accelerate. A restart imme
after shutdown before the oil film has been squeezed out of the bearing may prove successful. Where the des
bearing permits, jacking of the rotor prior to the starting operation may reduce the breakaway torque by introd
fresh oil film.

Reduced-frequency starting can sometimes be used on successive test runs as a means of saving the time 
slow the driving machine completely to rest. With the driving machine running at a frequency recommended
manufacturer of the machine to be tested, sufficient excitation is applied to the driving machine to produ
recommended voltage-frequency ratio at the terminal of the machine under test. The field of the machine und
short-circuited through a starting resistor. When the driven machine approaches synchronism with the 
machine, approximately 80% of normal no-load full-voltage excitation is applied to the driven machine and n
no-load full-voltage excitation is applied to the driving machine to pull them into synchronism and to bring th
to the desired speed.
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4.2 Separate-drive method for saturation curves and losses

4.2.1 Driving motor

The machine under test is usually driven by a motor, directly or through a belt or gear. The motor should be
direct-current motor (preferably the commutating-pole type), an induction motor, a synchronous motor, or the
connected exciter (if it is large enough). Preferably, the capacity of the driving motor should be such that it will o
at not less than 15% to 20% of its rating when supplying friction and windage losses of the driven machine; 
more than 125% of its rating when supplying friction, windage, and rated-voltage core loss; or friction, win
rated-current stator I2Ra, and stray-load loss. This permits the motor to operate on the flat part of its efficiency 
and often it may not be necessary to correct for change in efficiency. The no-load losses of the driving moto
be known and where extreme accuracy is required, a curve of losses against input should be available.

The driving motor should be capable of operating the driven machine at its rated speed. When using an in
motor drive, a source of adjustable frequency is necessary to provide for variations in dip with change of losse
machine being tested. A synchronous motor has a decided advantage where all tests are to be made at ra
however, the synchronous motor either should have variable-frequency power for starting or it should have s
starting torque and thermal capacity to start and accelerate the machine under test. It simplifies the determi
driving-motor losses if the line voltage of a synchronous or induction driving motor is held constant througho
run. The field of a shunt motor may be excited from a separate source so that the field current may be held co
simplify the determination of its losses.

When a machine that does not require a belt in service is belt-driven for test, the tension of the belt should be
low as possible so that the increased bearing friction is not detrimental to the bearings and will not increase the
loss appreciably. The belt should be of minimum width and weight to carry the load without dipping. Its losses
be known for the test conditions.

When a gear drive is used, the losses of the gear should be known under the test conditions.

The driving-motor method will give erroneous results if the machines are either accelerating or decelerating.
readings should be taken only when the speed is constant at the correct value as measured by a reliable tach
a stroboscope.

4.2.2 Procedure

The usual procedure for the test is to drive the machine at its rated speed until the bearings reach constant te
and the friction loss becomes constant; this can be determined by observing when the input to the drivin
becomes constant. The input to the driving motor minus the losses of the driving motor (and belt or gear, if any
the input to or the losses of the tested machine (see 4.1.3).

4.2.3 Dynamometer as driver

It may be desirable to use a dynamometer as a driving motor, in which case only readings of torque and s
required to determine the power input to the machine being tested. The power input in kilowatts to the machin
test is obtained from the following equation:

(4-1)

where

n is the rotational speed, r/min
T is the torque
k is 9549 if T is in N·m (Newton-meters)
K is 7043 if T is in lbf·ft

power in kilowatts
n T⋅

k
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For correction of dynamometer and coupling windage and bearing loss, see IEEE Std 112-1991. 

4.2.4 Mechanical driver

The machine can be driven by its prime mover or other mechanical apparatus such as a turbine or engine. S
usually not feasible to obtain an accurate measurement of power input to the machine being tested, this me
seldom be used to obtain losses but is satisfactory for determining the saturation curves if the speed can be c
accurately and held constant at the desired value.

4.2.5 Open-circuit saturation curve

The open-circuit saturation curve is obtained by driving the machine being tested at rated speed, open-circu
recording its armature terminal voltage, field current and terminal frequency, or shaft speed. In order to obtai
data for generator model derivation these readings should be distributed approximately as follows:

a) Six readings below 60% of rated voltage (1 at zero excitation)
b) From 60% to 110%, at least every 5% increment in terminal voltage (minimum of 10 points). This ar

critical range and an attempt should be made to obtain as many points as the excitation control resolu
allow

c) Above 110%, at least two points, including one point at approximately 120% of the rated no-load
current (or at the maximum value recommended by the manufacturer).

d) At rated voltage, readings should be taken of the terminal voltage (line-to-line) of all three phases to
phase balance. These readings should be made under constant conditions of excitation and speed,
the same voltmeter.

Readings for this curve should always be taken with increasing excitation. This method allows for a safe
energization of the generator. If it ever becomes necessary to decrease the field current, it shall be reduced to
then increased carefully to the desired value, to remove the effects of hysteresis in the results.

The machines should be allowed to run for several minutes at each voltage point to allow the speed to stabili
rated value so there will be no error caused by variation in speed and excitations, except for the 2 points abo
of rated voltage, where the manufacturer's recommendations should be followed.

The results must be corrected for speed and may be plotted as in figure 4.1. The voltage of a single phase (lin
or the average of the voltages of the phases, at each value of excitation may be used.

CAUTION — For cylindrical machines it is recommended that the manufacturer be consulted to determine
maximum citation, which should be used in making the open-circuit saturation curv
recognizing the ability of the machine to operate for the required time at each test point. Tes
should not be made with a transformer on the line unless the transformer manufacturer
approved operation at the intended overvoltages.
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Figure 4.1—Saturation curves

On hydraulic units, it is possible to have the unit run at a lower speed to obtain high field-current excitation w
exceeding the absolute terminal voltage limit. Once corrected for speed, this produces a high open circuit sa
curve end point. Flux levels must be respected when using this approach.

4.2.6 Air-gap line

The air-gap line is obtained from the open-circuit saturation curve by extending the straight-line lower portion 
(see figure 4.1). If the lower portion is not linear, the air-gap line is drawn as a straight line of maximum possibl
through the origin, tangent to the saturation curve. The same suggestions can be applied to the lower voltage t
of the zero power factor, rated current saturation curve.

4.2.7 Core loss and friction and windage loss

Core loss and friction and windage loss can be determined from additional readings taken using the same te
used for the open-circuit saturation curve. At each value of terminal voltage, the power input to the driving m
measured. If a dc motor is used, this can be accomplished by taking readings of armature current and vol
product of which is power input) and field current of the driving motor. If an ac motor is used, power input c
measured directly by a wattmeter. The power input to the machine being tested is obtained by subtracting the 
the driving motor (which should have been determined previously) from the power input to the driving moto
4.1.3).

The friction and windage loss is obtained as the power input to the machine being tested, with zero excitat
4.2.9). The voltage at the machine terminals should be checked and if any appreciable residual voltage app
field should be demagnetized by applying field current in alternate directions with successively smaller magn

The core loss at each value of armature voltage is determined by subtracting the friction and windage loss 
total power input to the machine being tested. The core loss may be plotted as in figure 4.2 as a function of v
28 Copyright © 1998 IEEE All Rights Reserved
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Figure 4.2—Core loss curve (power loss vs. armature voltage)

4.2.8 Short-circuit saturation curve

The short-circuit saturation curve is obtained by driving the machine being tested at rated speed, armatu
circuited, and recording its armature and field currents. Normally, readings should be recorded for armature 
of about 125%, 100%, 75%, 50%, and 25% of rated current. The maximum test current value, traditionally
125%, should be obtained from the manufacturer since, for some types of machines, stator cooling will not
operation in excess of 100% rated current without the risk of damage.

At rated current, readings should be taken of the current in all three phases to check current balance. If ther
than one line or neutral terminal per phase, the current balance between the separate terminals should be ch
each phase.

Current readings should be taken with decreasing excitation starting with the value which will produce an ar
current equal to the maximum allowable. The highest current point should be taken first so that the w
temperature will be as nearly constant as possible during the run. The results may be plotted as in figure 4.1.

4.2.9 Short-circuit loss and stray-load loss

Stray-load loss can be determined from additional readings taken at the time the short-circuit saturation curve
(see 4.2.8). At each value of armature current, the power input to the driving motor is measured as described
The driving-motor loss should be subtracted from the measured power input to obtain the loss of the machin
tested. (See also 4.1.3.) The friction and windage loss, determined as in 4.2.7 is subtracted from the loss of the
to obtain the short-circuit loss.

The temperature of the armature winding should be taken by thermometers located in several places on
windings, or by embedded detectors in machines so equipped. For machines with a conductor-cooled a
winding, the temperature of the winding may be determined from the average of the temperatures of the coola
inlets and outlets of the coils.

Short-circuit loss includes the stray-load loss plus the armature I2Ra loss, where Ra is the dc value of the armature
resistance. The stray-load loss is obtained by subtracting the armature I2Ra loss calculated for the measured curre
values and with the direct-current resistance corrected to the average temperature of the winding during the
high-voltage hydrogen-cooled machines there may be an appreciable difference between the temperatur
armature conductors and the measured values. If such is the case, a correction to the measured temperature c
to improve the accuracy of determining the armature I2Ra loss. The manufacturer may be consulted for the correcti
if any, to be used for the test conditions. The stray-load loss may be plotted as in figure 4.3.
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Figure 4.3—Short-circuit loss and stray-load loss curves

Friction and windage loss should be measured before and after the runs described in 4.2.7 as well as in this s
This provides a check on the friction and windage loss throughout each run. If there is not over 5% difference b
the two readings of friction and windage loss, the average value should be used as the value during each run. 
difference is between 5% and 10%, the change in friction and windage should be prorated uniformly fro
beginning to the end of the run. A run should be repeated if the corresponding difference in friction and winda
is over 10%. An alternative method is to measure the power loss and the coolant temperature of the machine
for each run and plot the friction and windage losses as in figure 4.4. The friction and windage losses for t
described in 4.2.7 and above in this subclause are then associated with the coolant temperature measured d
run. In some machines, a 10% difference in windage and friction loss may be experienced with a variation in
temperature of as little as 4 °C.

Figure 4.4—Plot of windage losses against temperature
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4.2.10 Zero-power-factor saturation curve

The zero-power-factor saturation curve may be obtained by overexciting the machine being tested wh
connected to a load consisting of idle-running, underexcited, synchronous machines. By proper adjustmen
excitation of the machine being tested and that of its load, the terminal voltage may be varied while the a
current of the machine being tested is held constant at the specified value. The zero-power-factor saturation c
the machine being tested, is the plot of terminal voltage against field current as shown in figure 4.1 for c
armature current. This characteristic is used to obtain Potier reactance (see 5.2.6). For this purpose, the poin
current and rated voltage is often sufficient. In the case of a large machine tested in the power station, the de
may usually be obtained by redistribution of power and reactive kilovoltampere loading among other machines
same bus or system and without removing them from productive operation.

4.3 Electric-input method for losses and saturation curves

4.3.1 General

The machine is run as an unloaded synchronous motor from a power supply of adjustable voltage and steady f
equal to the rated frequency of the machine being tested. Power input is measured by wattmeters or wattho
under various conditions of voltage and current, to obtain the losses.

There may be a tendency for the power input to pulsate due to a hunting action between the driving generato
machine under test. This will result in difficulty in obtaining correct readings of the power input. The use of a d
generator which has a damper winding and which is appreciably smaller than the driven machine may be hel

In testing for the open-circuit losses, the machine under test is operated at approximately unity power fa
adjusting for minimum armature current. If there is a difference in waveform of the driving generator and the m
under test, harmonics will be present in the current input. The harmonics may cause the apparent power
exceed the active power input at practically all voltages. The importance of this effect can be determine
oscillograms of the current and of the terminal voltage of the machine being tested.

4.3.2 Instrument transformers

The instrument transformers used should be insulated for the highest voltage applied in the test. The length an
secondary leads and the ratings of the other secondary burdens should be clearly stated for calibrating purpo

4.3.2.1 Current transformers

The primary current rating of the current transformers used for the tests for open-circuit characteristics sh
approximately 5% of the rated full-load current of the machine under test. Hence, the current transformers sh
connected across a set of disconnecting switches in the machine leads, which are kept closed during the ad
the voltages and until the hunting of the machine subsides so that the current remains within the rating
transformers. The permanent transformers provided for measurement and control purposes can be used for m
rough adjustments.

The current transformers used for the test for open-circuit characteristics may also be used for one or two of
current points on the stray-load loss curve. The permanent current transformers or special test transform
current ratings approximately 125% of the machine current rating may be used for the higher current points
curve.
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4.3.2.2 Potential transformers

The primary voltage rating of the potential transformers for the open circuit characteristic test should be sized
than the rated line to line stator voltage. It should be noted that the potential transformer's accuracy is linear
over its voltage nameplate rating. One alternative is to connect the potential transformer to neutral.

The potential transformer should have a standard accuracy class of 0.3, so the limit of ratio correction is betwe
and 1.003. For short-circuit and stray-load loss characteristics the potential transformer ratios should be at th
possible ratio (see 4.3.13). Since the test is done near zero power factor, high burden potential transformers 
used to minimize the phase angle errors to the high accuracy low burden digital instruments.

4.3.3 Voltage on instruments

For low-voltage points and points near normal voltage in the test for open-circuit characteristics, the po
transformers used should have voltage ratings such that the voltage impressed on the wattmeters or watt-ho
is not less than 70% of the voltage rating of the potential coils of the measuring devices. Voltages less than 7
be used for intermediate points, as these points can be checked by the curve through the points take
recommended voltage values of 70% or greater.

4.3.4 Measurement of power input

The measurement of the power input is a very important item in the application of this test method, and there a
methods of measurement which may be used (see 4.3.6, 4.3.7, and 4.3.8). The one to be used for any particul
depend on test conditions. While more difficult to apply, method 1, when used with the proper precautions, is 
of giving the most accurate results. Sometimes method 1 and methods 2 or 3 are used simultaneously to obta
on the readings.

4.3.5 Connections of measuring devices

The connections which are used for reading power input depend on the connections of the machine. If the n
the test machine is brought out and is connected to the system during the test, the three-wattmeter connec
figure 4.5 should be used. If the neutral of the test machine is brought out, but not connected to the system d
test, either the three-wattmeter connection, figure 4.5, or the two-wattmeter connection for measuring thre
power, figure 4.6, may be used. The three-wattmeter method affords a simpler and more nearly correct calcu
corrections of ratio and phase-angle errors of the instrument transformers and for scale corrections of the wa
or registration errors of the watt-hour meters if such corrections are required. If the neutral of the test machinnot
available, it is necessary to use the two-wattmeter method, figure 4.6, or three identical wattmeters connected
for measuring three-phase power. One point of each secondary circuit should always be connected to a 
ground as shown in figures 4.5 and 4.6. A polyphase wattmeter may also be used.
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Figure 4.5—Connection diagram—Three-wattmeter method of measuring power

Figure 4.6—Connection diagram—Two-wattmeter method of measuring power

4.3.6 Method 1. Measuring power input

Instruments are connected according to the requirements as given in the preceding clause. All readings should
simultaneously. Under some test conditions, there will be relatively wide swings of the instrument pointer. I
cases, the ammeter pointer should remain at a minimum value for one-half of a second, or longer to indicate th
conditions have been held for sufficient time to permit accurate wattmeter readings to be obtained. The wa
should be read simultaneously at a signal from the observer of the ammeter. A number of readings for each
the curve should be taken, and average values used for plotting the points.

4.3.7 Method 2. Measuring power input

Portable standard watthour meters are connected according to the requirements given in 4.3.5. In measuring t
over a short period of time, it will generally be found preferable to start and stop all instruments together, 
period of at least three minutes for small machines and five minutes for large machines. Suitable precautions s
taken so that errors in the measurement of time are not appreciable. To obtain good results, it is import
variations in operating conditions be minimized.
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4.3.8 Method 3. Measuring power input

In some cases, it may be convenient to use ordinary watthour meters instead of portable standard watthour m
in method 2). The readings can be taken most satisfactorily by timing a suitable number of complete revolution
instrument disks by stop watches.

4.3.9 Accuracy

Normally, corrections are required for scale marking of the instruments. For those tests where the highest 
accuracy is required, corrections should be made for the ratio and phase-angle error of the instrument transfor
phase-angle error of wattmeters, and errors of watthour meters.

4.3.10 Stray-load loss

The electric-input method can be used to determine open-circuit loss, open-circuit saturation curve, and sho
saturation curve with sufficient accuracy using normal instruments and procedures. Special procedur
instruments as described below are necessary to obtain satisfactory measurement of stray-load loss.

Since the power factor in the measurements for stray-load losses is low and measurements also include two 
large losses (friction and windage plus I2R losses for both field and armature), it is necessary to make correction
ratio and phase-angle errors of the instrument transformers and for the scale corrections for the wattmeters o
the watt-hour meters. These corrections can be more easily applied to the three-wattmeter method of measur
the three readings are approximately equal and are at the same power factor. The low power factor also requir
of wattmeters having power factor ratings agreeing closely with the power factor of the circuits in which they ar

4.3.11 Open-circuit loss

The test machine is run as a synchronous motor at approximately unity power factor and at as many of the 
listed in 4.2.4 as possible. Readings should be taken of power input (or energy and time), armature voltage, 
current. Sufficient accuracy will be obtained at any power factor between 0.95 overexcited and 0.95 underex
check for unity power factor may be obtained by the use of a single-phase wattmeter connected with the cur
in one line and the voltage coil connected across the other two phases, and adjusting the field of the test m
obtain a zero reading of this wattmeter. Unity power factor conditions, when using the two-wattmeter meth
measuring three-phase power, may also be checked by obtaining equal readings on the two wattmeters or
meters.

Open-circuit core loss at each point is equal to the power input less the friction and windage loss and the armaI2Ra
loss (see 4.1.3). The results may be plotted as shown in figure 4.2.

In general, it will be impossible to use less than 30% voltage without the machine under test dropping
synchronism. Loss data from a typical test are shown in figure 4.7. If the data could be taken to zero volta
intercept at the bottom would be the friction and windage loss. In order to find this intercept, a curve, as sh
figure 4.8, is plotted with the voltage squared as ordinate and power input as abscissa. For low values of satur
core loss varies approximately as the square of the voltage. Therefore, the lower part of the curve of voltage
against power loss is a straight line and can be easily extended to give the intercept on the horizontal axis.
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Figure 4.7—Open-circuit saturation and core loss curves by electric-input method

Figure 4.8—Construction curves for extrapolating loss curves from electric-input method
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4.3.12 Open-circuit saturation curve

The open-circuit saturation curve can be plotted from the readings of armature voltage and field current taken 
open-circuit loss test. Since the armature voltage cannot drop much below 30% of rated value during this 
lower portion of the saturation curve will have to be extrapolated to zero voltage as shown in figure 4.7.

4.3.13 Short-circuit loss and stray-load loss

The machine is operated as a synchronous motor at a fixed voltage, preferably about 1/3 normal or at the low
for which stable operation can be obtained. The armature current is varied by control of the field current. The a
current should be varied in about six steps between 125% and 25% of rated current and should include on
points at very low current. The maximum test current value, traditionally set at 125%, should be obtained fr
manufacturer since sometimes stator cooling will not permit operation in excess of 100% rated current 
damage. The highest readings should be taken first to secure more uniform stator coil temperatures during
Readings of power input (or energy and time), armature current, armature voltage, and field current should b
The temperature of the stator conductors should be taken by thermometers located in several places on
windings, or by embedded detectors in machines so equipped (see 4.2.8).

4.3.14 Total loss curve

Figure 4.9 shows data from a typical test using the electric-input method. The curve of total loss is comp
friction and windage, core, and short-circuit losses. This may be extrapolated (dotted line) to zero current 
plotting separately the total loss against the square of the armature current and extrapolating this separate cur
current as shown in figure 4.8. The total loss at zero current is the sum of core loss plus friction and windage 
subtracting this sum from the total loss at any armature current, the short-circuit loss for that armature cu
obtained. The short-circuit loss is the sum of the I2Ra and stray-load losses. The stray-load loss is then determine
subtracting the armature I2Ra loss calculated for the temperature of the winding during the test.

Figure 4.9—Curves from electric-input method
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4.3.15 Short-circuit saturation curve

The curve resulting from the plotting of armature current versus field current as obtained in 4.3.13 and 4.3.1
overexcited part of a zero-power-factor V curve. This curve, extended to zero armature current, should give t
field current as the no-load saturation curve at the voltage at which the test was made. A straight line passing
the origin, parallel to this part of the V curve, is approximately the same as the short-circuit saturation curve.

4.4 Retardation method for losses and saturation curves

4.4.1 General

The retardation method of loss determination was developed in connection with the testing of large hydraulic-
driven generators after installation (see IEEE Std 492-1974 ). The availability of electronic counters m
applicable to other machines. It is also useful in factory tests where use of a separate driving motor is not pra
convenient.

The method is based on the relationship between the rate of deceleration of a rotating mass, its weight and 
gyration, and the power loss tending to decelerate it.

Machine losses are obtained from retardation tests made under conditions such that the power tending to dece
machine is the loss to be determined. Allowances shall be made for any apparatus connected to the machi
these tests.

Knowing the rate of deceleration, the loss can be determined by the following equation:

(4-2)

where

(π/30) is the conversion from RPM to radian/s
n is the rotational speed, r/min
dn/dt is the rate of deceleration as determined from the slope of speed-time curve at n, (r/min)/s
J is the moment of inertia of rotating parts, kg·m2

Procedures will be given for obtaining speed-time curves and determining deceleration rates, and for obtai
moment of inertia (J) of the rotating parts. Reference should be made to 4.1 for general comments applicable
method of loss determination.

4.4.2 Friction and windage loss

When a generator (or motor) is permitted to decelerate without any excitation and with its terminals open-circu
power tending to decelerate it is the friction and windage loss. The voltage at the machine terminals should
checked and if any appreciable residual voltage appears, the field should be demagnetized by applying field c
alternate directions with successively smaller magnitude.

4.4.3 Open-circuit core loss

The total open-circuit loss is obtained by providing constant excitation during a retardation test with the ar
terminals open-circuited. This test should be made at several values of excitation in order to make a plot o
circuit core loss versus voltage at rated speed. By subtracting the friction and windage loss (see 4.4.2) from
open-circuit loss for each test, the open-circuit core loss is obtained.

Loss in kilowatts
π
30
------ 

  2 1
1000
------------ J n

dn
dt
------⋅ ⋅ ⋅ ⋅=
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4.4.4 Short-circuit loss and stray-load loss

The short-circuit loss plus friction and windage loss is obtained by providing constant excitation during a reta
test with the armature terminals short-circuited. This test should be made at several values of excitation in 
make a plot of short-circuit loss and stray-load loss versus armature current at rated speed. By subtracting th
and windage loss (see 4.4.2) the short-circuit loss for each test is obtained. By subtracting the I2Ra loss (calculated at
the temperature of the winding) from the short-circuit loss for each test, the stray-load loss is obtained.

4.4.5 Effect of connected apparatus

Apparatus connected either mechanically or electrically to the machine under test may affect the results, and s
taken into account. Some circumstances encountered commonly are commented on in the following subclau

4.4.5.1 Power transformers

The machine should be disconnected from its power transformers during the test, or the transformer losses s
evaluated for the test conditions and taken into account properly when determining the losses of the machin
test. Measuring the transformer losses is difficult because either the current or the voltage is very low, and th
factor is very low. Loss values of the transformer often may be obtained from the manufacturer of the trans
either from a test of the particular unit or from tests of similar units. The preferred method of test is to disconn
transformer whenever possible, particularly for short-circuit tests.

4.4.5.2 Exciters

It is preferred that the machine under test be excited from a separate source because this eliminates both th
correcting the results for exciter loss and the problem of maintaining constant excitation during the decelerat
direct-connected exciter must be used, it should be adjusted continuously to maintain constant excitation
machine under test, and its power input should be deducted in calculating the results.

4.4.5.3 Other mechanically-connected apparatus

The inertia J of the prime mover and any other mechanically-connected apparatus should be added to tha
machine under test when calculating losses. If the apparatus is connected through a gear or belt so that its
different from that of the machine under test, its inertia J should be multiplied by the square of the ratio of its speed
the machine speed before adding it to the machine inertia.

4.4.6 Test procedures

Since the loss at rated speed is of principal interest, data are obtained which will enable determination of th
deceleration at rated speed. The machine under test is started, and operated at approximately rated spee
bearing temperatures become constant. If the unit is a hydraulic-turbine-driven generator, its turbine sh
uncoupled, but if this is not possible it should be dewatered (see 4.1.7 and 4.1.8). The unit is then bro
approximately 10% overspeed, and disconnected from its power source and allowed to decelerate. Du
deceleration period, the conditions of the armature and field windings of the machine under test are establishe
the loss test being conducted. Deceleration rate is measured so that it can be determined at rated speed.

When testing hydraulic-turbine-driven generators, it is common that the machine under test is driven electrica
another unit. Since many test runs must be made to obtain several points on the core-loss and stray-load-loss
well as several measurements of friction and windage, much testing time can be saved by developing an 
operating sequence. As soon as the machine under test is separated from the driving machine, the field on th
machine is reduced practically to zero and the driving machine is brought down to approximately 75% speed
it is left idling. When the machine under test approaches the speed of the driving machine, its field is r
essentially to zero. The two machines are then connected together without excitation, and field is built up grad
the driving unit. As the machines begin to pull into synchronism, the field on the machine under test should be b
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Both units can then be brought up to the desired overspeed for another test run. To accomplish this resynchro
the driving machine should be running at lower frequency than the machine under test when the two mach
connected together again. Modifications of this procedure can be used depending upon machine characteristic
testing experience of the people involved.

After the test machine is left free to decelerate, a well-planned procedure is desirable, especially for the short-
runs where it is necessary to remove excitation from the test machine, close the armature short-circuiting switc
apply the proper value of field current before the speed has decreased too much.

4.4.7 When overspeed cannot be obtained

If the retardation curves must be taken below rated speed, that is, if the machine is brought up to speed from a
frequency alternating-current source, the losses should be calculated at several speeds below normal up t
normal as possible for each condition of excitation, and curves of loss versus speed should be plotted and ext
to normal speed to get an approximate value of the loss at normal speed.

4.4.8 When low-voltage switchgear is omitted

In some station switching arrangements, low-voltage switchgear is omitted and the only possible low-v
connection between machines is through disconnecting switches on the low-voltage transfer bus. In such a s
possible to make retardation tests as outlined above by bringing the machine up to approximately 15% ov
opening both field switches, and after allowing a suitable time (5–10 s) for the field to decay, openin
disconnecting switches and closing the field on the machine under test with the field voltage adjusted to g
required field current. Sufficient overspeed should be allowed to permit the field current to rise to its stead
before the machine drops to 10% overspeed. This time is longer when measuring open-circuit losses than it
measuring short-circuit losses, due to the effect of the difference between the open-circuit and short-circ
constant on the time required to build up excitation for the test. However, since additional switching is requ
close the short circuit on the machine for the short-circuit losses, the initial overspeed required for both cond
about the same. The effect of the build-up of the field is quite noticeable in the initial portion of the retardation
and readings from this part should not be used for determining losses.

4.4.9 Methods of measuring deceleration

Three methods of measuring deceleration are covered in this standard: speed-time, dc generator, and e
counter.

4.4.9.1 Method 1. Speed-time

The speed-time method consists of obtaining data for a curve of machine speed versus time. The followin
procedures can be used for recording speed-time relations.

a) Tachometer. This method is especially applicable to machines of large inertia. Simultaneous readings
accurate tachometer and a stop watch are recorded. Since the stop watch can be read with greater
than the tachometer, the signal to read the stop watch should be given at convenient full intervals
tachometer scale.

b) Speed recorder. A pen actuated by a tachometer is used to make an automatic plot of speed versus tim
chart which moves at a known constant speed. A button should be provided to cause pips in the r/min trace
to indicate starting time, stopping time, and time of any desired intermediate readings.

c) Photographic/video. A continuously running watch and an electric tachometer are simultaneously reco
by a motion-picture or video camera. (See ASME PTC 18-1949, for additional details.)

A series of speed-time curves should be plotted from the test data. Figure 4.10 shows typical retardation cu
each curve, the loss at any speed may be calculated by means of equation 4-2.
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Figure 4.10—Typical retardation curves

The loss may be determined from several points on the speed-time curve and the slope of a tangent at each p
equation 4-2. The values of loss may then be plotted versus speed and a smooth curve drawn through these p
loss at rated speed is then read directly from this curve.

It may be convenient to determine the slope of the speed-time curve at each of several points spaced along 
above and below rated speed. These slopes are then plotted as a function of speed, and the best smooth cu
through them. The slope at rated speed is read from this curve and used in equation 4-2 to calculate loss at ra

If the speed-time curve is carefully drawn and if the points lie on a smooth curve, finding the slope at rated sp
using equation 4-2 can give satisfactory results.

Another method for obtaining the loss from a speed-time curve is to choose speeds n1 and n2, which are A revolutions
per minute respectively above and below rated speed, ns (where n1 = ns + A, and n2 = ns − A). The speed-time curve
should be reasonably straight between speeds n1 and n2. The values of time t1 and t2 in seconds, are read from the
speed-time curve respectively at n1 and n2. The loss is then calculated using equation 4-3.

(4-3)

where

(π/30) is the conversion from RPM to radian/s
ns is the synchronous speed, r/min
A is the speed increment above and below n2, r/min
t2 − t1 is the time in seconds as determined from the speed-time curve to decelerate from (ns + A) to (ns − A)
J is the moment of inertia of rotating parts, kg · m2

Loss in kilowatts
π
30
------ 

  2 1
1000
------------ J ns

2A
t2 t1–
--------------⋅ ⋅ ⋅ ⋅=
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4.4.9.2 Method 2. Direct-current generator

This method is a refinement of method 1, in which a more accurate speed determination is obtained. If the 
under test has a direct-connected exciter, it may be used to provide the speed indication. If there is no direct-c
exciter, a small direct-current generator should be set up and coupled or belted to the generator shaft. Co
preferable as it avoids the uncertainty of belt slip. If a belt must be used, checks described later should be use
sure that no errors are occurring from belt slip. The dc machine should be excited from a constant-voltage bat
1). Suitable wiring connections should be made so that the voltage of the direct-current generator will be opp
the voltage of a second battery (No. 2). (See figure 4.11 for a typical diagram of connections.)

Figure 4.11—Speed measurement by dc generator

Battery number 1 should have an output voltage about 1/10 or less of the rated voltage of the field circuit of the
current generator so the I2R loss in the separately excited field will not materially change the temperature and the
the resistance thereof.

Two voltmeters should be chosen—one to read the voltage of battery number 2 at approximately full scale 
other, with about 1/5 this range, to read the difference between the voltages of battery number 2 and the direc
generator. The voltage of battery number 2 should be such that the differential voltage between it and the
current generator is approximately zero at 10% under the rated speed of the machine under test. The volta
differential voltmeter will hence be approximately full scale at 10% overspeed. The speed is proportional to t
of the battery and differential voltages. The rate of deceleration is derived as follows:

Let

K= proportionality factor relating speed to voltage (it is not actually necessary to evaluate K)
EB= voltage of battery number 2
ED= differential voltage
nc= known speed (in r/min) at which losses are to be determined (usually rated speed)
EDC= differential voltage at speed nc

nc=

n= K (ED + EB) speed at test point

K EDC EB+( ) or K
nc

DDC EB+
------------------------=
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=

= rate or decrease of differential voltage, V/s

= rate of deceleration, (r/min)/s

The speed nc at which the losses are desired (usually rated speed) should be checked under steady cond
comparison with known system frequency or by an accurate tachometer or frequency meter. The value EDC of the
differential voltage at this speed should be recorded. Then the speed should be brought to approximate
overspeed, test conditions established in the machine, and reading of ED taken at equal time intervals during th
retardation. The use of uniform time intervals assists in plotting and checking the results. The value of ED versus time
in seconds should be plotted and a smooth curve drawn through the points. The slope of this curve (dED/dt) at the point
where ED = EDC is used to determine the loss. The loss is then calculated using equation 4-4 as follows:

(4-4)

where

π/30 is the conversion from RPM to radian/s
J is the moment of inertia of rotating parts, kg · m2

The voltage of battery number 2 and the differential voltage EDC at speed nc should be checked at least once an ho
to ensure that a change in ambient temperature or discharge of the battery has not changed their values. A us
after making the open-circuit core-loss test (see 4.4.3) is to plot ED against the alternating-current generator voltag
This curve should be a straight line. The value of differential voltage ED should be (−EB) when the curve is projected
to zero alternating-current generator voltage. This check should always be made if a belted exciter or belte
current generator is used, to ensure that the speed of the belted machine is proportional to that of the mach
test. If this is not the case, the projected line will not correspond to (−EB) at zero alternating-current generator voltag
Likewise, the differential voltmeter should be checked carefully against the battery voltmeter or the same co
will result.

4.4.9.3 Method 3. Electronic counter

High-speed electronic interval counters make it possible to record the time interval required for the rotor to 
predetermined number of revolutions. A variety of counters are available, each of which requires an app
procedure for its use and for the analysis of speed and rate of deceleration.

In the following example, it is assumed that a counter measures the time interval t1, required for nr revolutions, then
after a second group of nr revolutions, the counter measures the time interval t3 required for a third group of nr
revolutions, etc. The counter continues to measure the time duration of alternate groups of nr revolutions of the rotor
of the machine being tested. From a single retardation test, then, a list of intervals, t1, t3, t5, t7, etc., would be obtained.
The average speed n for time intervals t1 and t3 for example, and the average rate of deceleration dn/dt are calculated
by equations 4-5 and 4-6.

(4-5)

(4-6)

dn
dt
------

KdED

dt
--------------

nc

EDC EB+
-----------------------

dED

dt
----------=

dED

dt
----------

dn
dt
------

Loss in kilowatts
π
30
------ 

  2
=

1
1000
------------ J

nc
2

EDC EB+( )
----------------------------

dED

dt
----------⋅ ⋅ ⋅ ⋅

n
30 nr t1 t3+( )

t1 t3
---------------------------------=

dn
dt
------

60 nr t3 t1–( )
t1t3 t1 t3+( )

--------------------------------=
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where

n is the speed in r/min
dn/dt is the angular deceleration, (r/min)/s
t1 is the time for the first group of nr revolutions of the rotor, seconds
t3 is the time for the third group of nr revolutions of the rotor, seconds
nr is the number of revolutions of the rotor in each of the intervals t1, t3, and in the intervening interval

The average speed, n, and average rate of deceleration, dn/dt, for any two intervals, such as ts and t7, would be obtained
by substituting ts and t7 for t1, and t3 in equations 4-5 and 4-6.

By plotting the deceleration as a function of speed, the value can be obtained by interpolation for any desire
Substitution of n and dn/dt in equation 4-2 determines the loss.

4.4.10 Open-circuit and short-circuit saturation curves

Saturation curves should be obtained while driving the unit at rated speed if possible (see 4.2.4, 4.2.7, 4.3
4.3.13). The open-circuit saturation curve can be checked by data from the open-circuit retardation tests, 4.4
readings of armature voltage, field current, and speed. The voltage readings for each test are plotted vs. sp
value of voltage at rated speed constitutes a point on the saturation curve when plotted against its correspon
current.

The short-circuit saturation curve can likewise be checked by data from the short-circuit retardation tests (se
but in these tests it will be found that the armature current is practically constant through a considerable range
above and below rated speed, eliminating the need for correcting the armature currents to rated-speed values
the saturation curve.

4.4.11 Method 1. Determination of J

The value of moment of inertia (J) of the rotor is customarily obtained from the manufacturer, who can calculate
value.

4.4.12 Method 2. Determination of J

The friction and windage loss should first be determined by the separate-driving-motor method (see 4.2.7). Th
of J is calculated from the retardation curve of the unexcited machine and the known value of friction and w
loss, using equation 4-2.

4.4.13 Method 3. Determination of J

The machine is run as an unloaded synchronous motor at normal speed at approximately unity power fac
4.3.11). The power input is measured; this includes friction and windage, core, and copper losses. The cop
should be subtracted to obtain the loss which will be present on an open-circuit retardation test at the sa
current. A retardation test at the same field current with the armature open-circuited will then give the necess
to be substituted in equation 4-1 with the known losses, to obtain the J.

4.4.14 Method 4. Determination of J

The value of J may be determined experimentally by taking a retardation run with the machine unexcited, and a
run with the machine unexcited, but with the direct-connected exciter loaded on a variable resistor, main
constant power output. From the measured load and the known exciter losses, the value of J can be calculated from the
two retardation curves.
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4.4.15 Method 5. Determination of J

When the value of J is to be utilized for the determination of losses (see 4.4) or the determination of torque (see
the physical pendulum method described below should be used for increased accuracy.

It is possible to determine the value of J by the following procedure: the rotor is supported with its journal placed
horizontal bearings with a bore two or three times as large as the diameter of the journals. In case the two jou
not of the same diameter, it is necessary to equip the smaller journal with a close-fitting bushing to build it u
size of the larger. The rotor should be displaced and allowed to rock freely in the bearings and the time req
make several oscillations should be accurately measured with a stop watch. The radius of gyration (k) in SI units may
then be calculated by means of the following equation:

(4-7)

where

k is the radius of gyration in meters
R1 is the radius of bearings in meters
R2 is the radius of journals in meters
t is the time of one cycle of oscillation, in seconds
g is the acceleration due to gravity = 9.807 m/(s)2

then

(4-8)

where

M is the mass of the rotor in kg

Alternatively, a balanced rotor of known weight, supported by its shaft resting on two horizontal rails in such
that its axis is level, becomes a physical (compound) pendulum when an unbalance is rigidly attached to its pe
In case the two journals are not the same diameter, it is necessary to equip the small journal with a close-fitting
to build it up to the size of the larger. When the geometry, mass, and position of such unbalance are known, th
of oscillation should be accurately measured and the moment of inertia J may then be calculated by means of th
following equation:

(4-9)

where

J is the moment of inertia (gravity) of rotating parts, kg · m2

g is the acceleration due to gravity, 9.807 m/s2

a is the radius of bearing journal, m
b is the distance from rotor axis to centroid of unbalance, in meters
U is the mass of added unbalance, kg
M is the mass of the balanced rotor, kg
t is the time of one cycle of oscillation, s

k R2
gt2

4π2 R1 R2–( )
-------------------------------- 1–=

J equals Mk2

J
g

4π2
--------- t2 Ub Ma2– U b a–( )2–⋅=
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4.5 Calorimetric method for losses

4.5.1 Machines with water coolers

This method can be used on machines with water coolers in which the ventilating medium circulates in a
system. It is based on the fact that the loss is equal to the heat added to the water plus the heat lost by rad
convection. The equation for the loss absorbed by the water is as follows:

(4-10)

where

th is the temperature of water leaving cooler, °C
tc is the temperature of water entering cooler, °C
Q is the rate of water flow in U.S. gallons per minute (1 U.S. gallon = 3.785 liters)

If the bearings are separately cooled, or if they are outside the ventilating medium enclosure, their loss sh
determined separately and added to the other losses. The loss in bearings from which heat is removed by c
water or oil can be calculated from the circulated water quantity and water temperature rise from equation 
from the quantity of circulated oil and oil temperature rise as follows:

(4-11)

where

cp is the specific heat of the oil (relative to water)
G is the specific gravity of the oil (relative to water); heat and gravity evaluated at the average tempe

th and tc
th is the temperature of oil leaving bearing, °C
tc is the temperature of oil entering bearing, °C
Q is the rate of oil flow, U.S. gallons per minute

Because the difference between th and tc is usually small, it is very important that all temperature measurement
accurate to within 0.1 °C. Properly constructed thermometer wells should be used (see IEEE Std 119-1974
temporary piping a hole may be drilled so that the thermometer can be inserted directly into the wate
thermometers should be placed as close to the machine housing as possible to minimize the effect of loss of 
the pipes by radiation. Also, it is well to run half of the test with the thermometers interchanged so as to can
difference in thermometers.

The rate of flow of water can be measured by a calibrated flowmeter, or, if this is not available, the total am
water used in a given time can be collected and weighed. The conditions of the test should be held as co
possible.

The heat lost by radiation and convection may be particularly important in small machines or in large machines
a relatively large amount of exposed surface with operating temperatures appreciably above ambient. The 
may be estimated by the following approximate equation:

( 4-12)

where

tr is the average temperature of the entire radiating surface, °C
ta is the ambient temperature, °C

Loss in kilowatts 0.264th tc–( )Q=

Loss in kilowatts 0.264cpGQ th tc–( )=

Loss 0.008tr ta–( ) W/in2=
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If the calculated radiation and convection loss exceeds 5% of the total full-load losses, it is desirable to use o
other methods of loss determination for better accuracy.

4.6 Efficiency

4.6.1 Method 1. Segregated losses

The conventional efficiency is related to the sum of the segregated losses as follows:

For a generator:

(4-13)

For a motor:

(4-14)

In the above equations, power output, input, and losses are in the same units. The losses to be included an
evaluate them are specified in the applicable ANSI C50  standard series and NEMA MG1-1978.

4.6.2 Method 2. Input-output

The efficiency from the input-output method is determined as follows:

(4-15)

Output and input are in the same units.

The preferable method of measuring either input to a generator or output of a motor is to use a dynamomete
input or output is obtained from the following equation:

(4-16)

where

n is the rotational speed, r/min
T is the torque
k is 9549 if T is in·m
K is 7043 if T is lbf·ft

For the correction of dynamometer, coupling windage, and bearing loss see IEEE Std 112-1991 , Form B.

The electric input to the motor or output of the generator should be carefully measured. The leads to the p
transformers should be connected to the terminals of the machine under test, thereby eliminating the poss
including voltage drop in the external cable. The instrument readings should be corrected for scale errors,
errors in ratio and phase angle of the current and potential transformers.

Efficiency (%) 100
losses 100⋅

output losses+( )
----------------------------------------–=

Efficiency (%) 100
losses 100⋅

input
---------------------------–=

Efficiency (%)
output
input
--------------- 100⋅=

Power in kilowatts
n T⋅

k
----------=
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If a dynamometer is not available, the test machine may either be driven by or loaded by an alternating-cu
direct-current motor or generator. The efficiency curve of such a machine should be available and its accurac
before the machine can be used in input-output tests.

5. Load excitation and voltage regulation

5.1 General

The field current or excitation required to operate a synchronous machine under various steady-state load co
of apparent power, power factor, and voltage may be obtained by the methods described below. To ma
computations the following machine information is required: open-circuit saturation curve, armature resis
unsaturated direct axis reactance, unsaturated quadrature axis reactance, and the Potier or leakage reactanc
for determining the Potier or leakage reactance are described in the following clauses. In some cases the man
may supply the machine constants and the open-circuit saturation curve.

5.2 Test methods

Some of these following methods are part of the parameter requirements for excitation calculations, and are m
described in other sections or clauses.

a) Open circuit saturation curve (see 4.2.5)
b) Armature resistance (Ra) (see 3.3.1)
c) Direct-axis unsaturated synchronous reactance (Xdu) (see 10.3.3)
d) Quadrature-axis unsaturated synchronous reactance (Xqu) (see 10.4 and 10.4.1)

5.2.1 Armature leakage reactance ( Xl)

There are no specific tests for directly determining Xl. (Subclauses 12.3.1 and 12.5.4 gives methods of determin
Lafdu, and hence Ladu, referred to the stator, and also Xadu. Thus, Xl = Xdu − Xadu.)

Lafdu in henries may be obtained from terminal voltage and field current values read from the air-gap line, a
speed, on open circuit.

Leakage reactance is derived from the calculation of leakage inductance (see IEEE Std 100-1992 ). It is com
several elements:

a) slot leakage
b) end connection leakage
c) air gap leakage.

Air gap leakages are sometimes classified by machine designers as "zig-zag" and "belt" leakage. Since th
associated with the air gap leakages are in air, these inductances and reactances in a machine under load 
constant. Slot leakage fluxes traverse paths in both iron and air. If the iron surrounding the slot is satura
magneto-motive force (mmf) associated with the iron path may become significant. Thus, the leakage reacta
not be constant for the whole range of armature currents, especially for short circuit currents. Because the
reactance is determined from geometric and physical details usually only available to the designer, the manu
is in the best position to provide the leakage reactance value.
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5.2.2 Potier reactance from the zero-power-factor test

The Potier reactance is determined from the open-circuit saturation curve and from the rated current zero-pow
overexcited saturation curve (see 4.2.4 and 4.2.10). Typical curves are plotted in figure 5.1.

The intersection of the zero-power-factor saturation curve with the rated-voltage ordinate locates the point d, as shown
in figure 5.1. To the left of d on the rated-voltage ordinate, the length ad is laid off equal to the field current (IFSI) for
zero voltage on the zero-power-factor saturation curve. This value of field current also corresponds to that req
rated armature current under sustained short circuit conditions. This is equal to line a′d′ on figure 5.1.

Through a the line ab is drawn parallel to the air-gap line. The intersection of this line with the actual no-
saturation curve locates the point b. The vertical distance bc from the point b to the rated-voltage ordinate, expresse
in per unit, is equal to the product of the per unit Potier reactance, Xp, and per unit armature current. When the armatu
current is 1.0 p.u., or rated, then the per unit value of bc is equal to Xp in per unit.

If the zero-power-factor saturation curve for a current substantially different from rated current is use
approximate value of Xp may likewise be found by dividing the voltage bc in per unit by the value of the armatur
current (in per unit of rated current), for which the curve is drawn.
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Figure 5.1—Determination of Potier reactance voltage

5.2.3 Potier reactance determination under normal machine operation

This method is most applicable when a test is conducted with the machine operating near full load and with t
conditions at unity power factor or overexcited.

Readings are taken of armature voltage and current, kilowatts and kilovars (or megawatts and megavars), 
current. The following steps outline the procedure for determining a per unit value of Xp. The unsaturated direct-axis
synchronous impedance (Xdu) must be known, as well as the open circuit saturation curve. For salient pole mac
Xqu the quadrature axis synchronous reactance must also be known.

a) Calculate a p.u. value of excitation or p.u. value of field current (IFU) as described in 5.3.3 or 5.3.4.
b) Determine the p.u. value of the measured field current IF by dividing that current by the base value of fiel

current corresponding to 1.0 per unit terminal voltage on the air-gap line of the given open circuit sat
curve. This base value is referred to as IFG (see figure 5.4).
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c) Determine IFS = IF − IFU.
d) Using any desired fitting process, determine the p.u. value of Ep (the voltage behind Potier reactance) on t

ordinate of, for example, figure 5.4. This shows an open circuit saturation curve and includes the air g
By using the difference (IFS) between a voltage value on the open circuit saturation curve and the 
voltage value on the air gap line, the actual magnitude of Ep, corresponding to this measured condition fo
IFS, can be determined. It is represented by a line parallel to the x-axis (or abscissa).

e) The phasor position of Ep relative to Ea is not known; however, figure 5.2 indicates the actual pha
relationship between Ea in per unit and Ia in per unit. The power factor angle, φ, is also shown. The magnitude
of Ep has been determined in step d.

f) The per unit magnitude of the phasor Ep − Ea can now be determined by the following equation:

(5-1)

NOTE  —  The phasor IaR1 is almost always neglected in this calculation. If used, the plus sign is for generator operation, a
minus sign is for motor operation.

(5-2)

where

Ia is the p.u. value of stator current used in step e).

NOTES:

1 —  Strictly speaking, the IaXp term in the figure should be an impedance voltage drop. However, in machines larger than
200 Kw, the resistance term is usually small enough that it may be neglected. As noted in 4.2.10, the Potier reactanc
determined from one point: the field current required for rated armature current at rated voltage when the machine
over-excited zero power factor condition. When the field-current exceeds that corresponding to unity power factor at 
voltage, the machine is considered to be overexcited. Conversely, when the field current is less than that correspondin
unity power factor, the machine is underexcited.

2 —  For overexcited conditions in a generator the armature current (Ia) lags the terminal voltage (Ea) in phase, and φ, the power
factor angle, is negative. The opposite is true for an overexcited synchronous motor (φ is positive), and Ia leads the terminal
voltage (Ea) in phase. Refer below to figure 5.3. The convention for positive angle in these phasor diagrams is tha
rotation is counter clockwise.

Ep Ea– Ep
2 Ea φ IaR1±cos( )2– Ea– φsin=

Then Xp

Ep Ea–

Ia
---------------------=
50 Copyright © 1998 IEEE All Rights Reserved

stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services
stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services



IEEE GUIDE: TEST PROCEDURE FOR SYNCHRONOUS MACHINES IEEE Std 115-1995

aturation
kage or
dition.

mputing
ld agree
turation

may be
y close

ing the
plicable
 similar
.2).

COPYRIGHT In
Licensed by 
COPYRIGHT In
Licensed by 
Figure 5.2—Calculation of magnitude of Ep − Ea

Theoretically, the leakage and Potier reactances should be the same value. However, because of s
phenomena, they often differ. Annex 5A provides some background information on the accuracy of using lea
Potier reactance in the computation of the saturation component of the excitation field current at any load con

Since the computation of the efficiency of a synchronous machine may be affected by the method used in co
the field current and, since the efficiency is often a warranty matter, the customer and the manufacturer shou
which reactance (Potier or leakage) will be used to compute the additional field current to compensate for sa
in the machine.

5.3 Load excitation calculation methods for specified machine terminal conditions

The field current for a specified armature current, voltage, and power factor of a synchronous machine 
obtained by any one of several calculation methods. These are all empirical, but seem to give relativel
agreement with measured values of field current.

5.3.1 Load excitation determination at specified operation conditions

The field current for a specified armature current, power factor, and voltage may be obtained directly by load
machine at the specified conditions and measuring the field current required. This method is not generally ap
to factory tests, particularly on large machines, but may sometimes be employed after installation. When two
machines are available, the synchronous feedback method of loading can be used in factory testing (see 6.2
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5.3.2 Terminology and definitions

The following terminology is used in 5.3.3 and 5.3.4, which describe the steps in the phasor diagram analysis

Ea machine terminal voltage (or kilovolts), in per unit.
Ia machine armature current, in per unit.
EQD location of a phasor relative to Ea, defining the quadrature magnetic axis of the machine, and hence

phase displacement δ relative to Ea. The symbol, δ is usually calculated in electrical degrees and is positive
for a generator and negative for a synchronous motor (EQD is also a fictitious voltage back of Xqu).

EGU generated voltage back of Xdu, in per unit.
IFU field current (usually in amperes or sometimes in per unit) required to induce a voltage EGU on the air gap

line. (See figure 5.4)
Ep voltage back of Potier reactance, Xp, in per unit.
R1 positive sequence resistance. This is generally assumed to be equal to Ra, the stator resistance per phas

(see 10.7).
IFG 1.0 per unit field amperes corresponding to 1.0 per unit Ea on the air-gap line.

5.3.3 Phasor diagram analysis—salient-pole machines

The excitation field-current for specified armature voltage, current, and power factor may be computed using
the phasor diagrams of figure 5.3. The following procedures are used for salient-pole machines

 for generators
 for motors

NOTE  —  For generator notation the "+" sign should be used when a "±" sign is encountered; conversely the "−" sign should be
used for motors).

The following steps are indicated for determining the magnitude and phase of EGU and then of IFU. The power factor
angle φ is positive when Ia leads Ea, and negative when Ia lags Ea. In the following expression, a generator notation
assumed. For the motoring notation, the plus signs become minus signs, and the one minus sign below is ch
a plus sign.

a)

(5-3)

b)
(5-4)

δ tan 1–
Ia Ra φsin⋅ ⋅ Ia Xqu φcos⋅ ⋅+

Ea Ia Ra φcos Ia Xqu φsin⋅ ⋅–⋅ ⋅+
--------------------------------------------------------------------------------------------

 
 
 

=

Id Ia δ φ–( )sin δ 90–⁄=
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Figure 5.3—Phasor diagrams for calculation of unsaturated generated voltage EGU for salient pole 
machines
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(5-5)

NOTE  —  The angles of Id and Iq are shown relative to phasor Ea for a generating mode.

 Generator notation is shown for the following phasor equations:

c)
(5-6)

d) Determine IFU by locating EGU on the air gap line (figure 5.4 is illustrative).

e) Calculate the voltage back of Ep.

(5-7)

For motor notation, all the plus signs in equations 5-6 and 5-7 become minus signs.

f) Find the saturation increment, IFS, the difference between the field current value required to induce Ep on the air gap
line, and that value of field current corresponding to Ep on the open circuit saturation curve (see figure 5.4).

g) IF, the total field current, including the effects of saturation, is equal to IFU + IFS.

A numerical example is given in annex 5B.

5.3.4 Phasor diagram analysis—cylindrical rotor machines

The procedure is simpler since Xqu = Xdu. Generator notation is assumed again.

a) Calculate the unsaturated generated voltage

(5-8)
b) Find IFU for EGU from the air gap line of the open-circuit saturation curve.
c) Calculate the voltage back of Potier reactance

(5-9)
d) Find the incremental field current, IFS to account for saturation (see figure 5.4).
e) Calculate the overall field current, which, as in 5.3.3, is equal total sum of IFU and IFS.

Iq Ia δ φ–( ) δcos=

EGU Ea Ia Ra⋅ jI q Xqu⋅ jI d Xdu⋅+ + +=

Ep Ea Ia Ra⋅ jI a Xp⋅+ +=

EGU Ea Ia Ra⋅ jI a Xdu⋅+ +=

Ep Ea Ia Ra⋅ jI aXp+ +=
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Figure 5.4—Typical open circuit saturation curve for a 2400 kVA generator
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5.3.5 Graphical excitation calculations using Potier reactance and without machine saliency

In this subclause, load excitation is first calculated from test data using Potier reactance. This method con
determining the voltage, Ep, back of Potier reactance as shown in equation 5-10 and figure 5.5

where

Ea is the specified terminal voltage
Ia is the specified armature current
R1 is the positive-sequence resistance (see 10.7)
Xp is the Potier reactance

The values may be laid out to scale, laying off IaR1 to the right for a generator and to the left for a motor, and lay
off IaXp vertically upward as shown. For an over-excited machine, φ, the power-factor angle, is positive and draw
above the horizontal. For an under-excited machine, φ is negative and drawn below the horizontal. For this analy
the armature current and voltage are in per unit while the field current is in amperes or per unit.

Ep may also be calculated from the following equation:

(5-10)

where

Xp is the Potier reactance, per unit
Ea is the specified armature terminal voltage, per unit
Ia is the specified armature current, per unit
R1 is the positive-sequence resistance, per unit. Ra may be used if R1 data is unavailable.
φ is the power-factor angle, positive for overexcited operation, negative for under-excited operation.
IaR1 is the positive for a generator and negative for a motor

NOTE  —  The sign convention for φ, the power factor angle, as used in equations 5-10 and 5-11 is opposite to that used in the
phasor diagram analysis of 5.3.3. The usage in 5.3.3 is common to-day in stability and excitation anal
synchronous machines. 5.3.5 has been repeated verbatim from IEEE Std 115-1983 and is retained for the pu
continuity. By implication, the reference phasor for determining the sign of φ is Ia, the armature current.

The load field current for a specified armature current, power factor, and voltage may be obtained as shown in
5.6 and 5.7. The values should be laid out to a convenient scale with the power factor angle to the right of the
for an overexcited machine or to the left of the vertical for an under-excited machine, as shown. The electrica
between IFG and IFL corresponds to the power angle, δ, of the machine. This is based on the assumption that Xqu = Xdu.
Both figures 5.6 and 5.7 below are shown for generator operation. The diagrams for motor operation would b
images of those shown below, and with a negative electrical angle, δ, between IFG and IFL.

Ep Ea φ IaR1±cos( )2 Ea φ IaXp+sin( )2+  p.u.=
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Figure 5.5—Diagram for voltage back of Potier reactance for synchronous generator

See note in 5.35 regarding the atypical convention for the sign of φ, the power factor angle.
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Figure 5.6—Determination of load field current overexcited operation motor or generator

The value of IFL (the load field current) can also be determined by the following equation:

(5-11)

where

φ is the power-factor angle, positive for overexcited operation and negative for under-excited operatio
armature current as the reference phasor.

IFG is the field current for the air-gap line at the specified armature terminal voltage (see 4.2.5 and fig
or figure 5.4)

IFSI is the field current corresponding to the specified armature current on the short-circuit saturation cur
4.2.7)

IFS is the difference between the field current on the open-circuit saturation curve and the field current
air-gap line, both for the voltage Ep (see figure 5.5)

All values of field current should be in amperes, or in per unit on any suitable base.

IFL IFS IFG IFSI φsin⋅+( )2 IFSI φcos( )2++=
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Figure 5.7—Determination of load field current under-excited operation (motor or generator)

5.4 Excitation calculation methods used in stability computer programs

There are many methods available for calculating load excitation (or p.u. field current) in stability computer pro
Two will be briefly discussed in this standard; they are also treated in more detail in section 5 (including anne
and 5C) of IEEE Std 1110-1991. 

Inherent in all step-by-step time domain stability calculations is the requirement to simulate excitation system c
due to voltage regulator and stabilizer action. The changes in field flux linkages, as well as stator and rotor bo
linkages, are accounted for, as are changes in field current and stator and machine rotor body currents. All 
used in calculating machine electrical torques (Te) as shown by the equation

(5-12)

All the quantities in equation 5-12 are assumed to be in per unit. The symbols ψd and ψq are the direct axis and
quadrature axis components of armature flux-linkages. See annex 4A of IEEE Std 1110-1991 for further discu
synchronous machine electrical torques.

The two-axis concepts of R. H. Park prevail throughout most present-day stability analyses. Establishing the
accepted direct axis and quadrature axis concepts is, at present, considered basic to stability time-domain me

In the first of the two methods considered typical, the equations describing the synchronous machine flux-
changes are derived from a given set of time constants and reactances. Characteristically, in this approach,
order model is considered in both the direct and quadrature axes. Thus, the transient and subtransient flux lin
current changes are recorded from one time step to the next. The field excitation (in terms of Xadu · Ifd) is calculated at
each time step and is compared to an excitation regulating system voltage. This is done to obtain the change
axis field flux linkages from one step to the next.

Te ψd iq⋅ ψq id⋅–=
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Figure 5.8 depicts the load excitation calculation process. From this figure, the basic equation for field excitatio
per unit

(5-13)

An open circuit saturation curve is used to determine the saturation increment function. In this case, the volE′q
(rather than Ep or El) is used to calculate an increment ∆Xadu · Ifd. This is the difference between the value fie
excitation from the air gap line and another value from the open circuit curve, all at a voltage E′q. (See figure 5.8 below
and annex 5B of IEEE Std 1110-1991 for more detail.) ∆Xadu · Ifd is added to E1 to give a total excitation. Field
excitation E1 in per unit is based on the non-reciprocal system.

Figure 5.8—Phasor diagram for calculating Xadu · Ifd  (=El)

Figure 5.9—Phasor diagram for calculating Xads · ifd

In the second approach, described in annex 5C of the IEEE Std 1110-1991, all synchronous machine flux link
related to the corresponding stator and rotor currents. This relationship is based, for both direct and quadrat
on a knowledge of given stability model networks for each d-axis and q-axis. Such model networks con
inductances and resistances (see sections 2 and 6 of IEEE Std 1110-1991) . Rotor and stator currents for eac
calculated, along with appropriate flux linkages, to give the same torque equation (see equation 5-12) as us

EI Xadu I fd⋅ E′q Xdu X′d–( ) jI+= = d
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first method. Third-order models, corresponding to transient, subtransient and sub-subtransient regimes, a
accounted for when using this method.

The field excitation calculation is based on the phasor diagram shown in figure 5.9. Thus

(5-14)

Field current i fd in per unit is calculated directly and is based on the reciprocal system B25. Xads equals Xadu divided
by the saturation factor Kd (Xds = Xads + Xl). A similar factor Kq may be calculated for the quadrature axis, using a
axis saturation curve (if available). See annex 5C of IEEE Std 1110-1991 for more detail, including the deriva
a q-axis curve from measurements of machine terminal conditions and internal angle δ.

Kd is obtained from points on the air-gap (agl) line or open circuit saturation curve (occ) corresponding to El, the
voltage behind Xl.

(5-15)

A similar procedure can be used for calculating Kq, using a q-axis "air gap line" and a derived q-axis curve,
described also in annex 5C of IEEE Std 1110-1991. 

Figure 5.10—Calculation of saturation functions for adjustments to equations 5-13 and 5-14

Xads i fd⋅ Eq Xds jI d⋅+=

Then Kd

I fdocc

I fdagl

-------------=
Copyright © 1998 IEEE All Rights Reserved 61

stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services
stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services



IEEE Std 115-1995 IEEE GUIDE: TEST PROCEDURES FOR SYNCHRONOUS MACHINES

e of the

 same.
d other
r Potier

n 5.3.3 or

f it can be
hine flux
ngles on
 at which
rmal (or
enerator

red (or
ing field

rmature
ce in value
 p.u. are

COPYRIGHT In
Licensed by 
COPYRIGHT In
Licensed by 
5.5 Voltage regulation

5.5.1 Definition

For the definition of voltage regulation, see IEEE Std 100-1992. 

5.5.2 Regulation

After the field current at specified armature current, power factor, and rated voltage has been obtained by on
methods in 5.3 or 5.4, the p.u. voltage regulation may be obtained by the following equation:

(5-16)

where

Ea is the voltage on the open-circuit saturation curve corresponding to the test load field current
Eao is the rated terminal voltage
Ea and Eaoshould be in consistent terms.

Annex 5A 

(informative)

Consideration and discussion of leakage reactance and Potier reactance

5.A.1 Introduction

Subclause 5.2.2 pointed out that theoretically, the Potier reactance and the leakage reactance are one and the
However, in practice this seldom happens. Local saturation of the steel of the slots, ventilating ducts, an
irregularities give rise to differing values for the leakage and Potier reactances. If one has either leakage o
reactance but not both, one calculates the excitation field-current using the reactance in hand as described i
5.3.4. A problem arises when one has both the leakage and Potier reactances available.

Potier reactance has been described as a fictitious (or non-constant) reactance. This is because a portion o
calculated, but its value is further affected by changes in magnetic saturation, as well as by changes in mac
form. One of the ways it has been tested (see 5.2.2) is straightforward. However, the Potier reactance tria
which the standard test is based are subject to varying interpretations, which depend on the armature voltage
the test is made. The extension or translation of the Potier triangle from its zero armature voltage value to a no
1.0 p.u.) value gives the Potier reactance commonly quoted, and which is at a field current corresponding a g
(or motor) zero power factor overexcited, with rated (1.0 p.u.) armature current.

Reference [A1] by Beckwith describes how the variation in Potier reactance can be graphically measu
calculated) when armature voltage is above or below 1.0 p.u. In addition, if armature current, (and correspond
current) are less than normal, this may also be taken into account when measuring Xp. Thus, the machine loading
condition has a decided effect on the actual value of Xp.

Reference [A2] by Crary and March discusses the empirical relationship between Potier reactance and a
leakage reactance. It is shown that Potier reactance decreases and approaches armature leakage reactan
when the armature voltage (at zero power factor overexcited) is raised above normal. Ranges of up to 1.25
chosen to show this effect of Xp approaching the calculated value of leakage reactance (Xl).

Regulation
Ea Eao–

Eao
---------------------   p.u.=
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In [A2] it is also noted that the Potier reactance of turbogenerators does not vary as much as that of hydroge
for the above-described conditions. Another conclusion in the paper is that the calculation of armature 
reactance has shown that it is relatively independent of saturation since much of the armature winding leakag
in air. Reference [A3] by Kilgore extends and confirms the armature leakage flux calculations of Reference [A

In summary, [A2] recommends that the use of leakage reactance, as quoted by machine designers, giv
consistent results when calculating field excitation than does the use of Potier reactance.

In recent years, the widespread use of digital computer stability programs has necessitated an alternative an
preferable approach to calculating field excitation requirements. The general approach to such stability stu
been to represent the synchronous machine (particularly generators) by use of Park's direct (d) and quadrature (q) axis
equations. When using voltage El behind leakage reactance Xl, the calculation of El (instead of Ep) is done in a similar
way to that for Ep. A factor Kd is obtained by dividing the p.u. excitation on the open circuit saturation curve at vo
El, by the excitation at El p.u. voltage on the air gap line. Kd (always equal to or greater than unity) is divided into Xadu.

Park's two-axis equations for flux linkage representation of both the stator and field has several variations in
the machine inductances and currents. Two of the approaches are described generally in IEEE Std 11
Chapter 5, and specifically in annexes 5B and 5C of that document.

5.B.1 Bibliography for Annex 5A

[A1] Beckwith, Sterling. "Approximating Potier Reactance," AIEE Transactions, vol. 56, pp. 813–818, July 1937.

[A2] Kilgore, L. A. "Calculation of Synchronous Machine Constants," AIEE Transactions, vol. 50, pp. 1201–1213,
Dec. 1931.

[A3] March, L. A. and Crary, S. B. "Amature Leakage Reactance of Synchronous Machines," AIEE Transactions, vol.
54, pp. 378–381, April 1935.

Annex 5B 

(informative)

Example of the calculation of per unit field current ( IF)

a) Calculation of internal angle δ
(see equation 5-3), or alternatively:

EQD = Ea + Ia · Ra + jI a · Xqu = 1.3246 + j 0.4423 = 1.3965 /18.47°

δ = 18.47° [See also figure 5.3(a)].

Generator 
Output:

MVA = 0.900 + j.435 = S
Ea = 1.10 per unit
Ia = 0.909/-25.8; φ = -25.8°

Generator steady 
State constants: 
(in per unit)

Ra = 0.0107;
Xp = 0.136;

Xdu = 0.906
Xqu = 0.546
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b)

c)

d) IGU = 1.625 for EGU = 1.625 on air gap line (see figure 5.4)
e) Ep = Ea + Ia · Ra + jI a · Xp = 1.1675 + j 0.1071 = 1.1675 /5.26°
f) For Ep = 1.167 on air gap line, and on open circuit sat. curve IFS = 1.59 − 1.167 = 0.423 per unit
g) IF = IFU + IFS = 1.625 + 0.423 = 2.048 p.u.

NOTES:

1 —  Neglecting resistance  

2 —  For machines larger than 500–1000 kW, Ra tends to fall in the range of 0.002 p.u. to 0.003 p.u.

6. Temperature tests

6.1 General

Temperature tests are made to determine the temperature rise of certain parts of the machine above some
temperature when running under a specified loading condition. This reference temperature has been widely re
as the ambient temperature (or internal ambient temperature). Such reference temperatures depend on the m
which the machine is cooled. International practice suggests that the term coolant temperature is an acceptable way of
describing this reference condition, and this term will be used below, where applicable.

6.2 Methods of loading

Temperature tests may be made with the machine operating at any one of many loading conditions. The info
which usually is required, is the temperature rise of a machine at one or more specified values of load. Since
at a desired load condition is not always possible or practical, several other loading methods may be utilized t
data, which may be used to determine the temperature rise of the machine for the desired load. The follow
methods are most commonly used for temperature testing.

6.2.1 Method 1. Conventional loading

The preferred method of making a temperature test is to hold the specified conditions of armature current
voltage, and frequency until the machine reaches constant temperature, taking readings every half hour or le
machine is equipped with a voltage or other regulator, it should be made inoperative during this test so that 
current will be constant.

Id 0.909 18.47° 25.8°–( )–( ) sin /18.47° 90°–  (see equation 5-4)=

0.6345/-77.53°=

Iq 0.909 18.47° 25.8°–( )–( )cos  /18.47° (see equation 5-5)=

0.6909 /18.47°=

EGU Ea Ia Ra⋅ jI d Xdu⋅ jI q Xqu⋅+ + +=

1.5414 j 0.5150+=

1.6252 /18.47°=

EQD /δ 1.3898 /18.75°=

EP     1°=
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While this method is the most straightforward, experience has shown that it is difficult at times to keep m
terminal voltages close to rated values. Some utility test procedures have sought to overcome this problem by
per unit (MVA)2 rather than armature per unit (A)2 against temperature rise, the latter being shown in figure 6.1. 
of per unit (MVA)2 has some limitations because certain machine design may have unequal voltage-related or curren
related losses. The following recommendations for carrying out method 1 tests are summarized in the followi

a) Maintain, where possible, machine terminal voltage within ±2% of rated during the tests with the data plotte
as in figure 6.1.

b) Perform a series of tests at various voltage levels near rated, and interpolate the results, using, for e
linear regression methods. Data plotted as in figure 6.1.

NOTE  —  Figure 6.2 shows a plot of temperature rise against field losses. Similar plots of armature and stray load lossebe
performed as shown in 4.2. These are not part of method 1.

6.2.2 Method 2. Synchronous feedback

When a synchronous machine similar to the one to be tested is available, considerable energy savings result
method of loading. It also enables full-load testing of machines rated far in excess of the available power
capability.

The two machines are coupled together and connected electrically so that one serves as a motor and the 
generator. The output of the generator is fed electrically to supply the motor. Either of these machines ma
tested machine. The losses of the two machines are supplied by a third machine (a motor), deriving its power
available source such as the local electrical utility. The third machine supplies power to the other two m
mechanically through a suitable coupling, gear, or belt arrangement. An alternate method of supplying losses
an electrical power source in place of the third machine (a motor). The voltage and frequency of the electrica
source must match those of the machines on test and suitable means to reach operating speed must be em
prevent damaging electrical or mechanical transients.

This method of loading requires that two similar synchronous machines be coupled in such a manner that the
are physically displaced in an angular direction or rotation by their combined load angle (see 10.8.2). In the fo
discussion, the term rated refers to the machine under test. The coupled rotors are driven at the rated speed. Ar
circuits of the similar machines are tied together in the phase sequence (see 3.7) corresponding to their dir
rotation and to the polarity of their rotor fields. The tie may be provided with a suitable circuit breake
instrumented with wattmeters, voltmeters, and ammeters. Either frequency or speed shall also be measured. B
field circuits are instrumented with voltmeters and ammeters and connected to separately adjustable dc
supplies. All other electrical instrumentation is optional.

With the tie closed, the field current of one machine is increased while the other is decreased until the specified
at rated voltage appears in the tie. With the coupled machines operating at rated voltage and frequency, the 
apparent power (kVA) is thus exchanged between the two machines at the desired power factor. The real and
power interchanged between the two machines on test is a function of the angular displacement between
rotors, as determined by the coupling assembly, and by the levels of excitation applied to the field windings of
machines.

6.2.3 Method 3. Zero power factor

This method consists of operating the machine at no load as a synchronous condenser, maintaining ap
conditions of armature current, voltage, and frequency until the machine reaches constant temperature.
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6.2.3.1 Power factor less than 0.9

Since the voltage back of Potier reactance, Ep, at zero power factor, overexcited, is greater than it is at higher po
factors for the same terminal voltage and armature current, the test terminal voltage should be reduced to a v
results in a voltage back of Potier reactance (this voltage may be calculated by equation 5-10, using either a m
or calculated value of reactance), which is the same as the voltage back of Potier reactance at rated load c
This voltage may also be calculated by equation 5-7 using IaXp as determined from 5.2.2 or 5.2.3, thus using eithe
measured or calculated value of Potier reactance Xp. The resulting armature temperature rises will be very nearly 
same as if the machine had been loaded at rated conditions. A typical curve is shown in figure 6.1. It is so
impractical to use a variable voltage power supply for testing of large machines in this manner. Refer to 6.2.3
armature voltage cannot be adjusted in accordance with 6.2.3.1.

Figure 6.1—Typical plot of armature winding temperature rise vs. armature current squared

The field-winding losses differ considerably from those of normal operating conditions and the observed temp
rises of the field should be corrected to correspond to the specified field current. Two equations have been
make this correction. They appear below as equations 6-5 and 6-8. There are elements of approximation
equations.

As seen in figure 6.2, the field winding temperature rise above the temperature of the cooling medium leaving
is linearly proportional to the I2R loss in the field winding, Ps. This includes the effect of temperature on fie
resistance, but neglects any indirect effects that stator, rotor-surface, or windage losses may have on field
temperature. Using the nomenclature appearing after equation 6-8 below, this linear relationship can be expr

(6-1)
∆ts tc s,+ ∆tfan tc s,+( ) βPs+=
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where

β is the slope of the temperature rise, which can be determined empirically:

(6-2)

Equations 6-1 and 6-2 can be combined to form:

(6-3)

where

(6-4)

When the effects of resistance are negligible, then Rs = Rt and

(6-5)

Otherwise, one must account for the temperature effect on resistance in equation 3-1 as found in 3.3.2.

(6-6)

Successive substitution of equation 6-6 for Rs/Rt in equation 6-4, and then equation 6-4 for Ps/Pt in equation 6-3 yields

(6-7)

which now shows a dependence on ∆ts in the numerator of the second term. By collecting terms in ∆ts − ∆tfan, one
obtains the following expression for the specified temperature rise as a function of specified field current:

(6-8)

where

∆ts is the temperature rise (°C) corrected to correspond to a field current If,s for a specified load
k is the constant of the field winding material (see 6.4.4.)
tc,s is the specified coolant temperature (°C) for specified field current If,s
tc,t is the reference coolant temperature (°C) obtained during test measurement of temperature rise ∆tt
∆tt is the temperature rise (°C) for test field current If,t
∆tfan is the temperature rise (°C) through fan (or blower)
If,t is the field current (Amperes) under test conditions
If,s is the field current (Amperes) corresponding to a specified load
Ps is the field current losses at a specified load
Pt is the field current losses at the test load

β
∆tt tc t,+( ) ∆tfan tc t,+( )–

Pt 0–
---------------------------------------------------------------

∆tt ∆ ffan–

Pt

-------------------------= =

∆ts ∆tfan

Ps

Pt
----- ∆tt ∆tfan–( )+=
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-----
I f s,
I f t,
------- 

 
2Rs

Rt
-----=

∆ts ∆tfan

I f s,
If t,
------- 

 
2
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Figure 6.2—Typical curve of field temperature vs. field power

6.2.3.2 Power factor larger than 0.9

For generators and motors rated at power factors above 0.9 (and particularly those rated at unity power facto
be impractical to apply the zero-power-factor method at specified armature current and the proper voltage
Potier reactance, Ep, as described in 6.2.3.1 because of field heating limits. In such cases, the armature curren
terminal voltage must be reduced. The choice as to which should be reduced depends on the relative magnitu
copper and core losses in the particular machine.

Unless the load is reduced to give rated field current, the field temperature should be corrected as shown in 
6-8. An approximate correction in armature temperature should be made according to the manufa
recommendations as to the contribution of the various losses to the observed temperature.

Realistic temperature tests of large machines with long thermal time constants are possible by alternating the o
underexcitation for short time periods in such a manner that the loss energy inputs into the armature and into
remain constant for each period of temperature reading (typically 30 min). Successful application of this m
requires that loss curves (figure 4.2) for the tested machine be determined prior to the temperature tests. A
overcurrent due to an underexcitation (possibly even a negative excitation) and the field overcurrent are se
such a way that satisfies the following conditions:

(6-9)
PA∆tR PV PI+( )

o

t1

t2

∑ ∆to⋅ PV PI+( )
u

t1

t2

∑+ ∆tukW s⋅ ⋅=
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(6-10)

where

PA is the total armature losses at the specified load, kW
PF is the total field losses at the specified load, kW
∆tR is the time interval of test = (t2 − t1), s
PFo is the field loss during overexcitation, kW
PFu is the field loss during underexcitation, kW
PI is the current dependent armature losses, kW
PV is the voltage dependent armature losses, kW
t1 is the time at start of test, s
t2 is the time at finish of test, s
∆to is the test time interval for overexcitation, s
∆tu is the test time interval for underexcitation, s

The maximum armature current obtainable with the negative excitation is less than 1/Xq p.u. and can be determined in
accordance with 10.4.3 for the actual line voltage conditions during the test. Best results are obtained when∆tR ≥ 2
(∆to + ∆tu) and the temperatures are continuously recorded by graphical instruments. In such a case, it is po
average the high and low readings within each interval. If the field loss energy equation cannot be completely s
the heat run is continued at the rated field condition after stabilized armature temperatures have been rea
recorded. The stabilized field temperature readings are then obtained during the extended heat run period 
machine is still hot.

Due to its imperfect simulation of the loss energy dissipation rates, this method should be limited to continuo
machines (see 6.3.1).

6.2.4 Method 4. Open-circuit and short-circuit loading

This method consists of the following three separate heat-run tests:

a) Specified voltage with the terminals open-circuited
b) Specified armature current with the terminals short-circuited
c) Zero excitation

For conventional machines the armature temperature rise is computed as the sum of the temperature rises for
circuit and short-circuit tests, and corrected for the duplication of heating due to windage. The zero-excitation 
heat run will yield data for determination of the temperature rise due to windage.

For machines with water-cooled armature windings, the armature temperature can be obtained directly from
circuit tests. The ground wall insulation is sufficiently thick and heat transfer to the water ducts inside the ar
bars, sufficiently high that the temperature of the armature winding copper is largely insensitive to temp
variations outside the winding. Thus, armature copper winding temperature is only dependent on dc and ac 
the armature copper, on the flow rate of the water coolant, and on its cold liquid temperature.

Another heat run at no-load overvoltage will provide improved accuracy for the temperature rise of the fiel
manufacturer's approval should be obtained since a rated field current run with open- or short-circuit load
prolonged periods could result in armature damage. It is possible to combine the heat runs into one by applic
the principles outlined in 6.2.3.2. The same loss energy equations apply if the variables subscripted with 
referred to the open-circuit excitation and those subscripted with "u" are referred to the short-circuit excitation. 
cases, discharging of the field winding for several seconds prior to each closure of the armature short-ci
contactor is recommended in order to limit the subtransient and transient armature current to acceptable

PF∆tR PFo

t1

t2

∑ ∆to⋅ PFu

t1

t2

∑+ ∆tu kW s⋅ ⋅ ⋅=
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Suitable field discharge circuits should be used (see figure 6.3). Such precaution is also required if excessive
voltage is expected prior to opening the armature circuit.

NOTE  —  On-site testing of salient-pole generators by conventional loading (method 1) indicates that temperature rises aally
higher than the rises found by calculation, as in method 4. Experience using both method 1 and method 4, on
hydrogenerators in the 50–370 MVA range, shows that method 4 can give calculated temperature rises w
occasion may be as much as 7 °C lower than method 1. Method 1 is the preferred method of making these tests.

Figure 6.3—Field winding circuit for 6.2.4, method 4, open-circuit and short-circuit loading

6.3 Duration of test

6.3.1 Continuous loading

Continuous loading tests should be continued until machine temperatures have become constant within ± 2 °C of the
rise value for three consecutive half-hourly readings. If the coolant temperature is not constant, the test 
terminated when the temperature rise, based on at least three consecutive half-hourly readings, does not e
maximum previously observed rise. If the coolant temperature for three half-hourly readings varies by more tha°C,
the test should be continued.

6.3.2 Short-time ratings

For loads corresponding to the short-time rating of the machine, the tests should be started from condi
specified, and continued for the time specified.

6.3.3 Intermittent loads

For intermittent loads, the load cycle specified should be applied and continued until the temperature rise at th
the load causing greatest heating varies by less than 2 °C for three consecutive cycles.
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6.4 Methods of measuring temperature

6.4.1 General

The following are four methods of determining temperatures:

a) Resistance thermometer or thermocouples
b) Embedded detector
c) Winding resistance
d) Local temperature detector

It is sometimes desirable to use one method as a check on another.

6.4.2 Method 1

This method is the determination of temperature by resistance thermometer, or by thermocouples, with any 
instruments applied to the hottest part of the machine which is accessible.

6.4.3 Method 2. Embedded detector

This method is the determination of temperature by thermocouples or resistance temperature detectors buil
machine in accordance with ANSI C50.10-1977 or NEMA MG1-1978.

6.4.4 Method 3. Resistance

This method is the determination of temperature by comparing the resistance of the winding at the temperatu
determined with the resistance at a known temperature. The temperature of the winding is calculated by the f
equation:

(6-11)

where

tt is the total temperature of winding when Rt was measured, °C
Rt is the resistance measured during test, ohms (see 3.3.5)
Rb is the reference value of resistance previously measured at known temperature, tb, ohms (see 3.3.3 and

3.3.4)
tb is the temperature of winding when reference value of resistance Rb was measured, °C
k is 234.5 for pure copper, °C
k is 225 for aluminum based on a volume conductivity of 62% of pure copper, °C

For values of k for other materials, refer to the manufacturer. For windings consisting of a copper portion conn
in series with an aluminum portion, an equivalent value of the constant k, should be used.

(6-12)

where

RO is the calculated total resistance of the winding at 0 °C (ohms)
ROa is the calculated resistance of the aluminum portion of the winding at 0 °C (ohms)
ROc is the calculated resistance of the copper portion of the winding at 0 °C (ohms)
ka is 225 for aluminum based on a volume conductivity of 62% of pure copper
kc is 234.5 for pure copper, °C

tt tb
Rt Rb–

Rb
----------------- 

  tb k+( )+=

k
RO

ROa

ka
---------

ROc

kc
---------+

--------------------------=
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Since a small error in measuring the reference value resistance will make a comparatively large error in dete
temperature, the winding resistance should be measured by a double bridge or other means of equivalent acc
checked by a second instrument if possible.

6.4.5 Method 4. Local temperature detector

The local temperature of various parts of a machine can be determined using a local temperature detec
detecting element is placed in close thermal proximity to the part where the local temperature is to be me
Examples of local temperature detectors are infrared sensor, thermocouple, small resistance thermome
thermistor. These are frequently installed as permanent parts of a machine. They are used to determ
temperature of winding conductors, core laminations within a package, and winding temperature between co
Since the temperatures measured by local temperature detectors may deviate substantially from those deter
the other method, the temperatures so measured should not be interpreted in relation to standards written in
these other methods.

6.5 Preparation for test

6.5.1 Location of measuring devices

Local temperature devices should be checked for proper functioning and appropriate calibration before inst
Non-insulated devices such as thermocouples shall be installed on grounded parts of the machine or used o
energized runs with appropriated protection for personnel and instruments. Insulated measuring devices or
without physical connections should be installed to avoid influencing the temperature being measured and sh
compromise the electrical integrity of the apparatus under test.

6.5.2 Enclosed machines

The armature coils and cores of some enclosed machines may not be readily accessible, and if temperatures
obtained by the thermometer method, thermocouples or resistance thermometers may be placed on these pa
leads brought out of the enclosures. However, when these machines have embedded detectors, it is
unnecessary to determine temperatures by the thermometer method.

6.5.3 Open-ventilated machine

When preparing for a temperature test, an open-ventilated machine should be shielded from currents of air
from adjacent pulleys, belts, and other machines, as unreliable results are obtained when this is not done. A ve
current of air may cause discrepancies in the heating results. Consequently, a suitable screen should be used
the machine under test when necessary. Great care should be used, however, to see that the screen does n
with the normal ventilation of the machine under test. Care should always be taken to see that sufficient floor 
left around the machine under test to allow free circulation of air. Under ordinary conditions, a distance of abo
(6 ft) is sufficient.

CAUTION — The presence of residual voltage on the field of the machine requires that this measureme
made with the unit at standstill.
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6.5.4 Precautions

If temperatures are to be obtained by infrared sensors, thermocouples, resistance thermometers, or othe
temperature-measuring devices, care should always be taken to ensure that these elements and their 
instruments are functioning properly. The wiring between the detecting elements and the indicating instrumen
be installed so there are no loose connections. The machine should be shut down long enough before the s
test so that all parts will be essentially at the same temperature. A complete set of readings should then be ta
electric temperature devices, and these readings should be compared with the temperature of principal meta
the machine, as measured with several reliable mercury or alcohol thermometers. The electric devices should
consistent temperatures in close agreement with the stem-type thermometers. If appreciable temperature di
exist, a check should be made for loose connections, stray fields, and the possibility that the machine has no
a uniform temperature. It may be necessary to replace or omit the faulty device.

A check on stray-field effects produced by the machine may be made by comparing readings of the electric
taken immediately before and after the windings are energized or de-energized. The use of closely twisted o
leads for the temperature devices will minimize the effects of stray fields.

6.6 Determination of coolant temperature

6.6.1 General

The rise in temperature is usually the characteristic to be determined rather than the total temperature. There
important that the actual coolant temperature at the time of the test be accurately established. Further, the
temperature should not change appreciably during the test (see 6.3.1). The method of determining the
temperature is dependent on the method of cooling the machine.

6.6.2 Machines cooled by surrounding air

The coolant temperature is the mean of the air temperature measurements made by several thermomete
between about 1 m and 2 m (about 3 ft and 6 ft) from the machine under test, half-way up the machine in the a
which cooling air is drawn. They should be so placed that they are not affected by abnormal heat radiation, dra
rapid erratic variations in temperature of the surrounding air. It is desirable to use oil cups (see 6.6.7) to stab
thermometer readings. If the rate of variation in air temperature exceeds 2 °C per hour, it is particularly important to
use oil cups.

Where an open machine is partly below the floor line in a pit, the temperature of the rotor is referred to
temperature, which is a weighted mean of the pit and room temperatures, the weight of each being based on th
proportions of the machine in and above the pit. Parts of the stator that are in the pit are referred to the int
temperature in the pit.

6.6.3 Duct and pipe-ventilated machines

The coolant temperature is the weighted mean of the air or gas temperature measured at the intakes of the
The weighting of each temperature reading is determined by the portion of the total flow of air or gas which is
temperature.

When a separately driven ventilating blower is mounted integrally with the machine and draws air from the roo
coolant temperature should be taken as the weighted average of the air temperature measured at the inlet of t
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6.6.4 Machines with a recirculating cooling system

The coolant temperature is the temperature of the internal coolant (which cools the machine parts) leaving 
exchanger. If more than one heat exchanger is provided, the coolant temperature is the weighted mea
temperatures of the internal coolant leaving the heat exchangers. The system of weighting described in 6.6.3 s
used. The distribution of the external cooling medium should be adjusted so that the temperatures of the
coolant leaving each heat exchanger are approximately equal.

When measuring the internal coolant temperature, the thermometers should be located far enough from 
exchangers to avoid errors caused by radiation to the cool surfaces of the heat exchanger. A constant value o
coolant temperature may be maintained by controlling the total flow of the external cooling medium to th
exchangers. To avoid condensation, the internal coolant temperature should usually be held to a value eq
above the temperature outside the machine housing.

In some instances, the temperature rise is specified above the temperature of the external cooling medium
cases, the coolant temperature is the weighted mean temperature of the external cooling medium as it enter
exchangers. The weighting is in proportion to the fraction of the medium which enters at each temperature.

6.6.5 Machines cooled by other means

These machines should be considered individually and the special methods to be used to determine the c
equivalent temperature should be specified by the purchaser or mutually agreed on before the test.

6.6.6 Test reference coolant temperature defined

The value of the reference coolant temperature to be used for any given test is the mean of the coolant tem
values for the last three half-hourly reading of that test.

6.6.7 Thermometer oil cups

Thermometers should be immersed in a suitable liquid such as oil in a heavy metal cup if the cooling air temp
is subject to rapid variations. A convenient form for such an oil cup consists of a metal cylinder with a hole drill
it axially. This hole is filled with oil and the thermometer is placed therein with its bulb well immersed. The res
of the thermometer to various rates of temperature change will depend largely upon the thermal-time characte
the cup, which in turn depend on the size, kind of material, and mass of the containing cup, and may be
regulated by adjusting the amount of oil in the cup. The larger the machine under test, the larger should be t
cylinder employed as an oil cup in the determination of the cooling air temperature. The smallest size of an
employed in any case should consist of a metal cylinder about 2.5 cm (1 in) in diameter and about 5 cm (2 in

6.7 Temperature readings

6.7.1 General

In the following subclauses, readings are described for several methods of temperature measurement. Thes
to measure temperature of the windings, the stator core, the incoming cold coolant, and the exhaust hot cool
method of measurement is best suited for particular parts of a machine. Thus, in a given test, it may be desira
all three methods to measure the temperature in the various parts of the machine.

6.7.2 Thermometer method

Temperatures taken by the thermometer method (see 6.4.2) should be measured on the following parts or fl
during the temperature tests and, if specified, after shutdown:
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a) Armature coils should be measured in at least four places
b) Armature core should be measured in at least four places
c) Field should be measured after shutdown (see 6.8.2)
d) Coolant (see 6.6)
e) Air discharged from frame or air discharge ducts, or internal coolant discharged to the inlet of coo

machines with recirculating cooling system
f) Frame
g) Bearings (when part of the machine)

The temperature sensing elements should be located to obtain the highest temperatures, except for ing
discharge air, or other coolant temperature, for which they should be placed to obtain average values.

6.7.3 Embedded-detector method

Temperatures of the armature winding of machines equipped with embedded detectors should be determine
embedded-detector method (see 6.4.3) during the temperature test. It should be recognized that in ma
machines, the discrepancy between the temperature as measured by the embedded detector and the h
temperature of the winding as defined in IEEE Std 1-1986 can be significant. This discrepancy is particularly 
hydrogen-cooled machines, especially those using gas pressure higher than about 3.5 kPa (0.5 lb/in2) gage.

In machines with conductor-cooled armature windings, the difference between embedded-detector tempera
conductor temperature varies considerably depending on many design factors. For some types of construc
embedded-detector measurements are in close agreement with the conductor temperature. For others,
methods may be preferable. The manufacturer's recommendations based on local temperature detector mea
(see 6.4.5) on prototype machines indicate preferred methods of test and of correlating the results with co
temperature.

6.7.4 Resistance method for fields

Temperatures of the field winding should be determined by the resistance method (see 3.3 and 6.4.4) du
temperature test. Where the machines have field coils accessible to thermometers after shutdown, the tem
taken by thermometers furnish a useful check on the temperature by the resistance method.

6.7.5 Resistance method for armature

Temperatures of the armature winding may be determined by the resistance method (see 3.3 and 6.4.4) after s
The resistance should be measured across any two-line terminals for which a reference value of resistance
measured at a known temperature. The resistance should be measured directly at the machine terminals. If t
is not connected internally, the neutral terminals of the three phases should be connected directly if a wye-con
is to be used.

6.7.6 Resistance method for brushless machines

Temperatures of the rotating field directly connected to a brushless exciter armature cannot be monitored du
temperature test without a suitable test fixture or telemetry provisions. Shutdown resistance may possibly be
determine the temperature if the time to bring the rotor to rest is not excessive (see 6.4.4). General principles
in 6.8 are followed and the shutdown resistance is obtained from the semilogarithmic plot of resistance 
measurements taken at regular time intervals after shutdown and extrapolated to the time interval given for th
of the machine by the table in 6.1. The temperature of the brushless exciter field is also normally determine
resistance method during the temperature test (see 3.3 and 6.4.4).
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6.8 Shutdown temperatures

6.8.1 General

The application of the thermometer method to rotating parts, or the resistance method to armature windings,
a quick shutdown of the machine at the end of the temperature test. A carefully planned procedure and an 
number of people are required to obtain readings soon enough to give reliable data. When practicable, the m
should be stopped within a time interval as given in the following table:

Table  6.1—Shutdown times for machines

Under these conditions, correlations of observed temperatures are not necessary. If the initial resistance readi
be made within the time interval after shutdown in the table, the temperatures should be corrected in accorda
6.8.2, and extrapolated to the time of shutdown.

6.8.2 Location of measuring devices

Thermometers should be placed on the collector rings, pole tips, amortisseur winding, and field windings, s
these parts are accessible, as quickly as possible after the rotating parts have come to rest.

It may be impracticable to stop the machine in a short enough time to obtain temperature readings of any va
the thermometer applied after shutdown. In such cases, it is necessary to rely on other readings such as te
sensitive paint, or the use of suitable test fixture or telemetry in combination with thermocouples or temp
detectors.

If armature resistance measurements are to be obtained after shutdown, they should be made as quickly as po
attempt should be made to take resistance measurements until the rotor has stopped completely. Any appara
connected to the armature terminals should be disconnected.

If the initial resistance reading cannot be made within the time interval given for the rating of the machine in ta
it should be made as soon as possible and additional resistance readings should be taken at intervals of appr
60 s until resistance readings have begun a decided decline from their maximum values. A curve of these 
should be plotted as a function of time and extrapolated to the time interval given for the rating of the machine 
6.1. A semilogarithmic plot is recommended where resistance (or temperature) change is plotted on the log
scale. The value of resistance (or temperature) thus obtained is considered as the resistance (or tempe
shutdown. If successive measurements show increasing temperatures after shutdown, the highest value s
taken. Where the first reading cannot be taken within twice the time interval given by the table, the time sh
subject to agreement between the manufacturer and the user.

In many tests, the more accurate temperatures are obtained from thermometers on the machine, from the e
detectors, and from resistances taken while the machine is running.

Rating Time (s)

50 kVA and less 30

51 kVA to 200 kVA 90

201 kVA to 5000 kVA 120

Above 5000 kVA note a

a Subject to agreement between the manufacturer and user depending on braking method.
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6.9 Temperature rise

6.9.1 Running test

The temperature rise corresponding to readings of a particular temperature measuring device during a co
loading test is obtained by subtracting the test reference coolant temperature (see 6.6.6) from the average o
three half-hourly readings of the highest temperature reading device.

6.9.2 Shutdown

The temperature rises corresponding to the various readings taken on shutdown are obtained by subtractin
reference coolant temperature (see 6.6.6) from the temperatures at shutdown as defined in 6.8.

7. Torque tests

7.1 General

For the definitions of the quantities in table 7.1, refer to IEEE Std 100-1992. 

Table  7.1—Classification of various torque tests

Specific methods of test are provided for locked-rotor torque (see 7.2.2) and pull-out torque (see 7.4). Value
synchronous quantities may be obtained from the speed-torque curve tests (see 7.3); however, other test me
required to determine the frequencies of the pulsating torque components present at each speed.

An accurate measurement of the frequencies of the pulsating torque components is very important, specially 
salient pole synchronous motors. These torques can incite resonances with the connected mechanical system
excessive torsional oscillations. Unless there is sufficient damping in the system, these oscillations may grow 
causing damages to the shaft, couplings, or gears in the drive train.

It is customary to measure the armature current and the induced field current (or voltage) during the torqu
Specific methods of such measurements are provided as applicable.

Since most machines are designed for closed-field starting, the following procedures are written for such m
For machines designed for open-field starting, the field voltage should be measured with a potential transfor
ac voltmeter. In this case, the field voltage should be plotted and corrected in the manner indicated for field c

In many cases it is impractical to conduct torque tests at rated voltage. Therefore, the procedures provide fo
reduced voltage. The results are then adjusted to specified voltage if necessary. Due to different saturatio
present at different voltages, tests at two or preferably three voltages may be necessary to enable a reasonab
adjustment to the specified voltage (see 7.3.6). In making this adjustment, use is made of the air-gap torque,
the total torque applied to the rotor by the stator. At any speed, the air-gap torque is a function of volta
frequency. The net output torque is equal to the air-gap torque minus the friction and windage torque, if the m
is running.

Asynchronous quantities Synchronous quantities

locked-rotor torque
pull-up torque
breakdown torque
pull-in torque
locked-rotor current

pull-out torque
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7.2 Locked-rotor current and torque

7.2.1 General

This test is taken to determine the armature current drawn by the motor during starting, the locked-rotor
developed, and the resulting induced field current. It may be taken with a prony brake adjusted to prevent th
from rotating, or a beam clamped rigidly to the motor shaft with its free end resting on a scale to measure th
developed. An adjustable alternating-voltage supply of specified frequency is connected to the armature. T
should be closed through its starting resistance (if closed-field starting is used). In this test, the amortisseur a
circuits heat very rapidly and the test should be made as quickly as possible. The initial test should be mad
maximum current that will not cause injurious heating during the test. Subsequent tests should be made at suc
lower currents. Armature voltage, current, power, torque, and induced field current are to be recorded at each

For certain types of machines, the torque varies with rotor angle within a stator coil pitch. For such machin
necessary to make a series of preliminary tests at a constant low voltage for each of several rotor positions. 
should be located at the position giving the minimum torque for the subsequent tests.

7.2.2 Determination of locked-rotor current

When the machine does not have saturation effects, the locked-rotor current varies directly as the voltage,
power as the square of the voltage. If saturation effects are present, the test should be taken at enough value
curve of current vs. voltage that may be extrapolated to give the current at the specified voltage. The armature
to be plotted is the average of all phases. The data from the tests are plotted as shown in figure 7.1.

Figure 7.1—Torque characteristics with locked rotor
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7.2.3 Method 1. Torque by scale and beam

In making this test, it is necessary for the beam to be perpendicular to the direction of movement of the scale.
of the locking beam should be subtracted from the scale reading to obtain the net force. The length of the le
from the center of the shaft to the point of support on the scale should be measured. The motor torque, Tt, is the product
of the net force and the length of the lever arm. The air-gap torque in this case equals the mechanical output to
hence may be calculated using equations 7-1 and 7-2.

(7-1)

where

Tg is the air-gap torque at test conditions, p.u. on output base
Tt is F · l = mechanical output torque of motor at test condition
F is the net force, N
l is the length of lever arm, m
Tn is the base mechanical output torque of motor
T

(7-2)
ns is the synchronous speed, r/min
k is 9549
PMN is the rated output of motor being tested, kW

The air-gap torque is adjusted to torque at specified conditions in accordance with 7.2.5.

7.2.4 Method 2. Torque by electric input

If means for measuring the torque are not available, the rotor may be locked against turning and the torque c
from electrical measurements. The p.u. air-gap torque is calculated as power input to the rotor in kilowatts div
rated power output converted to kilowatts. The input to the rotor is determined by subtracting the short-circuit lo
4.2.8, 4.3.14, and 4.4.4) at the test current from the test power input.

For machines that have part-winding starting, or two-speed machines with consequent-pole windings, this 
may have appreciable errors due to harmonics, and the locked-rotor torque should be taken by scale and
described in 7.2.3.

The air-gap torque is adjusted to specified conditions in accordance with 7.2.5.

7.2.5 Torque at specified conditions

Locked-rotor torque is defined as the value for the rotor position giving the minimum torque, with rated v
applied.

The torque as determined by methods 1 or 2 may be adjusted to a value corresponding to specified voltag
following equation:

(7-3)

Tg Tt Tn p.u.⁄=

is 
k PMN⋅

ns
------------------

TLR Tg

Is

I t
---- 

 
2
 p.u.=
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where

TLR is the locked-rotor torque corresponding to specified voltage, p.u. on output base
Tg is the air-gap torque at test conditions, p.u.
Is is the locked-rotor current at specified voltage (usually rated) (obtained in 7.2.2)
It is the value of locked-rotor current from same test used to determine Tg, Is and It should be in consistent

terms.

This method of adjustment is more accurate than adjusting in proportion to the square of the voltage when sa
effects are present.

7.2.6 Determination of induced field current or voltage

For closed-field starting, the induced field current is obtained to evaluate the adequacy of the starting resis
open-field starting, the induced field voltage is obtained to determine the duty on the field insulation.)

A reasonable approximation of the induced field current (or voltage) at specified armature voltage is obta
multiplying the highest test value by the ratio of the specified armature voltage to the armature voltage corres
to the highest-test value of induced field current (or voltage).

7.3 Speed-torque tests

7.3.1 General

Any one of the following methods may be used to determine sufficient data to plot a speed-torque curve for a
The selection of the method will depend upon the size and the speed-torque characteristics of the machine
testing facilities. In all four methods, sufficient test points should be recorded to ensure that reliable curves, in
irregularities, can be drawn in the regions of interest from the test data. It is important that the frequency of th
supply be maintained throughout the test at the rated value of the motor.

Methods 1 and 4  require the maintenance of constant speed for each reading. Therefore, they cannot be used
where the torque of the machine increases with speed increase more rapidly than that of the loading device.

From the results of the following tests, adjusted to specified voltage, curves of per-unit torque, per-unit ar
current, and induced field current in amperes should be plotted vs. speed. The adjusted values for each t
should be shown on the curves. The curves for torque should always be drawn through zero at rated speed, n
reluctance torque near synchronous speed.

7.3.2 Method 1. Measured output

A dc generator that has had its losses previously determined, is coupled or belted to the motor being tested. 
of the motor should be closed through its normal starting resistor (if closed-field starting is used). An adj
alternating-voltage supply of specified frequency is connected to the motor terminals. The voltage should be
as can be impressed upon the motor terminals without excessive heating, at least 50% of rated voltage if poss
speed of the motor for each test point is controlled by varying the load on the generator.

In this test, readings are taken at speeds between approximately 1/3 speed and the maximum speed obtain
induction motor. The speed should be constant at the instant the readings are taken so that acceleration or de
power does not affect the results. At each speed setting, readings of armature voltage, current, power, sp
induced field current are taken for the synchronous motor, armature voltage and current, and field current fo
generator. A record should be made of the value of the resistance connected across the field of the motor. Ca
be taken not to overheat the motor at the lower speeds.
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The accuracy of speed measurement is particularly important at low slip. The speed-measuring device sh
accurately adjusted or calibrated at synchronous speed. All points should be read as soon as the instrum
settled, without waiting for the slow creep in the indications to disappear.

The total power output of the motor is the sum of the output and losses of the dc generator.

The air-gap torque, Tg, at each speed is calculated using equation 7-4.

(7-4)

where

PGO is the output of dc generator, kW
PGL is the losses of dc generator (including friction and windage), kW

TFW is  

TFW is the motor friction and windage torque, per unit on output base
PFW is the motor friction windage loss at speed for test point (see 4.2.6 and 4.4.2), kW
ns is the synchronous speed of motor, r/min
n is the test speed of motor, r/min (if directly coupled, n=ns)
PMN is the rated output of motor being tested, kW
k is 1.0

At the speed for the test point, the torque of the motor T, adjusted to specified voltage E, is obtained from equations 7.8
or 7.10 (see 7.3.6).

7.3.3 Method 2. Acceleration

In the acceleration method the motor is started as an induction motor with no load and the value of accele
determined at various speeds. The torque at each speed is determined from the acceleration and the momen
of the rotating parts. Accurate measurements of speed and acceleration are an essential requirement of thi
The motor should be operated from a suitable source of rated-frequency alternating-current power with ad
voltage. The field should be closed through its starting resistor throughout the test (if closed-field starting is u

The rate of acceleration to be used and consequently the duration of the test are determined by the type of in
that are used to make the measurements indicated in 7.3.1. The accelerating time should be long enough so th
transient effects do not distort the speed-torque curve. For this limitation, a minimum time of 5 s to 15 s, dep
upon the characteristics of the motor and the value of the field starting resistance, is usually satisfacto
accelerating time shall also be long enough to permit recording the necessary number of mechanical and e
measurements with sufficient accuracy for plotting the required curves (see 7.3.1).

Where suitable automatic high-speed recorders are available, this test can be conducted with rapid acc
consistent with the above limits. Simultaneous recordings of speed, line voltage-current, power, and induc
current vs. time should be made. Recording instrumentation is preferred to the indicating instruments. The
torque at each point can be obtained by equation 7.5.

If indicating instruments are used, the accelerating time should be increased by using a lower applied voltage 
manual recording of the required data at each point. Tachometers with significant time lag are not suitable for 

Tg

k PGO PGL+( )ns

PMN n( )
---------------------------------------- TFW+= p.u. on output base

k PFW( )ns

PMNn
------------------------
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First the motor should be started on the minimum voltage, which will cause it to break away from rest, and its 
time should be observed. If the motor requires more than approximately 1.5 min to accelerate from 30% spee
speed, the voltage should be increased until the acceleration is at about this rate. If the accelerating time is to
minimum starting voltage, a lower voltage should be used during the test and starting friction should be overc
turning the rotor by mechanical means or by applying a momentary higher voltage. Readings, except speed 
(at approximate 5 s intervals), need not ordinarily be taken between rest and 30% speed, since, in this range
currents and voltages are likely to be considerably unbalanced and fluctuating. However, in this range the 
values of current and voltage change but little. From 30% speed to maximum speed, simultaneous readings s
taken at 5-s intervals of line voltage of one phase, line current in one phase, induced field current (by ac
ammeter), speed, and time in seconds.

If method 3 (see 7.3.4) is to be used as a check, line power with a polyphase wattmeter or two single-phase w
should be measured at each point, and the stator winding temperature should be taken at the completion of e

Occasional confusion in recording data may be avoided if the timekeeper calls off the seconds—5, 10, 15, etc., instead
of merely read, read, etc. It may sometimes be necessary to take more than one run at different voltages in orde
satisfactory readings throughout the curve especially when there are appreciable cusps in the spee
characteristic. Each test should be run at least twice at the same voltage to verify the data.

Speed-time curves should be drawn very carefully to a large scale. The acceleration, dn/dt, is measured at various
points along the curve by holding a straight edge tangent to the curve or by the method given in 4.4.9.3.

7.3.3.4 The air-gap torque, Tg, at each speed is calculated from the acceleration using equation 7-5

(7-5)

where

ns is the synchronous speed, r/min
dn/dt is the acceleration at each speed, (r/min)/s
TFW is the torque due to friction and windage at each speed (see equation 7-4), p.u. on output base
J is the moment of inertia of rotating parts, kg · m2

PMN is the rated output of motor being tested, kW
k is (π/30)2 · 1000 = 10.97

At the speed for the test point, the torque of the motor T, adjusted to specified voltage E, is obtained from equations 7-
8 or 7-10 (see 7.3.6).

7.3.4 Method 3. Input

In this method, the torque is determined by subtracting the losses in the machine from the input power. It is a 
check on the other methods, and is particularly useful when the machine cannot be unloaded to determine t
acceleration. In practice the method is approximate because the stator losses cannot be readily determine
actual operating conditions and shall be approximated by the losses determined from open-circuit and sho
tests. This method is also subject to error in the case of special machines, which may have substantial po
negative harmonic torques that are not readily evaluated.

The machine is started as described in 7.3.3, except that it does not have to be unloaded. The input reading 
in 7.3.3.3 for the various repeated runs are plotted against the speed readings. The scale should be as la
conveniently be used and the actual instrument readings plotted, including the wattmeter readings and the
seconds. Average values of the zero-speed readings from the locked test, as described in 7.2, adjusted to the
which the other readings were taken, should be included.

Tg

k 10 6– J ns dn dt⁄( )⋅ ⋅ ⋅ ⋅
PMN

-----------------------------------------------------------
 
 
 

TFW+= p.u. on output base
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The air-gap torque, Tg, at each speed is determined from the input power using equation 7-6.

(7-6)

where

Psi is the input power to stator, kW
Psc is the short-circuit loss at test current (see 4.2.8, 4.3.14, and 4.4.4), kW
Pc is the open-circuit core loss at test voltage, kW
PMN is the rated output of motor being tested, kW
k is 1.0

Because of the use of approximate losses in this method, no temperature correction is suggested in the sh
loss.

At the speed for the test point, the torque of the motor T, adjusted to specified voltage E, is obtained from equations 7.8
or 7.10 (see 7.3.6).

7.3.5 Method 4. Direct measurement

The torque may also be measured by loading the machine at various speeds with a dynamometer or prony b
procedures in 7.3.2 apply except that the dc generator is replaced by a dynamometer or prony brake, an
readings only are taken in place of electrical data on the dc generator. The use of a prony brake is limited to
very small machines because of its limited capacity to dissipate heat. The torque of a prony brake is appro
constant at a given setting.

The air-gap torque, Tg, at each speed is calculated from the torque readings, Tt, using equation 7-7.

(7-7)

where

Tt is the mechanical output torque of motor at test conditions
Tn is the base mechanical output torque of motor (see equation 7-2)
TFW is the torque due to motor friction and windage at each speed (see equation 7-4), p.u. on output ba

At the speed for the test point, the torque of the motor T, adjusted to specified voltage E, is obtained from equations 7-
8 or 7-10 (see 7.3.6).

7.3.6 Correction for voltage effects

At the speed for each test point, the net output torque of the motor T, and the armature current I, corrected to specified
voltage E, is obtained from equations 7-8 through 7-11, as applicable.

When the difference between the test voltages and the specified voltage is small, constant exponent corr
sufficiently accurate as follows:

(7-8)

(7-9)

Tg k
Psi Psc– Pc–

PMN
--------------------------------- 

 = p.u. on output base

Tg

Tt

Tn

----- TFW+= p.u. on output base

T Tg
E
Et
----- 

  K1
TFW–= p.u. on output base

I I t
E
Et
----- 

  K2
= p.u. on output base
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where

Et is the line-to-line voltage of motor at test point, p.u.
Tg is the air-gap torque at test point corresponding to voltage Et p.u. on output base
TFW is the torque due to motor friction and windage at speed for the test point (see equation 7.4), p.u. o

base
It is the armature current at test point corresponding to voltage Et p.u.

K1 is 

K1 is the torque exponent of voltage ratio (K1 = 2, neglecting saturation effects)

K2 is  

K2 is the current exponent of voltage ratio (K2 = 1, neglecting saturation effects)
E1 is the convenient line voltage at which T1 and I1, were measured, p.u.
E2 is the convenient line voltage at which T2 and I2 were measured, p.u.
T1 is the air-gap torque measured at line voltage E1, p.u. on output base
T2 is the air-gap torque measured at line voltage E2, p.u. on output base
I1 is the armature current measured at line voltage E1, p.u.
I2 is the armature current measured at line voltage E2, p.u.

For maximum accuracy of correction for voltage effects, tests at three different voltages are required. Unco
values of air-gap torque and armature current are plotted on semilogarithmic paper, with corresponding line 
on the linear scale. A straight line is drawn through each set of test points. Such plots, as shown in figure 7.4,
a convenient means of extrapolation to any specified voltage up to 120% of the highest voltage test point.

Figure 7.2—Correction for voltage effects

log10 T1 T2⁄( )
log10 E1 E2⁄( )
----------------------------------

log10 T1 T2⁄( )
log10 E1 E2⁄( )
----------------------------------
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Corrected air-gap torque and armature current values for any specified voltage condition can be calculat
equations 7-10 and 7-11, respectively:

(7-10)

(7-11)

where

Tg is the air-gap torque, corrected to specified voltage, E, p.u. on output base
I is the armature current, corrected to specified voltage E, p.u.
∈ is the base of natural logarithms (ln)
∈ is 2.71828...

E1 and E2are convenient test voltages, p.u.
T1 is the air-gap torque measured at a low voltage E1, p.u. on output base
T2 is the air-gap torque measured at a high voltage E2, p.u. on output base
I1 is the armature current measured at a low voltage E1, p.u.
I2 is the armature current measured at a high voltage E2, p.u.

The air-gap torque, which is the total torque applied to the rotor by the stator, is the torque that should be ad
specified voltage. Usually the magnitude of the torque due to friction and windage is large enough to be a sig
part of the air-gap torque; therefore equations 7-4, 7-5, and 7-7 contain the term TFW. Equation 7-6 contains this
quantity because the friction and windage loss is not subtracted from the input power. If the torque, due to fric
windage, is not a significant part of the air-gap torque, it may be omitted from the calculations.

The induced field current should be adjusted in direct proportion to the ratio of armature current adjustment.

For greater accuracy, the adjusted values of torque, armature current, and induced field current obtain
equations 7-10 and 7-11 should be used in place of equation 7-3 to plot the curves described in 7.2.

7.4 Pull-out torque

7.4.1 Method 1. Direct measurement

The motor is operated and the load is increased, keeping the voltage, frequency, and field current at specifie
(normally rated-load values) until pull-out occurs. The armature input power and current are read at various p
to the maximum stable load. The losses of the motor at this maximum load are determined and subtracted 
input to obtain the maximum output power. The maximum output power divided by rated output in consistent 
the per-unit pull-out torque. This method is usually not practicable for large machines.

Tg is εf1(E) p.u. on output base

T is εf2(E) p.u.

f1 E( ) is 
E E1–

E2 E1–
------------------ln

T2

T1
----- ln T1+  where f1 E( ) is the saturation function, torque

f2 E( )  is 
E E1–

E2 E1–
------------------ ln

I2

I1
---- ln I1+  where f2 E( ) is the saturation function, current
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7.4.2 Method 2. Calculation from machine constants

For machines for which it is impracticable to employ method 1, an approximate value of the pull-out torque, TPO, at
specified voltage and field current (normally rated-load values) may be calculated by the following equation:

(7-12)

where

TpO is the pull-out torque, p.u. of base mechanical output torque
ES is the specified terminal voltage, p.u.
IFL is the specified field current, A or p.u.
IFSI is the field current corresponding to base armature current on the short-circuit saturation curve, i

units as IFL
cos θ is the rated power factor
η is the efficiency at rating, p.u.

The factor K in equation 7-12 is to allow for reluctance torque and for positive-sequence I2R losses. This factor may
be obtained from the machine manufacturer. It is usually in the range from 1.00 to 1.25 and may occasiona
large as 1.5. If the positive-sequence resistance (R1) is less than 0.01 p.u. (the usual case), the factor K can be
calculated by determining the maximum value of equation 7-13 as a function of δ.

(7-13)

where

Xds is the direct-axis saturated synchronous reactance, p.u.
Xqs is the quadrature-axis saturated synchronous reactance, p.u.
δ is the load angle between terminal voltage and the voltage that would be generated by field curren

alone.

Losses at pull-out condition are neglected in this analysis. This does not affect appreciably the accuracy
approximate method.

8. Sudden short-circuit tests

8.1 Mechanical integrity of machine

One of the purposes of short-circuit testing is to ensure the mechanical integrity or fitness of the machine. D
lifetime of service, depending upon its use either as a generator, or as a large industrial-size motor, the mac
be subject to sudden changes in load, either due to faults on the power system (or industrial system) or due to
rejection, or sudden requirements for increases or decreases in power output due to governor action.

Thus, in addition to meeting the mechanical stresses due to (usually) three-phase short-circuit tests, the me
strength of the machine is measured in a qualitative manner.

Before making these tests the manufacturer should be consulted. The machine should be carefully inspected t
the bracing of the stator coil ends is satisfactory, the foundation is in good condition, and the hold-down bolts a
The rotor should be inspected to see that all keys and bolts are in place and properly tightened.

TPO

KIFLEs

IFSIη θcos
--------------------------  p.u.=

K sin δ
IFSIES Xds Xqs–( )

2IFLXdsXqs
-------------------------------------------- sin 2δ+=
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8.2 Electrical integrity of machine

Insofar as the electrical integrity of the machine is concerned, there are insulation and other types of overvolta
to quantify the electrical operation performance, per IEEE Std 4-1995 and IEEE Std 43-1974. 

During short-circuit testing, certain precautions are required in preparing the electric connections because
abnormal conditions that attend a sudden short-circuit test. Very heavy currents flow, particularly on large ma
resulting in great forces on the test conductors. To prevent damaging movement, test conductors should be
braced.

The armature circuit should be solidly grounded at a single point using a conductor of size comparable to th
from the machine terminals. There are two choices for the location of this ground connection: the neutral of
connected armature winding, or the point common to the three contacts of the shorting circuit breaker. If sh
used in measuring the currents, their common point should be where the ground connection is made so as
hazardous voltages at the oscillograph or recorder in case of a mishap. If current transformers are used in m
armature current, the point common to their primaries should be where the ground connection is made, unless
insulated to withstand full line-to-line armature voltage. If the armature circuit is not solidly grounded, then
voltage insulation equipment should be used between the shunts or current transformers and the data-taking

All protective relays which could cause the field circuit breaker to trip should be made inoperative. A disc
resistor of sufficiently low value should be used so that if the field circuit breaker were to trip, the voltage acr
field winding would not be excessively high.

The electric or mechanical integrity of the machine is not a major consideration during standstill frequency re
testing. Those factors, which experience has shown should be at least recognized, are spelled out in chapter 
II on standstill frequency response (SSFR) testing.
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IEEE Guide: Test Procedures for Synchronous Machines

Part II—Procedures for parameter determination for dynamic analysis

9. Applications of machine electrical parameters

9.1 General

The original background work on IEEE Std 115 was published in 1945, and the first "official" version of the sta
is dated 1965. Prior to the period from 1945 to 1965, synchronous machine transient and subtransient quan
been originally developed and applied to determine fault currents under both balanced and unbalanced cond

Some of these short circuit "parameters" were also converted for use in stability studies, using analog (of n
computers, starting in the 1930s and subsequently continuing up to the 1950s. These relatively simple analogu
considered a synchronous machine's stability response to be provided by a constant voltage behind a 
reactance. This simplification provided suitable answers to a majority of power system analysts. Exceptions
were studies conducted using mechanical or electronic differential analyzers.

The advent of high-initial-response excitation systems, along with the development of digital computers, broug
more sophisticated modelling of the dynamic properties of both machines and their associated excitation con
In addition to time-domain digital simulations, small-signal, linear eigenvalue analyses became prevale
synchronous machines connected through power system networks.

All this analytical activity commencing around the time of the first publication of IEEE Std 115 in 1965
accentuated the requirements for additional methods for determining synchronous machine stability or e
quantities. Such features as determining characteristic quantities (time constants and reactance) or stability (
models for both direct- and quadrature-axis representation became the norm. While second-order models 
used extensively from 1945 to 1965 and beyond, third-order (or higher-order) models appeared to be required
types of excitation-system studies. These requirements led to IEEE Std 115A-1987 for describing sta
frequency-response testing. This dealt with testing of turbo alternators, particularly for parameter determina
third-order d- and q- axis model development.

Section 10 discusses those synchronous machine quantities required for system studies and analysis of st
operation.

Procedures for testing and parameter determination methods for short-circuit testing are given in section 1
similar tests and stability model development through standstill-frequency-response methods are given in se

Synchronous-machine electrical parameters are used in a variety of power system problems. In the stead
knowledge of the direct-axis synchronous reactance Xdu, and the quadrature axis synchronous reactance Xqu is
required to determine, after appropriate adjustments for saturation, the maximum value of reactive power out
for certain armature terminal conditions. Such maximum reactive power outputs are basically a function of t
excitation. Calculation of field excitation, using saturated values of Xdu and Xqu is discussed in section 5 of Part I. Th
reactive power output capabilities of generators are used in load-flow studies for control of power system
voltages and supply of load reactive powers. As a corollary to this, the above mentioned synchronous reacta
used to determine the approximate values of reactive-power which can be absorbed by a synchronous mach
is sometimes studied in load-flow studies under system minimum-load conditions.
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The transient or subtransient reactances whose derivation will be discussed in section 11 are used in relay ap
studies of system protection. Included in this area of analysis are circuit-breaker fault interruption requiremen
effect of magnetic saturation on synchronous reactance must also be accounted for. For the purposes of spe
and/or test, the values of transient or subtransient reactance shall be determined for one or more nominal co
i.e., rated voltage or rated current. This is also discussed in 6.3 of IEEE Std 1110-1991. 

Since the correction for other conditions is usually not large, the nominal values may be used or the correction
estimated or determined approximately from empirical curves based upon tests of typical machines. Howeve
agreed upon, values for other conditions may be determined by test, as described in sections 10, 11, or 12.

Synchronous-machine reactances are generally substantially equal in magnitude to their corresponding imp
and are usually so considered in interpreting test results, the resistance components being disregarded.

In all of the above mentioned sections, the distinction between test procedures and parameter determination
stressed.

9.2 Per unit quantities

9.2.1 Comments

Subsequent sections of this guide provide methods for determining machine reactances and resistances in
because this is the form most often desired by the user, and is frequently the basis for guarantees when in
contracts. Time constants are evaluated in seconds. (See IEEE Std 86-1987. )

To avoid error in the use of per-unit quantities, care should be used in defining clearly the per-unit base used
quantity and making sure all base quantities are consistently chosen. The preferred procedure is to select o
base quantities and to derive the others from these three. The three normally chosen are three-phase base pSN∆,
line-to-line base voltage, EN∆, and base frequency, fN. Each physical measurement is expressed in per-unit whe
desired by dividing the physical value by the corresponding base quantity, expressed in the same units. Co
any quantity in per unit can be converted to physical units by multiplying by the base value. Any per-unit qu
expressed on one base can be converted to another base by multiplying by the old base quantity and dividin
new.

9.2.2 Base power

For a generator, base three-phase power (SN∆) is taken as the rated kilovoltampere output of the machine.

For a motor, base three-phase power is taken as the apparent power input to the machine when operating at rate
voltage and power factor and delivering rated load.

The base power is usually expressed in kilovoltamperes, but multiple or submultiple units, such as mega-volt
and voltamperes, can be used, with appropriate modifications in the equations (see 9.2.4).

Single-phase power measurements, as may be needed in a test procedure, are normally expressed in per 
base power for one phase. Base single-phase power, SN, is derived from the base three-phase power, SN∆, by equation
9-1.

(9-1)

where

SN∆ is the base three-phase power, in kilovoltamperes, or megavoltamperes

SN

SN∆
3

--------- base single-phase power, in kilovoltamperes, or megavoltampe=
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9.2.3 Base voltage and current

Base line-to-neutral voltages and other single-phase voltages, as may be specified in this guide, are expres
unit by dividing by the base line-to-neutral voltage, EN. The base line-to-neutral voltage is obtained from the base l
to-line voltage by equation 9-2.

(9-2)

where

EN∆ is the base line-to-line voltage, in volts, or kilovolts

Base line-to-line voltage, EN∆, is normally selected equal to the rated line-to-line voltage, E(LL). Both the volt and
kilovolt (rms) are in common use as the unit in which the base voltage is expressed. In this guide, the volt (rm
normally be used, but the kilovolt (or other multiple) will be used with appropriate modifications in the equatio
line-to-line voltage (whether alternating or direct) is expressed in per unit by dividing its value by the base line-
voltage, expressed in the same units.

For balanced sinusoidal conditions the per unit values of corresponding line-to-line and line-to-neutral voltages
same.

Base line current, IN, is obtained from the base power and base voltage and is equal to the current per line w
circuit is carrying base power at base voltage. It may be derived either from the base three-phase power and 
to-line voltage or from the base single-phase power and base line-to-neutral voltage by equation 9-3.

(9-3)

where

SN∆ is the base three-phase power, kilovoltamperes
SN is the base single-phase power, kilovoltamperes
EN∆ is the base line-to-line voltage, volts
EN is the base line-to-neutral voltage, volts

Alternatively,

(9-4)

where

SN∆ is the base three-phase power, megavoltamperes
EN∆ is the base line-to-line voltage, kilovolts

For delta-connected machines, a base current for one phase of the delta winding, denoted by IN∆, would be appropriate
for expressing individual winding currents in per unit. If needed, it would be found from equation 9-5.

(9-5)

where the quantities are expressed in the same units as in equation 9-4.

EN

EN∆

3
----------  base line-to-neutral voltage, in volts, or kilovolts=

IN

1000 SN∆

3EN∆

-----------------------
1000 SN

EN
--------------------= =  base line current amperes

IN

SN∆

3EN∆

----------------- base line current kiloamperes= =

IN∆
SN∆

3EN∆
------------- base delta current, kiloamperes= =
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Each current is expressed in per unit by dividing its value by the corresponding base, in the same units.

If instantaneous currents or voltages are to be expressed in per unit, it is recommended that the same base
used as for root-mean-square (rms) currents and voltages. If this practice is followed, the usual relations 
instantaneous, average, and rms currents or voltages will apply, whether the results are expressed in physica
in per-unit values.

9.2.4 Base impedance

(9-6)

The base impedance is that value of impedance which would allow base line current to flow if base line-to-
voltage were impressed across it, as expressed by equation 9-6.

The results can also be expressed in terms of the base power and base voltage by substituting from equation
9-3, as shown by equation 9-7.

(9-7)

where the quantities are expressed in the same units as in equation 9-3.

The same base shall be used whether the impedance is a resistance, a reactance, or any combination.

9.2.4.1 Additional comments on stator and rotor base impedances

In the latter part of this subclause, the nomenclature used for stator per unit voltage is Ea, and for stator per unit current
is Ia. This corresponds to the nomenclature used in clause 2 of IEEE Std 1110-1991.  It is also used in 5.2.2 
of this document. Note also that base voltage is expressed above in 9.2.3 as EN∆ or EN (see equation 9-2). Base curren
is expressed as IN (see equation 9-3). An alternate expression to equation 9-7 for stator base impedance, 
especially for larger size machines, is as follows:

(9-8)

where

EN∆ is the machine stator terminal base kilovolts, line to line
SN∆ is the three-phase megavoltamperes of the machine

ZN can also be expressed in a single phase basis as follows:

(9-9)

where

EN is the machine stator terminal base kilovolts, line-to-neutral
SN is the single-phase megavoltamperes of the three-phase machine

The base impedance ZN is in terms of single phase, line-to-neutral ohms. This holds true irrespective of whethe
is calculating on a single-phase, line-to-neutral basis, or calculating on a three-phase, line-to-line basis.

ZN

EN

IN
------- base impedance, ohms

EN

IN
-------

EN

EN
-------⋅

EN( )2

VA
--------------= = =

ZN

EN∆( )2

1000 SN∆
-----------------------

EN( )2

1000 SN

-------------------- base impedance, ohms= =

ZN

EN∆( )2

SN∆
----------------- base impedance, ohms=

ZN

EN( )2

SN
--------------, base impedance, Ω=
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In some of the issues being discussed in section 12 of this document, the field circuit base ohms, referred to 
is given as

(9-10)

where

EN and IN are as defined in equations 9-2 and 9-3

The ifdbase is that field current excitation in amperes required to induce a per unit voltage Ea on the open circuit air gap
line of the machine equal to Ia · Xadu. Ea is in per unit of EN∆ or EN kilovolts. Ia is 1.0 per unit stator current on the
machine stator current base of IN. Xadu in per unit is defined in 10.2.1.

The convention is to per-unitize field circuit, and the rotor equivalent circuit resistances and inductances, and
these physical resistance and inductance values to per unit values as viewed from the stator terminals. In 
direct and quadrature axis stability models can be readily applied and analyzed in large power system studie

There is a relationship between the i fdbase and the more commonly encountered Ifdbase. This was originally discussed
by A.W. Rankin in great detail in B258. Rankin designated the i fdbase as the reciprocal system. Rankin developed th
system by indicating that the stator to field and field to stator per unit mutual inductances were equal or recip
value. An alternate (non-reciprocal) Ifdbase was also discussed in B25. This non-reciprocal base field curren
amperes is that required to induce 1.0 per unit volts (or kilovolts), Ea, on the open circuit air gap line.

The relationship between the two field current bases is

(9-11)

The equation 9-11 relationship is also shown graphically in figures 9.1 and 9.2. This conversion from the rec
system to the non-reciprocal system is also discussed more fully, with numerical examples, in section 7 of IE
1110-1991. 

9.2.5 Base frequency

The base frequency is regularly selected as equal to rated frequency. From this value, base electrical angula
ωN, and base time, tN, if needed, are obtained by equation 9-10.

(9-12)

A time constant, given in seconds, may be converted to per unit by dividing by tN. However, in accordance with usua
practice, this guide is arranged so that the formulas express time constants in seconds.

8

Zfdbase
machine voltamperes (three phase)

i fdbase( )2
-----------------------------------------------------------------------------------

3 EN IN⋅( )

i fdbase( )2
------------------------- Ω= =

i fdbase I fdbase Xadu( )=

ωN 2πfN  rad/s, or  tN
1
fN
-----==

The numbers in brackets correspond to those bibliographic items listed in annex C.
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Figure 9.1—Per unit field excitation                                                                                                                       
Reciprocal excitation scale, Xadu = 1.82

Figure 9.2—Per unit field excitation                                                                                                                                   
Non-reciprocal excitation scale
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10. Tests for determining parameter values for steady-state conditions

10.1 Purpose

Some of the steady-state tests suggested in this section are required for analyzing the performance of a syn
machine under normal operating conditions. Under such conditions, changes in MVA output or in terminal v
conditions are relatively small or slow. In addition, machine conditions are balanced; that is, all three pha
carrying the same current and each of the three-phase voltages are equal and 120° apart in electrical displacement.

Unbalanced but relatively steady conditions are also of interest, even though they can sometimes be tolerated
a few seconds or at most a few minutes. Negative or zero sequence reactances or resistances are used for 
these conditions. Such quantities affect the performance of the machine and, in this sense, could also h
considered in Part I of this document. However, since some of these sequence quantities are used in stabili
or in dynamic analyses they are included in Part II. In any case, tests for such parameters sometimes ne
performed to ensure compliance with design values.

This section starts with an investigation of synchronous reactance and concludes with recommended prac
determining internal electrical (load) angles. For single-phase machines or for polyphase machines of other th
phases, modifications to some tests may be required, but test procedures can usually be determined after con
with designers or manufacturers of such machines.

10.2 Instrumentation

The instrumentation required for most of the tests outlined in this clause is the usual array of current and/or
transformers, and the associated ammeter, voltmeter or wattmeter configurations required in thre
measurements. Phase-angle measurements require special instrumentation as described in 10.8.2.

10.2.1 Types of parameters to be determined

The following is a list of quantities some of which are derived (usually in per unit) from steady-state tests. Para
are listed in the order in which the test procedures occur and are described in 10.3 to 10.8 (see IEEE Std 100

Xdu Unsaturated direct-axis synchronous reactance, as defined by test
Xds Some particular saturated value of Xdu, which depends on synchronous machine terminal voltage, as 

as machine MVA and power factor
Xadu Unsaturated direct axis synchronous mutual reactance which is the portion of Xdu assumed to be subject to

saturation. Xdu = Xadu + Xl. Xl is the synchronous machine stator leakage reactance.
Xads The saturated portion of Xds, where Xds = Xads + Xl.
Xq The quadrature axis synchronous reactance
Xqs The quadrature axis synchronous reactance, as defined by tests
X2 Negative-sequence reactance, as defined by tests
R2 Negative-sequence reactance, as definted by tests
X0 Zero-sequence reactance, as defined by tests
R0 Zero-sequence resistance, as defined by tests
SCR Short Circuit Ratio, as defined by test
δ Internal electrical angle

10.3 Direct-axis synchronous reactance ( Xd)

For 10.3 and 10.4, the determination of parameters follows immediately after the description of the test proce
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For the definitions of direct-axis synchronous reactance and impedance, see IEEE Std 100-1992.  The defini
not test-related, and are based on rated armature current.

For machines of normal design, the magnitude of the direct-axis synchronous reactance is so nearly equal to t
direct-axis synchronous impedance that the two may be taken to have the same numerical value.

The unsaturated direct-axis synchronous impedance can be derived from the results of the open-circuit satur
(see 4.2.4) and the short-circuit saturation test (see 4.2.7). This synchronous impedance in per unit is equal to
of the field current at base armature current, from the short-circuit test, to the field current at base voltage on
gap line (see 4.2.5).

In terms of the quantities identified in figure 5.1 in part I, synchronous reactance can be calculated using equa
1. In figure 5.1, base values are plotted as 1.0 p.u. Figure 5.1 can also be plotted with base values in actual a
volts.

(10-1)

where

Xdu is the unsaturated synchronous reactance
IFSI is the field current corresponding to base armature current on the short-circuit saturation curve
IFG is the field current corresponding to base voltage on the air-gap line

Saturated values of synchronous reactance (Xds) depend upon synchronous machine operating conditions. As note
section 5, Xd is assumed to be composed of Xad, the stator to rotor mutual reactance plus Xl the stator leakage
reactance. Thus, in general

Xd = Xad + Xl

where

Xad is the saturated portion of Xd

As a corollary,

Xdu = Xadu + Xl

When Xad is saturated to any degree, (Xads), then

Xds = Xads + Xl

10.4 Quadrature-axis synchronous reactance ( Xq)

10.4.1 General

For the definition of quadrature-axis synchronous reactance, see IEEE Std 100-1992.  This definition is 
related, and is based on rated armature current. There is no clear definition of either the unsaturated or the 
value of Xq, but the usual assumption is that Xq = Xaq + Xl. Xaq is that portion of Xq subject to saturation, similar to the
practice in 10.3.3. As a corollary Xqu = Xaqu + Xl. Similar assumptions regarding Xqs are that it equals Xaqs + Xl.

Xdu

IFSI

IFG

---------= in per unit
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10.4.2 Procedures for conducting a slip test—Method 1 for measuring Xqs

The slip test is conducted by driving the rotor at a speed very slightly different from synchronous with the field
circuited and the armature energized by a three-phase, rated-frequency, positive-sequence power source a
below the point on the open-circuit saturation curve where the curve deviates from the air-gap line. The a
current, the armature voltage, and the voltage across the open-circuit field winding are observed. Best re
obtained from oscillograms. If meters are used, the field voltage should be measured by a zero-center dc v
(Since the currents and voltages in the three phases are balanced, any line-to-line voltage and the current in
can be used). Figure 10.1 illustrates the method, although the slip shown to illustrate the relationships is hig
should be used in practice.

The slip may be determined as the ratio of the frequency of the voltage induced in the field to the frequenc
applied voltage.

The slip may also be determined by the use of a stroboscope energized from the same frequency as the appli
illuminating equally spaced marks on the rotor, the number of marks being equal to the number of poles. T
frequency is the apparent rate of progression of the marks in the revolutions per second multiplied by the nu
pairs of poles, and the slip is the ratio of slip frequency to the frequency of the applied voltage.

10.4.2.1 Precautions

It is sometimes quite difficult to maintain constant speed when the slip is sufficiently low for an accurate determ
of the quadrature-axis synchronous reactance, because the effects of salient poles and the currents induc
amortisseur winding produce a pulsating torque. In such cases, a series of readings may be taken, starting
smallest slip at which constant or nearly constant speed can be maintained and making three or more
progressively greater slips.

The induced voltage in the open field circuit may reach dangerous values when the slip is large (mo
approximately 5%), or when switching surges occur due to opening the ac lines. To guard against damage fr
voltage, a fast-acting short-circuiting switch (such as a remote-controlled field circuit breaker) should be con
across the field. As an additional protection, a low-voltage spark gap may also be connected across the fi
switch should be closed except when it is known that the slip is near zero and readings are to be taken. The ins
should be disconnected from the field circuit until it is assured that induced voltages are less than the voltage
of the instruments. Because of the difficulty frequently encountered in maintaining the desired slip during the
is necessary to observe continuously the field voltage and to be prepared to short-circuit the field promptly t
dangerously increasing the voltage across the instruments.

If the slip is sufficiently low and the speed is quite constant, indicating instruments will follow the voltage and c
variations accurately enough to permit their use. Simultaneous readings of current and voltage should be ma
the current reaches its lowest and highest values. The synchronous reactance is determined in the same wa
an oscillograph is used.
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Figure 10.1—Slip method of obtaining quadrature-axis synchronous reactance, method 1

10.4.2.2 Determination of the parameter Xqs from method 1—Slip test

The minimum and maximum ratios of the armature voltage to the armature current are obtained when the slip
small. From these, approximate values of quadrature-axis and direct-axis synchronous reactance (Xqs and Xds) can be
obtained by equations 10-2 and 10-3, but for best results these values are not taken as final values. The mos
method is to determine the direct-axis synchronous reactance (Xdu) by test (see 10.3.3) and to obtain the quadratu
axis synchronous reactance by equations 10-4 or 10-5.

(10-2)

(10-3)

(10-4)

(10-5)

Xqs

Emin

Imax
-----------= p.u. (a certain saturated value)

Xds

Emax

Imin
------------= p.u. (a certain saturated value)

Xqu Xdu

Xqs

Xds
-------- 

 = p.u.

Xqu Xdu

Emin

Emax
-----------------

 
 
  Imin

Imax
---------- 

 = p.u.
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The minimum ratio (see equation 10-2) occurs when the field voltage is a maximum while the maximum rat
equation 10-3) occurs when the field voltage passes through zero, as indicated in figure 10.1.

If the slip is not extremely low, currents induced in the amortisseur winding will produce an appreciable error.

NOTE  —  A curve of "apparent" quadrature-axis synchronous reactance as a function of slip may be extrapolated to ze
give the test value of the quadrature-axis synchronous reactance.

10.4.3 Method 2—Maximum lagging current

The machine to be tested is run as a synchronous motor with no driven load, with applied test voltage not gre
75% of normal, and with approximately normal no-load excitation. The field excitation is then reduced to
reversed in polarity, and then gradually increased with the opposite polarity, causing an increase in armature
By increasing the negative excitation in small increments until instability occurs, the p.u. armature curIt
corresponding to the maximum stable negative excitation is determined. This gives a saturated value, Xqs.

10.4.3.1 Determination of Xqs from method 2

The quadrature-axis synchronous reactance is obtained as follows:

(10-6)

where

E is the p.u. armature voltage
It is the p.u. armature current at stability limit

10.4.4 Method 3—Empirical

The ratio of the quadrature-axis synchronous reactance to the direct-axis synchronous reactance, for a con
machine, can be determined by an empirical function of a few significant machine dimensions and can there
calculated by the manufacturer from these dimensions. The quadrature-axis unsaturated synchronous reactan
determined by multiplying the direct-axis unsaturated synchronous reactance, determined by test (see 10.3.3
ratio furnished by the manufacturer.

NOTE  —  Since the empirical function usually used does not provide for all the factors affecting the ratio of Xqu to Xdu, this method
is not exact. When the machine is not of conventional design proportions, or a more realistic value of Xqs is required,
method 1 or 2 could be used.

10.4.5 Method 4—Load angle

The various load angle determinations of section 10.8.2 may be used with voltage and current measure
determine Xqs. Equation 10-28 of 10.8.2.2 may be used to derive Xqs from such data.

10.5 Negative-sequence quantities (Steady state)

10.5.1 Negative-sequence reactance ( X2)—General

For the definition of negative-sequence reactance, see IEEE Std 100-1992. 

Xqs
E
I t
---= p.u.
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10.5.1.1 Precautions

As is pointed out in the definition referred to in 10.5.1, the presence of current harmonics may modify the funda
negative-sequence voltage without a corresponding change in the fundamental negative-sequence current. T
the apparent negative-sequence reactance is affected by the presence of harmonic currents. These effect
pronounced in salient-pole machines without amortisseur windings or with amortisseur windings that a
connected between poles. They are usually insignificant in solid-steel cylindrical-rotor machines or in machin
effective amortisseur windings in both axes that are directly connected between poles. The basic test for n
sequence reactance would require the application of sinusoidal fundamental-frequency negative-sequencecurrents
and the measurement of the fundamental-frequency component of the negative-sequence terminal voltage. H
for certain types of machines (see 10.5.2) it may be impractical to maintain sinusoidal test currents. Also, it is
always impracticable to make such a test at conditions that correspond to the rated-voltage value of negative-
reactance. Therefore, it is frequently desirable to determine the negative-sequence reactance by other test
and to allow for the effects of harmonic currents by applying a suitable correction factor. In the following subc
correction factors are specified which depend upon a knowledge of the direct-axis subtransient reactanX″d,
determined for comparable conditions, by the short-circuit tests given in section 11. When the test value of re
has been corrected by the application of the correction factor, the result will correspond closely to the defined 
negative-sequence reactance based on sinusoidal negative-sequence currents. The correction factors h
derived from equations published in B1.

10.5.1.2 Test conditions

Rated-current negative-sequence reactance is defined for negative-sequence current equal to rated armatu
and may be obtained by methods 1 through 3.

Rated-voltage negative-sequence reactance may also be defined for sudden short-circuit conditions and
obtained using a method described in section 11, following the three-phase sudden short-circuit discussions.

10.5.2 Determination of negative-sequence reactance from applying a negative-sequence current to 
the synchronous machine terminals—Method 1

The machine to be tested is operated at rated speed with its field winding short-circuited. Symmetrical sin
three-phase currents of negative (that is, reverse) phase sequence are applied from a suitable source. If 
current value of negative-sequence reactance is to be determined, the current should be adjusted u
approximately equal to rated current of the machine. Two or more tests should be made with current values a
below rated current, to permit interpolation.

For salient-pole machines that do not have continuous amortisseur windings (connected between poles) it is i
that the source has a linear impedance several times the negative-sequence reactance being determine
approximately sinusoidal negative-sequence currents can be maintained during the test. If a low-impedance 
used, linear series reactors should be inserted in the test leads. Otherwise another test method is preferable.

For machines of other types, such as cylindrical-rotor machines or salient-pole machines with continuous amo
windings, the impedance requirement is not of major importance, and low applied test voltages obtained fro
down transformers may be used satisfactorily.

This test produces abnormal heating in the rotor of the machine being tested and should be concluded as pro
possible. The maximum value and duration of test current specified by the manufacturer should not be excee

The line-to-line terminal voltages, the line currents, and the electric power input are measured and expressed
either the currents or voltages contain harmonics of more than a few percent, oscillographic measurements o
state currents and voltages should be made. This may require that the test currents be applied for severa
before the oscillograms are recorded. The wave form should be analyzed for fundamental and third h
components. If the rms value of the fundamental and third-harmonic components of current taken together
than a few percent greater than that of the fundamental, the test will be subject to appreciable error.
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10.5.2.1 Parameter determination from method 1

The negative-sequence reactance for this test is obtained from the following equations:

(10-7)

(10-8)

(10-9)

where

E is the average of rms values of fundamental component of the three line-to-line voltages, per unit
I is the average of rms values of fundamental component of the three line currents, per unit
P is the electric power input in per unit of base three-phase power

Note that this method also yields a value of Z2 (negative-sequence impedance) and R2 (negative-sequence resistance
(See also 10.5.6.)

10.5.3 Determination of negative-sequence reactance by applying a negative-sequence voltage to 
the synchronous machine terminals—Method 2

This method is a variation of method 1 and is for use with relatively small salient-pole machines that do no
continuous amortisseur windings or the equivalent. It requires that the impedance of the voltage source be
fraction of the negative-sequence reactance being tested so that the terminal voltages of the machine being t
be substantially sinusoidal. The procedure is the same as for method 1, oscillographic measurements of cur
voltages being included. However, the test value of negative-sequence reactance, given by equation 1
identified in this case as X2t, should be corrected according to 10.5.3.1.

From an analysis of the oscillograms of current, the average of the rms values of the fundamental compone
three line currents, in p.u., is used for I in equations 10-7 and 10-8. From analysis of the voltage oscillograms, it sh
be verified that the rms value of each line-to-line voltage is not appreciably affected by harmonics presen
voltages are essentially sinusoidal, as determined by the foregoing, the average of the three rms voltages, ex
p.u., determined from instrument readings or from oscillograms, may be used in equation 10-7 and no corre
the values of power are needed.

If the voltage harmonics discussed above are substantial, the rms values of each line-to-line voltage may be
by these harmonics. A correction procedure for method 2 is presented in the following subclause.

10.5.3.1 Correction for applied negative-sequence voltage procedure for determining X2

The negative-sequence reactance, as defined in 10.5.1 for sinusoidal negative-sequence current is obtained
value derived from an applied sinusoidal negative-sequence-voltage test by equation 10-10.

(10-10)

where

X2t is the negative-sequence test reactance obtained by using equation 10-9, p.u.
X″d is the direct-axis subtransient reactance, p.u.

Z2
E
I
---= negative-sequence impedance, p.u.

R2
P

I2
----= negative-sequence resistance, p.u.

X2 Z2( )2 R2( )2–= negative-sequence reactance, p.u.

X2

X″d( )2

2X″d X2t–
--------------------------= p.u.
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To make this correction, the direct-axis sub-transient reactance should be known for approximately th
conditions. (To correct the rated-current value of X2t, the rated current value of X″d should be used.) (See 11.8.4.)

It may be seen that if X2t = X″d, as is approximately true for most cylindrical-rotor machines or salient-pole mach
with continuous amortisseurs, the correction produces no change.

10.5.4 Determination of negative-sequence reactance by applying a single-phase line-to-line 
sustained short circuit across two of the machine terminals—Method 3

10.5.4.1 Instrumentation and precautions

The machine is driven at rated speed with a sustained single-phase short circuit between two of the arma
terminals. A current transformer in the short-circuit connection provides current for an ammeter and the curren
a single-phase wattmeter, as shown in figure 10.2. A potential transformer connected between one of th
circuited terminals and the line terminal of the open phase provides voltage for a voltmeter and the potential co
wattmeter.

Figure 10.2—Diagram for determination of negative-sequence impedance, method 3

With the machine excited at reduced field current, a series of readings is taken of the ammeter, voltme
wattmeter for several different field currents, in increasing order. In this test the rotor should be guarded 
overheating. For each value of field current, the readings should be taken as rapidly as possible as soon 
conditions are reached, and the field should be de-energized immediately thereafter. Between readings, 
should be allowed to cool if necessary. The test should be discontinued if evidence of rotor overheating is o
The danger of rotor overheating may limit the test to a field current less than the value for rated voltage, n
particularly for cylindrical-rotor machines.

10.5.4.2 Parameter determination for method 3

The p.u. negative-sequence impedance for this line-to-line sustained short-circuit test is obtained using equa
11.

(10-11)
Z2 LL( )

E
I
---= p.u., negative sequence impedance
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where

E is the fundamental component of voltage expressed in p.u. of base line-to-line voltage
I is the fundamental component of short-circuit current expressed in p.u. of base line current

The p.u. negative-sequence reactance for a line-to-line test is obtained using equation 10-12

(10-12)

where

Pv-a is the wattmeter reading expressed in p.u. of base single-phase power (see 9.2.2)

If both the voltage and current contain significant third-harmonic components the procedure of 10.5.4.3c sh
followed.

10.5.4.3 Additional comments on parameter determination using method 3

a) The values of negative-sequence reactance may be plotted as a function of the negative-sequence c
this test the negative-sequence current is the short-circuit current divided by . From the curve, the v
X2(LL) corresponding to negative-sequence current equal to rated current is the rated-current value.

b) Correction for a line-to-line sustained short circuit. The defined negative-sequence reactance, for sinuso
negative-sequence current, is obtained from the value obtained during a line-to-line short circuit.

(10-13)
To make this correction, the p.u. direct-axis subtransient reactance X″d shall be known for approximately the
same conditions. To correct the p.u. rated-current value of X2(LL) the rated current value of X″d may be used.
To correct the rated-voltage value of X2(LL), the value of X″d determined at rated voltage by a sudden sh
circuit should be used (see 11.8.4). The results give the p.u. rated-current and rated-voltage value
negative-sequence reactance, respectively.

c) The presence of harmonics may influence the results from this test. In tests of machines without co
amortisseur windings using method 3, it is advisable to take oscillograms in addition to meter readin
use the oscillograms to obtain the rms values of the fundamental and third-harmonic components of 
and current. If both the voltage and current contain significant third-harmonic components, the p.u. v
the wattmeter reading should be corrected in accordance with equation 10-14 as follows:

(10-14)

where

P′v-a is the adjusted value of wattmeter reading to be used in equation 10-12
Pv-a is the actual wattmeter reading in p.u. of base single-phase power
E3 is the rms third-harmonic voltage in p.u. of base line-to-line voltage
I3 is the rms third-harmonic current in p.u. of base line current

See 11.13.4 for the method 4 of determining X2 from a sudden short circuit.

X2 LL( )
Pv a–

3 E I⋅ ⋅
--------------------- 

  Z2 LL( )= p.u.

3

X2

X2 LL( )
2 X″d( )2+

2X″d

---------------------------------------=

P′v a– Pv a– 3E3I3–=
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10.5.5 Determination of negative-sequence reactance from an applied line-to-line voltage—Method 
5

This method will be described more fully in section 11 since, even though the particular tests are sustained o
state, they are a complementary procedure to the sudden short-circuit tests for X″d and X″q parameter determination,
which are detailed in the appropriate clauses and subclauses of section 11, particularly 11.7.1 (for X″d) and 11.13.5 (for
X″q).

A few notes and precautions are given below for general information. If the test is made at rated frequen
frequency of the rotor current will be one-half of that of the negative-sequence current under normal op
conditions. If the effects of rotor-current frequency on negative-sequence reactance are appreciable, method
not be used.

In terms of the quantities defined in 11.13.1.1 and 11.13.1.2, negative-sequence reactance can be calcula
equation 10-15 as follows:

(10-15)

where

K is defined in equation 11-33

The negative-sequence current in each test is the p.u. value of the fundamental component of the test curren
by . However, the level of magnetic saturation is associated with the sum of the negative-sequence and 
sequence component. The test reactance may be plotted as a function of the sum of the positive-sequ
negative-sequence currents, which may be obtained by multiplying the test current by 2/ . The rated-curre
of negative-sequence reactance is the value at rated current on the curve.

10.5.6 Negative-sequence resistance (R 2)—General

For the definition of negative-sequence resistance, see IEEE Std 100-1992. 

If negative-sequence resistance varies appreciably with current, the value for rated-current may be determ
plotting the resistance as a function of negative-sequence current and selecting the value corresponding
current.

10.5.6.1 Method 1 for measuring R 2—Applied negative-sequence current

An applied sinusoidal negative-sequence current test is made in accordance with 10.5.2. The negative-s
resistance is obtained by equation 10-8. No correction for temperature is included because of the uncertain 
the correction. The connections, precautions, etc. are identical to method 1 for determining negative-se
reactance.

If the test current is not substantially sinusoidal, an appreciable error in the negative-sequence resistance ma

10.5.6.2 Method 2 for measuring R 2—Single-phase line-to-line sustained short circuit

A sustained single-phase short-circuit test is made in accordance with 10.5.4.2. From this test, values of impedZ2
and reactance, X2, are obtained (see 10.5.4.2). From these two values, the negative-sequence resistance is de
using equation 10-16.

(10-16)

X2
K
2
----= p.u.

3

3

R2 Z2
2 X2

2–=
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If the rated-current value is determined by plotting resistance from test as a function of negative-sequence c
should be noted that negative-sequence current for this test equals test current divided by .

No correction for temperature is included because of the uncertain nature of the correction and the approxima
of the test value of the resistance.

NOTE  —  The corrections, precautions, etc. are identical to method 3 for determining negative-sequence reactance.

10.6 Zero-sequence quantities

10.6.1 Zero-sequence reactance ( X0)—General

For the definition of zero-sequence reactance, see IEEE Std 100-1992.  The zero-sequence reactance has s
only for a wye-connected machine with accessible neutral.

10.6.2 Values of zero-sequence reactance

For currents equal to or less than rated current, zero-sequence reactance usually varies only slightly with
However, if the value of zero-sequence reactance varies appreciably with test current, it may be plotted as a
of the zero-sequence current and the value for rated current determined from the curve. No rated-voltage valu
sequence reactance is recognized.

10.6.3 Methodology and connections for determining synchronous machine zero-sequence 
quantities—Method 1: Parallel circuit

With the neutral terminals of the windings connected together as for a normal operation, the three-line termi
also connected together so that the three phases are in parallel. A single-phase alternating voltage is applied
the line terminals and the neutral terminals (see figure 10.3). It is preferable that the machine be driven at
speed, with the field short-circuited and with normal cooling. However, nearly the same values will be obtaine
the rotor at standstill, and the test may therefore be conducted under this condition providing heating is not ex
The conditions of the test should be stated.

3
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Figure 10.3—Test set-up for Zo measurement—Method 1

For several values of applied voltage producing, if possible, total test current up to three times rated current o
readings should be taken of voltage and current. If the zero-sequence resistance is to be determined, or if a 
correction is to be applied, readings of power input should also be taken. If the zero-sequence resistance
corrected for temperature, the temperature of the armature winding, by resistance (see 6.7.5) or detector, s
determined for two or three of the higher currents as promptly as possible after these readings are ta
extrapolated back to the instant of reading.

10.6.3.1 Parameter Determination for zero-sequence quantities using method 1

The zero-sequence impedance is obtained by equation 10-17 as follows:

(10-17)

where

E is the test voltage, expressed in p.u. of base line-to-neutral voltage
I is the total test current, expressed in p.u. of base line current

In most cases the zero-sequence reactance may be taken as equal to the zero-sequence impedance. Howev
machines, or where the armature resistance is relatively large and the zero-sequence reactance relatively sm
example in machines having a winding of two-thirds pitch, correction for resistance may be needed. For suc
equation 10-18 can be used.

(10-18)

Z0
3E
I

-------= p.u.

X0 Z0 1
P
EI
------ 

  2
–= p.u.
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where

P is the wattmeter reading (expressed in per unit of base single-phase power) corresponding to the values o
E and I used to determine Z0.

10.6.4 Methodology and connections for determining synchronous machine zero sequence 
quantities—Method 2: Series circuit

In this method, the windings of the three phases are connected in series, as shown in figure 10.4. This metho
used only when both terminals of each phase are accessible for external connection. In other respects this m
similar to method 1 (see 10.6.3). A single-phase alternating voltage is applied across the windings of the thre
in series, and readings of voltage and current are taken, if possible, for several values of current up to rated c
higher. If the zero-sequence resistance is to be determined, or if the resistance correction is to be applied, re
power input should also be taken. If the zero-sequence resistance is to be corrected for temperature, the temp
armature winding, by resistance (see 6.7.5) or detector, should be determined for two or three of the higher cu
promptly as possible after the readings are taken, and extrapolated back to the instant of reading.

Figure 10.4—Diagram for determination of zero-sequence reactance, method 2

10.6.4.1 Parameter determination for zero sequence quantities using method 2

The zero-sequence impedance for the series circuit connection is obtained by the following equation:

(10-19)

where

E is the voltage, expressed in p.u. of base line-to-neutral voltage
I is the current, expressed in p.u. of base line current

The correction for resistance, if needed, is made using equation 10-18. For this test, the zero-sequence curren
to the test current.

Z0
E
3I
-----= p.u.
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10.6.5 Methodology and connections for determining synchronous-machine zero-sequence 
quantities—Method 3: Sustained short circuit

The machine is driven at rated speed with a sustained short circuit from two lines to neutral, as shown in figu
Light lines are shown for metering circuits. Readings are taken of the voltage from the open terminal to neutra
the current in the connection of the two short-circuited terminals to neutral. If the zero-sequence resistance
determined, or if a resistance correction is to be applied, readings of the power represented by the test voltag
current should also be taken. The field excitation is adjusted to give a series of readings for values of the
current, if possible, up to three times rated current or higher.

Figure 10.5—Diagram for determination of zero-sequence reactance and resistance (method 3)

10.6.5.1 Parameter determination of zero-sequence quantities using method 3

The zero-sequence impedance is obtained by equation 10-20.

(10-20)

where

Ea is the line-to-neutral voltage of the open phase, in p.u. of base line-to-neutral voltage
In is the neutral current, in p.u. of base line current

CAUTION — This test should be terminated as promptly as possible. Serious overheating may result i
currents are carried too high or sustained for too long a time, particularly for cylindrical-ro
machines.

Z0

Ea

In

------= p.u.
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In most cases, the zero-sequence reactance may be taken as equal to the zero-sequence impedance. Howev
machines, or where the armature resistance is relatively large and the zero-sequence reactance is relatively
for example in machines having a winding of two-thirds pitch, correction for resistance may be needed. W
correction is made, the zero-sequence reactance is obtained from equation 10-21.

(10-21)

where

Pan is the wattmeter reading expressed in per unit of base single-phase power, SN (see 9.2.2)

For this test, the zero-sequence current is one-third of the neutral current.

10.6.5.2 Additional notes

a) If the speed of the machine is not equal to rated speed at the moment the readings are taken, corre
small speed deviations may be made by multiplying the value of zero-sequence reactance by the rat
rated speed to actual speed.

b) Since any impedance in the neutral circuit of figure 10.4 will be measured as part of the machine'
sequence reactance and since the latter can be very small. It is important to select the current tran
ammeter, and leads to minimize the impedance.

10.6.6 Zero-sequence resistance ( R0)

10.6.7 General

For the definition of zero-sequence resistance, see IEEE Std 100-1992.  The zero-sequence resistance has s
only for a wye-connected machine with accessible neutral.

Ordinarily, zero-sequence resistance does not vary appreciably with current. If it does vary, the value for rated
may be determined by plotting the resistance as a function of zero-sequence current and selecting th
corresponding to rated current.

No correction for temperature is included because of the complex nature of the correction and the approxima
of the test value of the resistance.

10.6.8 Method 1. Parallel circuit

When making a test for zero-sequence reactance in accordance with 10.6.3.1, the power input, P, is measured by a
single-phase wattmeter. The zero-sequence resistance is determined by the following equation:

(10-22)

where

P is the test power input expressed in p.u. of base single-phase power, SN
I is the total test current, expressed in p.u. of base line current

For this test, the zero-sequence is one-third of the total test current.

X0 Z0 1
Pan

EaIn
----------- 

 
2

–= p.u.

R0
3P

I 2
-------= p.u.
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10.6.9 Method 2. Series circuit

When making a test for zero-sequence reactance in accordance with 10.6.4, the power input, P, is measured be a
single-phase wattmeter. The zero-sequence resistance is determined by equation 10-23.

(10-23)

where

P is the test power input expressed in p.u. of base single-phase power, SN
I is the test current, expressed in p.u. of base line current

For this test, the zero-sequence current is equal to the test current.

10.6.10 Method 3. Sustained short circuit

When making a test for zero-sequence reactance in accordance with 10.6.5, the power, Pan, represented by the tes
voltage and test current is measured by a single-phase wattmeter. The zero-sequence resistance is dete
follows:

(10-24)

where

Pan is the wattmeter reading expressed in per unit of base single-phase power SN (see 9.2.2)
In is the neutral current, in p.u. of base line current

10.7 Testing procedures and parameter determination for positive-sequence resistance for 
a synchronous machine

10.7.1 General

Positive-sequence resistance (R1) may be used on occasion for a complete simulation of unbalances at or ne
stator terminals of a machine. If the total stator losses are of interest under running conditions the positive-s
resistance should be used in calculations.

The issue of using Ra, the dc armature resistance, rather than R1, arises also in section 12 when discussing t
determination of operational quantities as viewed from the machine stator terminals.

For the definition of positive-sequence resistance, see IEEE Std 100-1992. 

10.7.2 Determination from test

First, the dc armature resistance, Ra, is determined by test and corrected to a specified temperature (see 3.3 of P

The stray-load loss, WL0, is determined according to 4.2.8. No correction for temperature is included. The pos
sequence resistance is determined by equation 10-25 or equation 10-26.

(10-25)

R0
P

3I2
-------= p.u.

R0

3Pan

In
2

------------= p.u.

R1 Ra

WLO 103⋅

3IN
2

------------------------  Ω+=
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(10-26)

where

Ra is the armature resistance per phase corrected to specified temperature, Ω
WL0 is the stray-load loss at base line current, kW
IN is the base line current, amperes (see 9.2.3)
ZN is the base armature impedance, Ω (see 9.2.5 or 9.2.7)

The temperature, (ts), for which the positive sequence resistance is determined should be stated.

10.8 Additional miscellaneous steady-state tests for synchronous machines

10.8.1 Determination of Short-Circuit Ratio (SCR)—General

The test procedures required for determining the Short-Circuit Ratio (SCR) are very similar to those described
for calculating the direct-axis synchronous reactance. These are detailed in 4.2.4 and 4.2.7 of part I.

Although the SCR is not used in stability calculations (as is Xdu or Xds the direct-axis synchronous reactance), it h
been a practice to use this value to give some idea of the machine's steady-state characteristics, and it is al
an approximate guide to size and relative synchronous machine costing.

For the definition of short-circuit ratio, see IEEE Std 100-1992. 

10.8.1.1 Calculation

The field currents from the open-circuit saturation curve and from the synchronous impedance test, at rated fr
in each case, are used in determining the short-circuit ratio, in accordance with equation 10-27. (See figure 5.
I.)

(10-27)

where

IFNL is the field current for rated voltage, rated frequency, and no load
IFSI is the field current for rated armature current on a sustained three-phase short circuit at rated frequ

10.8.2 Determination of internal load angle

10.8.2.1 General

The definition of internal load angle (δ) is given in IEEE Std 100-1992 as follows: "The angular displacement, 
specified load, of the center-line of a field pole from the axes of the armature mmf pattern."

An accurate knowledge of generator internal angle is essential when studying various types of stability perfor
particularly for large turbine generators. This applies to either large disturbance (non-linear) dynamic performa
to small disturbance (linear, eigenvalue) analysis.

R1
1

ZN

------ Ra

WLO 103⋅

3IN
2

------------------------+
 
 
 

= p.u.

SCR
IFNL

IFSI
-----------=
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This issue is discussed in more detail in IEEE Std 1110-1991, where different saturation effects occurring in th
axis of the machine, compared to the quadrature axis, are covered. See in particular annexes 5B and 5C of 
1110-1991. An examination of a phasor diagram from annex 5C, and repeated below as figure 10.6 will as
better grasp of the dictionary definition given above.

Figure 10.6—Phasor diagram for a synchronous machine

The figure below indicates how the internal angle, `δ', may be calculated, knowing Xqs, the saturated quadrature-axi
synchronous reactance. The excitation of the machine field winding can also be calculated, knowing Xds, the saturated
direct axis synchronous reactance, and Xads, where Xds − Xl = Xads. The stator leakage reactance is Xl. The phasor Xads
· i fd (product) corresponds to the internal field excitation in the Rankin reciprocal per unit system, and this ph
located on the quadrature axis. If δ is known, from some type of measurement (to be described below), ce
quotients, in the form of phasor magnitudes shown in figure 10.6 may be used to calculate saturation factors Kd or Kq.
These are numbers (unity or greater) to be divided into Xadu and Xaqu, respectively. (See annex 5C of IEEE Std 111
1991 for more detail.)

10.8.2.2 Calculation of internal angle ( δ)

A method of calculating δ may be approximated, in accordance with the following expression

(10-28)

Referring again to the above figure, Ea, and Ia are armature voltage and current (in per unit), Xq is the known
quadrature axis synchronous reactance (usually Xqs) and φ is the generator power factor angle. Xqs is used here in place
of Xq to accentuate that saturation exists under normal loading of the machine.

10.8.3 Stroboscope technique of measurement

The following stroboscopic method can still be used, but has been replaced, for turbogenerators especially
electronic processing techniques described in 10.8.4.

δ tan 1–
Ia Xqs φcos( )⋅

Ea Ia+ Xqs φsin( )⋅
----------------------------------------------=
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This particular type of test is made by noting the shift in rotor position (load angle) when the load is changed
specified power, power factor, and voltage to a zero-MW, synchronized condition with the same specified v
The test is made at rated frequency. The shift in rotor position is observed using the change in signal time di
between an optical tachometer (which has a target fixed to a rotating part of the machine) and a terminal
waveform. The target is usually attached to the generator shaft. The signal generated by the optical tacho
compared to the terminal voltage sinusoidal waveform by noting where a zero crossing time occurs, just as
wave is becoming positive.

The load angle, δ, in electrical radians, is calculated as follows:

(10-29)

where

f is the frequency
∆t is the change in signal time difference

While this optical method requires only one target (or marking) on the shaft, it is not considered as accurat
electronic method described in the next subclause. This applies in particular to shafts of hydrogenerators.

10.8.4 Electronic measuring of angle

All of the preceding terminal quantities shown in the phasor diagram in figure 10.6 are (usually) available via m
circuits in the generator control area; however, the internal load angle (sometimes referred as rotor field angl
is not normally provided. Internal load angle is measured by comparing the phase difference between a once-
pair pulse on the shaft and a "squared-off" terminal voltage signal. This phase difference is "zeroed" once the g
is synchronized with no load; i.e., active power is zero. Thereafter, as the generator is loaded, the magnitud
phase difference increases. If the once-per-revolution pulse signal is not installed on the generator end of the s
a correction of shaft twist must be applied to the angle readings. On four-pole machines the once-per-revoluti
signal must be doubled in order to properly compare it with the "terminal voltage" square wave.

The internal load angle measuring unit may be calibrated in degrees/volt and a bias is added to the angle sig
the unit is first synchronized to the power system. As the generator is loaded the internal load angle may be m
directly. A "zero crossing" triggering device is considered necessary for this technique. The same voltage sh
used for zeroing of the no-load setting as that used and obtained at the actual power angle measurement co
some megawatt loading.

Extension of this method to hydraulic machines and to synchronous motors would seem to require markings 
fraction or portion of the total number of poles in order to remove the effects of rotor eccentricity or shaft wob

11. Tests for evaluating transient or subtransient characteristic values

11.1 General

Tests for transient and subtransient parameters involve sudden changes to any or all of the three-phase circ
electrically near the machine armature terminals. Sudden changes to the field electrical circuit are also in
Changes at or near the armature terminals could result from single or multiple faults between phases or faults 
or more phases to the machine neutral.

δ 2πf ∆t⋅=
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The term "characteristic values," as applied to transient or subtransient time constants and reactances indi
such values generally fall within typical ranges for various classifications and sizes of synchronous machines

Because of the predominance of three-phase machines with revolving field windings, the following tests are de
specifically for such machines. For single-phase machines or for polyphase machines of other than three
modifications will be needed in some cases, but they can usually be readily determined.

11.2 Reasons for conducting tests involving sudden changes to the armature or field 
electrical circuits

The characteristic values of transient and subtransient reactances (and time constants) of synchronous mach
been used for about 75 years, and for many purposes. Initially such reactances and time constants were cal
give both machine designers, and users, of synchronous machines a first-hand knowledge of short-circui
magnitudes and their rate of change or decay. Such magnitudes are important in establishing switchgear fau
This knowledge also enables mechanical stresses to be calculated between armature windings resulting from 
currents that occur during electrical disturbances at or near the synchronous machine terminals. In addition, p
schemes could be devised so that relays could be correctly calibrated to trip armature or field circuit breakers,
remove the faulted machine from the power system.

In addition to calculating these characteristic short-circuit reactance values, the time taken for fault currents t
or pass through various states after a fault was of interest. Original analysis of short-circuit currents by m
designers, commencing about 75 years ago, indicated that there were basically two periods during which the
current decay could be easily identified. The initial and shorter period was named the subtransient regim
subsequent and much longer period was called the transient regime. Such regimes of time could be associa
time constant. This characteristic value can be identified as the time taken for exponentially decaying cu
voltage to change to 1/∈ or 0.368 of its original value.

11.3 Methodology to be followed when conducting short-circuit current tests

Testing for such reactances and time constants was initially performed by applying a three-phase solid (or "
fault on the machine terminals with the machine unloaded and on open-circuit. Values obtained from such tes
on the basis of Park's two-reaction theory, direct-axis values. Direct-axis parameters could be found by hol
pre-fault field excitation at a constant value during the decay of the three-phase fault currents to steady state

Quadrature-axis transient or subtransient values could be calculated but could not be tested for by tests fro
circuit pre-fault conditions. See Annex 11A for special q-axis test descriptions.

There is a theoretical justification for developing short-circuit equations, which give results matching the short-
test values. This is known as the constant field flux-linkage theorem, and is the basis for assuming a constan
behind transient reactance.

11.4 Procedural details and instrumentation for short-circuit test data extraction

11.4.1 Consultation with manufacturer

This process of consulting the manufacturer is also covered in section 8 of part I.
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11.4.2 Calibration of test equipment including use of current shunt or current transformers

When test results are to be determined from the varying values of current and voltage during the early stages 
circuit before steady state has been reached, the currents and voltages should be determined from oscillo
equivalent means. When the short circuit involves two or more phases, it is essential that the short circuit be
by a switch that closes all phases at almost exactly the same instant, to avoid errors caused by the non-sim
start of the short circuit in the different phases. Suitable noninductive shunts or Hall probe sensors will, in gene
more accurate results than current transformers of conventional design, but current transformers with an u
large core section designed to transform currents containing large, slowly decaying dc components may 
successfully. Leads from shunts or current-transformer secondaries should be kept close together, twiste
conduit to minimize induced voltages in the instrument circuits. Alternatively, use of optical fiber technolo
strongly suggested. Along with digital data transmission facilities, these modern features virtually eliminate the
of induced voltages in the recording of short-circuit current waveforms.

11.4.3 Three-phase armature connections

In the following subclauses, the test results are based on line currents, and are therefore applicable to syste
whether the machine is wye-connected or delta-connected.

11.4.4 Interpretation of test data—General

Should currents and voltages be still read from oscillograms, the results would also usually be expressed as p.
If the waveform is sinusoidal or nearly so, as is usually true for three-phase short circuits, the rms magnitud
alternating component of current or voltage in p.u. is best determined by dividing the vertical distance from 
crest on the oscillogram by the distance from crest to crest for base rms current or voltage, as may be require
the rms value is varying with time, envelope curves may be drawn through the peaks of the waves, and the
value of the ac component at any time is taken as the ratio of the vertical distance between envelope
corresponding distance for the base quantity. In determining values from oscillograms it was important to
properly for the width of the line or trace because the width of the line may be a substantial fraction of the dist
be measured. As noted above these problems are largely obviated by modern digital data recording techniqu

11.4.4.1 Allowances for distortion in test oscillographic results

If oscillograms from single-phase line-to-line, line-to-neutral, or two-phase line-to-neutral short circuits are us
evaluation of impedances, waveform distortion may render the method of 11.4.4 inaccurate, particularly fo
machines as salient-pole machines without continuous damper windings. If the wave shape is significantly dist
that an appreciable error would result from measuring only the peaks of the current wave, a harmonic analys
be made. If the decrement of any substantial component is quite rapid, the accepted methods of harmonic ana
not give accurate results, and the separation of the wave into components can only be approximated
measurements are calibrated by steady state data, the wave distortion effect is eliminated.

11.4.4.2 Effects of unsymmetrical current plots, or plots containing harmonics

When the short-circuit current is unsymmetrical, but the alternating component is sinusoidal or nearly so (or c
odd harmonics only), the (decaying) dc component may be readily found from the plots by drawing a curve m
between the envelopes (as determined in 11.4.4). If the current contains even harmonics of appreciable magn
line representing the direct-current component is not midway between the envelopes and can be located only 
form analysis which determines the even harmonics and allows for the resulting displacement from the mid l
Recent more powerful methods of analyzing and accounting for distortions or dysymmetry are discussed in
This covers the general subject of computerized analyses of current decrement wave forms. It also relate
recording procedures of 11.7.1.3 and parameter determination discussed in 11.8 and 11.9 for reactances 
constants.
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11.4.5 Measurement and control of field quantities—Pre-transient states

Recordings should be taken of the voltage of at least one phase (usually line-to-line, but line-to-neutra
indicated in later sections), of the armature current in each short-circuit phase, and of both the field current a
voltage. On units with brushless exciters, field-current digitized information may be obtained from a shaft-m
current shunt read through temporary slip rings or telemetry. The armature voltage and field current just be
machine is short-circuited should be read by means of indicating instruments. The excitation system should n
or boost the field voltage during the test. For example, a rotating exciter AVR should be on manual, or a static
firing angle should be held constant.

11.4.6 Measurement of steady-state quantities—Post-transient states

The steady-state values of the short-circuit armature currents are required for analysis of the reactance 
constants (see 11.6). These may be obtained by continuing the record until steady state has been reached. B
final decay of armature current is very gradual, it is difficult to determine by examining a record that steady st
actually been reached. As an alternative, the steady-state armature currents may be obtained by stopping t
after the first few seconds and restarting it after steady state has been reached. Readings of the steady-stat
current and the corresponding field current by indicating instruments may be used as a check or calibratio
oscillogram.

The steady-state armature current may also be determined from the short-circuit saturation test data (see 4.2
field current measured after steady state is reached.

11.5 Precautions required in conducting short-circuit tests

Recommendations for safety precautions have already been spelled out in section 8. Those recommendatio
both the mechanical and electrical integrity of the machine.

Such aspects of security involve bracing of armature coils, where considered necessary. Also included are g
requirements for the armature windings, as well as for current shunts which measure armature current. A re
protective devices which should be made inoperative during the tests is also recommended.

11.5.1 Speed and field voltage control before and during tests

To avoid error, particularly in the determination of time constants, and to avoid high transient voltages in th
circuit, excitation should be supplied from a constant-voltage low-impedance source. This may require an inde
separately excited and driven exciter without series field winding. Field current should be adjusted by means o
field control to avoid inserting resistance in the field circuit of the main machine. If the capacity of the exciter u
at least as great as that of the exciter used in normal service, and additional impedance is not inserted, the 
and inductance of the circuit external to the field of the machine under test will generally have a negligible ef
the accuracy of determination of the quantities measured during short-circuit tests.
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11.6 Theoretical background for determination of shor t-circuit reactance and time 
constant values

The synchronous reactance (Xd), transient reactance (X′d) and subtransient reactance (X″d), and the transient short-
circuit time constant (τ′d) and subtransient short-circuit time constant (τ″d) are used to describe and machine
behavior on sudden short circuit. This can be done in accordance with the following equation for the 
components of current following a three-phase short-circuit from no load neglecting armature-circuit resistan
assuming constant exciter voltage.

(11-1)

where

I(t) is the ac rms short-circuit current, p.u.
E is the ac rms voltage before short circuit, p.u.
t is the time in seconds, measured from the instant of short circuit.

NOTE  —  Reactances must be in p.u. on the machine MVA rating.

Xds and Xdu are discussed and defined in 10.3. Xds is used for short circuits tested at normal open circuit (rated) volt
since there will be a small degree of direct axis machine saturation. Xdu may be used in place of Xds if the test is
performed at around 0.4 p.u. of normal voltage, or below 0.4 p.u.

X′d and τ′d are defined in IEEE Std 100-1992,  respectively.

X″d and τ″d are defined in IEEE Std 100-1992. 

In this expression, it is assumed that the current is composed of a constant term and two decaying exponen
where the third term of the equation decays very much faster than the second. By subtracting the first (consta
and plotting the remainder on semi-logarithmic paper as a function of time, the curve would appear as a stra
after the rapidly decaying term decreases to zero. The rapidly decaying portion of the curve is the subtransient portion,
while the straight line is the transient portion.

Because of several factors, including saturation and eddy-current effects, the actual short-circuit current m
follow the above form of variation precisely; the two exponential functions only approximate the true cu
behavior. Hence, the transient portion of the semi-logarithmic plot may actually be slightly curved. Any rela
short portion of this curved line can be well approximated by a straight line. It will be appreciated however, th
the slope of this line and its intercept with the zero-time axis will vary, depending on which part of the cu
approximated. Therefore, the obtained value of transient reactance X′d, (determined by the zero-time intercept) 
somewhat arbitrary because it depends on how the test data are interpreted.

To establish a test procedure that will produce a definite transient reactance and hence definite trans
subtransient time constants, the range of time to be used in making the semi-logarithmic plot is establishas a
minimum as the first second following the short circuit, unless another value is specified for the particular mach
the purchaser.

Open circuit values of transient (τ′do) and subtransient (τ″do) time constants can be calculated from the tested sh
circuit time constant values (see section 6 of IEEE Std 1110-1991). Special tests for open circuit values of τ′do and τ″do
are discussed later in this chapter (see 11.10).

I t( ) E
Xds
-------- E

X′d
-------- E

Xds
--------– 

  ε

t–
τ′d

------
E

X″d
--------- E

X′d
--------– 

  ε

t–
τ″d

-------

+ +=
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11.7 Specific tests for determination of transient and subtransient direct axis parameters 
(reactance values)

11.7.1 Determination of direct-axis reactance parameters by sudden short circuit

11.7.1.1 Method 1

The direct-axis transient reactance is determined from the current waves of a three-phase short-circuit s
applied to the machine operating open-circuited at rated speed. The direct-axis transient reactance is equal to
of the open-circuit voltage to the value of the armature current obtained by the extrapolation of the envelope o
component of the armature current wave to the instant of application of the short circuit, neglecting the rapid v
of current during the first few cycles. Figures 11.1 and 11.2 illustrate this method of determining the dire
transient reactance.

Figure 11.1—Oscillogram of three-phase sudden short circuit                                                                              
1) Timing wave—Trace A; 2) Armature current—Traces C, E, and F; 3) Armature voltage—Traces B, 

D, and G

For each test run, oscillograms should be taken, as described in 11.4.2 to 11.4.4, showing the short-circuit c
each phase and an independent timing wave of uniform frequency or an equivalent record. Records of the arma
voltages and the field current are also desirable, but are not essential for this test if the armature voltages just b
short-circuit and the final steady-state field current are determined by indicating instruments. An oscillogram 
current is required if method 3 (see 11.11.4) is to be used to determine the short-circuit armature time const
voltage readings of the three phases should be well balanced.

The rated-voltage value of direct-axis subtransient reactance may also be obtained using method 1 above or 
(see 11.7.1.2).
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The direct-axis subtransient reactance is determined from the same three-phase suddenly applied short-circ
used for determination of the transient reactance. For each phase, the values of the difference between the or
curve B and the transient component (line C) as determined in 11.7.1.1, are plotted as curve A (on the same
give the subtransient component of the short-circuit current as shown in figure 11.2. The result is expected to
nearly a straight line on the semilogarithmic plot. Extending the straight line (line D) drawn to fit these points b
zero time gives the initial value of the subtransient component of the short-circuit current. Preference in locat
D should be given to the first few points, corresponding to the first few cycles after application of the short circ
they are normally the points that can be determined most accurately. The sum of the initial subtransient compo
initial transient component, and the sustained component for each phase gives the corresponding value of I″.

Figure 11.2—Analysis of ac component of short-circuit current (for one of three phases)

11.7.1.2 Method 2. Direct currents from sudden short circuit

A second method of evaluating the direct-axis subtransient reactance from the oscillograms of the three-pha
circuit test of 11.7.1.1 may be used as a check of method 1 when it is known that the short circuit of all three p
established at very nearly the same instant, preferably within five electrical degrees. (Method 1 is preferred 
more direct test.) The per-unit magnitude of the dc component for each phase is determined as described in 11
several values of time. The values of dc component for each phase may now be plotted on a semilogarith
similar to that used for the ac components (see figure 11.5). The initial values of the dc component for the thre
are obtained by extrapolating the plotted curves of current back to zero time.
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11.7.1.3 Practical comments and suggestions on graphical procedures for interpreting short-circuit 
waveforms

If it is not possible to provide a constant-voltage low-impedance source of excitation, method 2 should be use
field current, measured after steady state is reached, differs appreciably from the value before the short circuit
2 should be considered (see 11.7.2).

The envelopes of the current waves are drawn as shown in figure 11.1. Because of possible speed chang
machine under test, all time intervals are determined from the timing record rather than from a current trace. 
time intervals, from the beginning of the short circuit, are laid off on the axis of abscissas, as shown. For the f
cycles, measurements every cycle or every half cycle are desirable, but as the short circuit progresses, mea
at increasing time intervals up to several cycles are adequate. The p.u. values of the alternating componen
currents at each value of time may be obtained from the envelopes by the method discussed in 11.4.4 and 1
is not necessary to obtain a value for zero time by extrapolating the envelopes.

The p.u. steady-state component of short-circuit current for each phase should now be determined as acc
possible from the oscillograms, from indicating instruments, or from both (see 11.4.6). The steady-state compo
each phase should now be subtracted from the total alternating component to obtain the varying current for ea
which should be plotted on semi-logarithmic paper, with current on the logarithmic scale, as a function of time
curves will be similar to curve B in figure 11.2. The current should decrease rapidly during the first few cycle
more slowly, and then the curve should become approximately a straight line, as shown. The plot should extefor at
least 1 s, unless another time is specified (see 11.6). The straight line (line C), which most closely fits the
disregarding the rapid decay during the first few cycles is then drawn in and extended back to zero time,
intersection with the axis of ordinates gives the initial transient component of the short-circuit current. To this
current for each phase is added the value of the steady-state short-circuit current for that phase to ob
corresponding value of I′. These three values are averaged to obtain the value of I′ to be used in 11.8.1 and in the
parameter determination sections dealing with subtransient quantities. In general, the longer the time of the p
more reliable will be the results of the current waveform analyses. This applies especially to the calcula
transient reactances and time constants.

11.7.2 Description of method 2 for determining direct-axis reactance parameters by sudden short-
circuit of three armature phases and the field

The direct-axis transient reactance is determined from the armature current waves of a three-phase sho
suddenly applied to the armature of a machine simultaneously with a short circuit to the field winding. Prior
short circuit, the machine is operated at rated speed with the armature open-circuited and the field excited with
corresponding to the desired voltage. This method may be used when the excitation cannot be supplied from a
voltage low-impedance source. This may result from the necessity of using a remote exciter, or if the effec
heavy transient exciter currents causes it to change the operating point on its hysteresis curve, result
significantly different field current after steady state is reached from that which existed prior to the short circu

Equation 11-1 would be considered to apply to the current in this test if the two E/Xds terms of the formula in equation
11-1 are eliminated. There is zero steady-state armature current. Therefore, the portion of the current which
according to the transient time constant is larger than for method 1. (see 11.8.2)

The diagram of figure 11.3 shows the connections which may be used for this test. One pole of the short-c
breaker may be used to short-circuit the field winding. A suitably sized protective resistor is used to preven
circuiting the exciter. An exciter circuit breaker is controlled to open shortly after the short-circuiting brea
closed.
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Figure 11.3—Diagram for sudden short-circuit test for direct-axis transient reactance, method 2

11.7.3 Description of method 3 for determining direct-axis reactance values by the voltage recovery 
test

The direct-axis transient reactance can be obtained from an oscillographic record of the line-to-line armature 
following the sudden opening of a steady-state three-phase short circuit of the armature when the machine is
at rated speed with a selected value of excitation. The values of armature current in each phase are measur
opening the circuit. The circuit breaker should open all three phases as simultaneously as possible. In additi
oscillographic record of the armature voltages during the transient, the steady-state voltages should be obtain
by stopping the oscillograph and then restarting it, or by instruments. The differential voltage (∆E) is obtained at
frequent intervals by subtracting the average of the three rms voltages (obtained from the oscillogram) fr
average of the three rms steady-state voltages. A semi-logarithmic plot of the differential voltage is made vers
with the differential voltage on the logarithmic axis (see curve B of figure 11.4). The transient compon
differential voltage is the slowly varying portion of the plot and should be extrapolated back to the instant of th
circuit, neglecting the first few cycles of rapid change (see line C of figure 11.4). The time-zero value of this tr
differential voltage is denoted by ∆E′o, as shown in the figure.
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Figure 11.4—Voltage recovery test for transient reactance and time constant

11.8 Determination of transient and subtransient reactance values, based on methods 1, 2, 
and 3

11.8.1 Transient reactance parameter determination—Method 1 (three-phase sudden-short circuit)

The reader should refer back to the end of 11.7.1.3. The values of I′ for each of the three-phase currents are averag
I′ is the current magnitude obtained, for each of the phases, by projecting the log-linear time plot of such curre
to zero time.

The transient reactance for the value of current I′ is then obtained using equation 11-2 (refer also to table 1).

(11-2)

where

E is the p.u. open-circuit armature voltage at normal frequency determined as the average for the thre
immediately before short circuit

I′ is the p.u. transient component of current at the moment of short circuit, plus the steady-state com
as determined in 11.7.1.3 (see figure 11.2 and table 1)

X′d
E
I ′
---= p.u.
Copyright © 1998 IEEE All Rights Reserved 121

stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services
stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services



IEEE Std 115-1995 IEEE GUIDE: TEST PROCEDURES FOR SYNCHRONOUS MACHINES

d at the
 speed,
, the
current

COPYRIGHT In
Licensed by 
COPYRIGHT In
Licensed by 
Table 1—Example of determination of transient and subtransient reactance

11.8.1.1 Error correction for speed changes

The error resulting from minor speed changes is negligible provided the machine is operating at rated spee
instant the voltages are measured, just before short circuit. If the initial speed deviates slightly from rated
correction may be made by multiplying the voltage E by the ratio of rated speed to actual speed. As an alternative
voltage E may be determined from a open-circuit saturation curve as the voltage corresponding to the field 
immediately preceding the short circuit.

Phase 1 Phase 2 Phase 3 Average

(1) Initial voltage — — — 0.994

(2) Steady-state 
current 1.4 1.4 1.4 —

(3) Initial transient 
component
 (See 11.7.1.1) 9.4 10.2 9.3 —

(4) I′ = (2) + (3) 10.8 11.6 10.7 11.0

(5) Transient 
reactance 
X′d = (1) ÷ (4) 
(See 11.8.1) — — — 0.0904

(6) Initial 
subtransient 
component
 (See 11.7.1.1) 3.6 5.8 3.8 —

(7) I″ = (4) + (6) 14.4 17.4 14.5 15.4

(8) Subtransient 
reactance
 X″d = (1) ÷ (7) 
(See 11.8.4.1) — — — 0.0645

(9) Initial direct 
current
 component 
(See 11.8.4.2) 11.0 25.0 13.6 —

 Identified as phase: c a b

I″(1) I″(2) I″(3)

Weighted 
Average

(10) (See equations 
11-8, 11-9, 11-10)

17.7 17.7 17.4 17.6

(11) X″d = (1) ÷ (10) 
(See equation 11-12 
and 11.8.4.2)

— — — 0.0565

NOTE  —  All values are in p.u.
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11.8.1.2 Accounting for saturation effects due to heavy currents or high initial terminal voltage

The value of transient reactance is influenced by saturation and thus by the initial voltage before the short c
applied.

To obtain the rated-current value, tests from initial voltages that have p.u. values in the vicinity of the calculate
of X′d should be made. The rated-current value is found by plotting the test values of transient reactance as a
of I′, and taking the value of reactance corresponding to I′ equal to the p.u. value of rated current. An alternate meth
is to plot X′d as a function of the initial voltage, E, and take the value of X′d, which equals the corresponding E.

To obtain the rated-voltage value of transient reactance, tests with initial voltages from 75% up to 100% or 1
may be agreed upon, should be made. The rated-voltage value is found by plotting the test values of transient 
as a function of initial voltage, and taking the value of reactance corresponding to rated voltage.

Each short-circuit test imposes severe mechanical stresses on the machine. Therefore, the number of tests
limited to those necessary to provide the required information.

11.8.2 Parameter determination—Method 2: Combined short circuit of the armature and field

Equation 11-1 would be considered to apply to the current in this test if two of the terms of the formulae (E/Xds) are
eliminated. This follows because there is zero steady-state armature current. Therefore, the portion of the
which decays according to the transient time constant is larger than that found in method 1.

The test is made and analyzed in a manner similar to method 1. In making the semi-logarithmic plot of figure
is not necessary to subtract the steady-state armature current, since it is zero.

The value of I′ from this second method, to be used in equation 11-2, is the true transient component of shor
current.

11.8.3 Parameter determination—Method 3 (voltage recovery)

The direct-axis transient reactance, X′d is obtained as

(11-3)

where

E′∆Ο is the initial transient component of differential voltage, p.u.
E∞ is the steady-state voltage, p.u.
I is the armature current before opening the circuit, p.u.

Refer again to figure 11.4.

If the speed of the machine differs from rated speed or varies during the test, it is necessary to correct the
measures from the oscillogram. Equation 11-4 gives the corrections applied to E, the time-varying value of the voltage
recovery. Equation 11-5 gives the speed corrections to the steady-state (or final) values of the voltage recove

(11-4)

X′d
E∞ E′∆o–

I
------------------------= p.u. reactance

Ec E
nR

nT
------=
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(11-5)

The steps in this correction process are

a) The speed-corrected voltage recovery curve should be replotted, where the voltage values at f
intervals may be subtracted from E∞c at the same particular point in time.

b) A new differential voltage curve similar to figure 11.4 is then drawn, and projected back to zero ti
obtain a speed-corrected value of E′∆Ο, now called E′∆ΟC. This is a semi-logarithmic plot.

Then X′d corrected for speed changes is

(11-6)

where

E is the voltage measured from the oscillogram at each time point
Ec is the corrected value of E
E∞ is the steady-state voltages
E∞c is the corrected steady-state voltages
nR is the rated speed
nT is the speed at time of E (can be obtained approximately by linear interpolation from initial speed to ste

state speed)
n∞ is the speed corresponding to reading of steady-state voltage
I is the armature current before circuit opening in p.u.

To obtain a value of transient reactance corresponding closely to a specified load condition, the initial ex
should approximately correspond to the voltage back of transient reactance on the air-gap line.

11.8.4 Specific calculations for subtransient reactance parameter determination—Methods 1 and 2

11.8.4.1 Method 1

Referring to 11.7.1, the values of I″ determined in that way are generally more accurate than those obtaine
extrapolating the envelopes back to the beginning of the short circuit. In this way advantage is taken of all the r
in deriving the values of I″. The three values are averaged to obtain the value of I″ to be used. The subtransien
reactance for the value of current I″ is obtained as follows (see table 1).

(11-7)

where

E is the p.u. open-circuit voltage at normal frequency determined as the average for the three 
immediately before short-circuit

I″ is the p.u. initial ac component of short-circuit current, as determined in 11.7.1.1 (see figure 11.2 an
1)

E∞c E∞
nR

n∞
------=

X′d
E∞c E′∆oc–

I
-----------------------------= p.u. reactance

X″d
E
I″
----= p.u.
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11.8.4.2 Method 2

Referring to 11.7.1.2, the absolute values of the initial dc components in p.u. are designated (a), (b), and (c), whe
is the largest value and (b) and (c) are smaller. Table 1 gives an example and figure 11.5 should be examined

A weighted average of the initial ac components of the three short-circuit currents can be found by calculat
I″(1), I″(2), and I″(3) taking a weighted value. The weighting is somewhat arbitrary. The three values of the p
component of current, I″, are obtained from the following equations:

(11-8)

(11-9)

(11-10)

If the three values of I″ differ, a weighted average should be used, assigning weights based upon the est
accuracies of the current measurements. Since larger currents can usually be determined more accu
oscillograms, it is suggested that weights 3, 2, and 1 be used, in that order, giving greater weight to the deter
using the larger currents, unless circumstances of the test would suggest other weighting. If these weights arI″
would be taken as the following value:

(11-11)

I″, the weighted average, is substituted in equation 11-12; and

(11-12)

where

E is the same as for transient reactance in 11.8.1 and equation 11-2
I″ is the p.u. ac component of current, at the moment of short circuit

This second method takes advantage of the fact that the maximum possible value of the dc or offset compone
short-circuit current is equal to the envelope (that is, zero-to-rest value) of the ac component, extrapolated ba
moment of short circuit.

I″ 1( )
2
3
--- a2 b2 ab–+( )=

I″ 2( )
2
3
--- a2 c2 ac–+( )=

I″ 3( )
2
3
--- b2 c2 bc–+( )=

I″
3I ″ 1( ) 2I ″ 2( ) I ″ 3( )+ +

6
----------------------------------------------------=

X″d
E
I″
----= p.u.
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Figure 11.5—DC components of phase currents

11.9 Tests for transient and subtransient direct axis time constants

11.9.1 Determination of the direct-axis transient short-circuit time constant ( τ′d)

11.9.2 Determination from test

The direct-axis transient short-circuit time constant is obtained from the sudden short-circuit test data u
determine the direct-axis transient reactance (see 11.7.1.1). It is the time, in seconds, required for the 
alternating component of the short-circuit current (figure 11.2, line C), to decrease to 1/∈ or 0.368 times its initial
value. The determination of direct-axis transient short-circuit time constant is shown in figure 11.2.

A rated-current value of this time constant is the value, which is applicable when the initial value of the transie
sustained components of the short-circuit current, I′ (see 11.7.1.1) is equal to rated current. A rated-voltage value is
value which is applicable when the short circuit is applied at rated voltage, rated speed, no load. If a test at the
current or voltage was not made, and the time constant is found to vary appreciably with test current, the value
several test runs may be plotted as a function of I′ and E (corrected for speed variation if necessary), and the requ
time constant may be found from these curves.
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11.9.2.1 Correction to specified temperatures

The direct-axis transient short-circuit time constant may be corrected to a specified temperature. The average
field resistance, Rf, during the test is obtained from readings of field voltage and current taken before and af
short-circuit test. The temperature, tt of the field winding during the test is determined using 6.4.4 based on the 
resistance, Rfd. The direct-axis transient short-circuit time constant can be corrected to specified temperature b
the following:

(11-13)

where

τ′d is the direct-axis transient short-circuit time constant at specified temperature
τ′dt is the direct-axis transient short-circuit time constant at test temperature
tt is the average temperature of the field winding during the test, °C
ts is the specified temperature, °C
k is the factor defined in 6.4.4, which depends on current conducting material (copper, aluminum, etc

11.9.3 Determination of the direct-axis subtransient short-circuit time constant ( τ″d)

11.9.4 Determination from tests

The direct-axis, subtransient short-circuit time constant, τ″d, is obtained from the short-circuit test data used 
determine the direct-axis subtransient reactance, method 1 (see 11.8.4.1). It is the time, in seconds, require
subtransient alternating component of the short-circuit current, (see figure 11.2, line D), to decrease to 0.368 
initial value. The determination of this time constant is shown in figure 11.2.

The rated-current value of the direct-axis sub-transient short-circuit time constant is the value that is applicab
the initial value of the transient plus sustained components of the short-circuit current, I′ (see 11.7.1.1), is equal to
rated current. The rated-voltage value of this time constant is the value which is applicable when the short c
applied at rated voltage, rated speed, no load. If a test at the required current or voltage was not made and
constant is found to vary appreciably with the test current, the values for the several test runs may be plot
function of I″ or of E (corrected for speed variation if necessary), and the values at rated voltage may be foun
the curves.

No correction for temperature is included because of the uncertain nature of the correction.

11.10 Test for determination of the direct-axis transient and subtransient open circuit time 
constants ( τ′do, τ″do)

11.10.1 General

For the definition of τ′do see IEEE Std 100-1992. 

11.10.1.1 Method 1. Field short circuit

The machine is operated at rated speed and specified voltage with the armature open-circuited. The field is
from an exciter or equivalent source through a field circuit breaker using the connections of figure 11.6. The
resistor is used when necessary to protect the exciter from a momentary short circuit during the overlap of t
circuit breaker contacts. The normal arrangement is "make before break." In this case, the field discharge
closes just before the main field current breaker opens. When it is necessary to protect the exciter, but impra
to use a series resistor because of the heat, which would have to be dissipated, or because the exciter used 
would have to be too large, method 2 should be used. This latter method is preferred.

τ′d τ′dt

k tt+

k ts+
------------ 

 = s
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The field current and voltage should first be measured simultaneously by instruments to obtain the field temp
by resistance (see 6.4.4) at the time of test. Immediately thereafter, the field circuit breaker is opened to sho
the field winding, and the armature voltage of one phase, field current, and field voltage are recorded by oscil

Figure 11.6—Field-winding circuit for direct-axis transient open-circuit time constant, method 1

11.10.1.2 Method 2. Discharge resistor connection

The procedure for making this test is similar to that of method 1. The connections of figure 11.7 are used.
circuit breaker and a suitably-sized linear discharge resistor are required as shown in the figure. The discharg
is used to prevent a momentary short circuit of the source of excitation during the overlap of the field circuit-b
contacts with the field discharge contact.

The field voltage and current should be determined from the oscillogram at several instants of time during the
of the transient which will be used in the analysis. The ratio of voltage to current is the resistance of the di
resistor and should be calculated for each of these instants so that the variation in the value of resistance durin
can be examined. If the sum of the discharge resistance and field resistance varies more than 5% during the
interest, a discharge resistor of greater heat dissipation or of less temperature-sensitive material should be us

Substitution of a suitable semiconductor diode in place of the discharge resistor may be made. In this case, RD may be
quite small after opening the exciter circuit breaker and may be considered to be zero if justified by the trace
voltage. Care should be exercised in the diode selection to ensure that its current carrying capability is match
expected field discharge currents.
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Figure 11.7—Field-winding circuit for direct-axis transient open-circuit time constant, method 2

11.10.2 Parameter determination for τ′do from method 1—Field short circuit

The rms residual armature voltage is determined with the field winding open and with the machine operated
speed. This residual voltage is subtracted from the rms of armature voltage obtained from the oscillogram at 
points of time. The resulting varying component of voltage is plotted against time on semilogarithmic paper w
armature voltage on the logarithmic scale, as shown in figure 11.8. Normally, the curve is approximately a stra
if the few initial points of rapid decay are neglected. Extrapolation of the curve, neglecting the first few cycles
to the moment of closing of the field-discharge contact, gives the effective initial voltage. The time in seconds
armature voltage to decay to 1/∈ or 0.368 times the effective initial voltage is the open-circuit transient time cons
τ′do.

The time constant τ′do can be corrected to a specified temperature, ts, using the following simple algorithm:

(11-14)

where

τ′dot is the direct-axis transient open-circuit time constant from tests, s
tt is the field winding temperature during test (obtained according to 6.4.4), °C
ts is the specified temperature, °C
k is the factor defined in 6.4.4 in Part I (for field winding material)

The oscillogram of field voltage can be used as a check to determine whether the field is effectively short-c
during the transient.

τ′do τ′dot

k tt+

k ts+
------------ 

 = s
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The oscillogram of field current can be used to obtain a check value of the direct-axis transient open-circu
constant using method 3 (see 11.10.4).

Figure 11.8—Determination of direct-axis transient open-circuit time constant

11.10.3 Parameter determination for τ′do from method 2—Discharge resistor connection

A semilogarithmic plot of the time-varying component of armature voltage is obtained as described in method
time required for the transient component of voltage to decay 1/∈, or 0.368, of its effective initial value neglecting th
few initial points of rapid change is a modified direct-axis transient open-circuit time constant τ′doR, including the
effects of external field-circuit resistance.

The modified time constant should next be corrected to an apparent direct-axis transient open-circuit time co
a specified temperature without external resistance. The field resistance, Rfd, is obtained (see 3.3.5) from the field
current and voltage, and is measured just before the field circuit breaker is opened. The field resistanceRfds, at
specified temperature (normally 75 °C) is determined by the method of 3.3.2 using a previously determined refer
value of field resistance at a known temperature (see 3.3.3 of part I).

The apparent direct-axis transient open-circuit time constant, corrected to the specified temperature, is ca
using equation 11-15 as follows:

(11-15)
τ′doA τ′doR

Rfd RD+

Rfds
---------------------

 
 
 

= s
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where

τ′doA is the apparent direct-axis open-circuit transient time constant (which has been corrected to elimin
resistive effect of the discharge resistor), s

τ′doR is the modified time constant obtained from semilogarithmic plot (which includes resistive effect o
discharge resistor), s

Rfd is the measured field resistance, Ω
Rfds is the field resistance at a specified temperature, Ω
RD is the median resistance of discharge resistor during the period of analysis, Ω

11.10.3.1 Corrections to allow for presence of discharge resistor (method 2)

The discharge resistor in figure 11.7 may have an effect which cannot be completely accounted for by the m
11.10.3. This is because the apparent transient open-circuit time constant may be affected by currents induc
damper windings or solid iron magnetic paths of the rotor. The effect of these currents depends on the rate of 
field current which, in turn, is affected by the discharge resistor.

Tests made with different values of discharge resistors should be made. If the apparent time constant has 
value, when calculated from test results using different discharge resistors. The apparent value from equation
the direct-axis transient open-circuit time constant corrected to the temperature specified.

If the apparent time constant varies with the value of discharge resistor, a plot should be made of appar
constant as a function of discharge resistance. By extrapolating the data to the value corresponding to zero 
resistance, a value of direct-axis transient open-circuit time constant can be obtained.

11.10.4 Determination of τ′do—Method 3: Field current

An approximate value of the direct-axis transient open-circuit time constant can be obtained by plotting field cu
obtained by the oscillograph in method 1 or 2, as a function of time on semilogarithmic paper with field current
logarithmic axis. The time constant is obtained from this plot in the same manner as in method 1 (or 2). Th
constant thus obtained will usually approximate that obtained from the armature voltage. Method 3 should b
only as a check on the result of method 1 (or 2) and one of the latter methods should be used as the test resu

11.10.5 Determination of τ′do by method 4: Voltage recovery

The direct-axis transient open-circuit time constant is obtained from the voltage-recovery test data used to de
the direct-axis transient reactance. It is the time, in seconds, required for the differential voltage to decrease ∈ or
0.368 times the time-zero intercept of the straight-line portion of the semilogarithmic plot. Correction for tempe
can be made as in method 1 (see figure 11.4.)

11.10.6 Determining the direct-axis subtransient open-circuit time constant ( τ″do)

11.10.6.1 General

For the definition of direct-axis subtransient open-circuit time constant, see IEEE Std 100-1992. 

11.10.6.2 Determination directly from test

The direct-axis subtransient open-circuit time constant is determined from the voltage-recovery test data 
determine the direct-axis transient reactance, method 3 (see 11.7.3). The subtransient voltage (curve A of fig
is obtained by subtracting the transient component of differential voltage (line C) from the differential voltage 
B).

NOTE  —  Line C and curve B are replotted from figure 11.4 to obtain a better time scale. A semilogarithmic plot of the subtsient
voltage is made vs. time with the voltage on the logarithmic axis.
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Figure 11.9—Voltage recovery test for direct-axis subtransient open-circuit time constant

A straight line (line D of figure 11.9) is fitted to this plot, giving preference to the earliest points if they do not f
a linear trend. The direct-axis subtransient open-circuit time constant is the time, in seconds, on the stra
corresponding to 1/∈ or 0.368, times the ordinate of the line at the instant of opening the circuit.

11.11 Determining the short-circuit armature time constant ( τa)

11.11.1 General

For the definition of short-circuit time constant of the armature winding, see IEEE Std 100-1992. 

The short-circuit armature time constant is obtained from the sudden short-circuit tests used to determine th
axis subtransient reactance, method 2 (see 11.7.1.2). All of the following methods may be used to obtain t
constant from the test data.

11.11.2 Determination of τa from resolved dc component—Method 1

Values of the dc components for the three-phase currents are obtained from the plots described in 11.8.4.2 fo
values of time. A resolved value of the dc components, Idc in p.u. is calculated for each value of time, using equat
11-16.

(11-16)
Idc

4
27
------ a2 b2 ab–+( ) 4

27
------ a2 c2 ac–+( ) 4

27
------ b2 c2 bc+ +( )+ += p.u.
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where

a is the largest value of dc component of the three phase currents at the selected time, p.u. (see 11.
b is the second largest value of dc component, p.u.
c is the smallest value of dc component, p.u.

The values of resolved current from equation 11-16 are plotted as a function of time on semilogarithmic pap
current on the logarithmic axis. By extrapolating the curve back to the moment of the short circuit, the effec
initial current is obtained. The short-circuit armature time constant is then determined as the time, in seconds, 
for the resolved current to reach 1/∈ or 0.368 times its initial value.

11.11.3 Determination of τa from dc components of phase currents—Method 2

The plots of the dc components of the currents in the three phases, extended to the start of the short ci
described in 11.7.1.2. A value of short-circuit armature time constant for each phase is obtained as the 
seconds, required for the current to reach 1/∈ or 0.368 of its initial value. The time constant is taken as the averag
the values for each phase. If the initial dc component of any phase is less than 0.4 times the initial resolved v
time constant for that phase should be disregarded because such a small value of current frequency 
inconsistent results due to extraneous effects (note the curve for phase 1 in figure 11.5). Method 1 is preferred
it makes better use of the data.

11.11.4 Determination of τa from field current response—Method 3

Values of the ac component of field current are obtained at frequent intervals from an oscillographic record 
current (see 11.7.1.1). A semilogarithmic plot is made of the amplitude of the alternating component of field 
as a function of time with the alternating field current on the logarithmic axis. The armature time constant is th
required for the amplitude to reach 1/∈ or 0.368 of its initial value.

11.11.5 Rated-current and rated-voltage values of τa—Saturation effects

The rated-current value of the short-circuit armature time constant is the value which is applicable when th
value of the transient plus sustained components of the short-circuit current I′ (see 11.7.1.1) is equal to rated curren
The rated-voltage value of the short-circuit armature time constant is the value that is applicable when the sho
is applied at rated voltage, rated speed, no load. If a test at the required current or voltage, or sufficiently clo
was not made and the time constant is found to vary appreciably with test current, the values of the time con
the several test runs may be plotted as a function of I′ or E (corrected for speed variation if necessary), and the val
at rated current or rated voltage can be found from the curves.

11.11.6 Correction of τa to a specified temperature

To correct the short-circuit armature time constant to a specified temperature (usually 75°C), it is necessary to measur
armature temperature, tt, preferably by embedded detector before the sudden short-circuit test. The short-
armature time constant, τa is corrected to the specified temperature using the following simple formulas:

(11-17)

where

τat is the short-circuit armature time constant at test temperature, s
tt is the temperature of armature winding by detector before the test, °C
ts is the specified temperature, °C
k is as defined in 6.4.4 (part I) for field winding material

τa τat

k tt+

k ts+
------------ 

  s=
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11.12 Computerized implementation of the general procedures noted in 11.7, 11.8, 11.9, 
and 11.10

This automated procedure is based primarily on IEEE papers listed as examples in the Bibliography in annex
C (see  B5, B6, B7). The transient and subtransient reactances discussed in previous sections are based ess
much-used graphical methods. The same applies to transient and subtransient time constants that are d
subclauses of 11.9 and 11.10.

Short-circuit test currents ia(t), ib(t) and ic(t) are sampled simultaneously at a rate of at least 2 kHz, with 
instruments zeroed and not saturated. The data is stored digitally in kA values, along with the nominal na
specifications of the machine Vnom (phase to phase rms in kV) and In (rms phase current in kiloamperes). These are 
usual nominal voltage values and current values in machines of about 5 MVA or larger. For much smaller m
Vnom could be in volts and In could be in amperes. For checking purposes, a record length of Nf cycles is assumed. The
value of Nf will depend upon the transient time-constant of the machine and should certainly be greater than 1
at 60-Hz rated-frequency), since T ′d is generally greater than 0.5 s for most large synchronous machines. An equ
similar to equation 11-1 is chosen, but including as well the effect of Ta, the armature short-circuit time constan
However, this new equation excludes any subtransient saliency and ignores any possible second-harmonic te
current waveforms.

11.12.1 Peak search

Using a simple algorithm for local extrema detection (a so-called peak search routine), the time-curren
coordinates of the upper and lower envelopes of each waveform (Tupp, Iapp) and (Tlow, Ilow) are determined for the
total window length of Nf cycles. Time and current are respectively in seconds and kiloamperes.

11.12.2 Envelope synchronization

Generally, the data composing the upper and lower envelopes as obtained from the peak search step do not c
to identical points in time. Therefore, one cannot use simple addition and subtraction to derive the unidirectio
dc components of the original phase-current. To circumvent this problem, two different approaches can be ap

11.12.2.1 Polynomial fitting

The approach first consists in fitting each envelope with a high order polynomial. If the same order is used f
envelopes, then all the necessary algebraic operations can be performed using the two polynomial models Pupp and
Plow.

For instance, if the chosen order is 10, the two polynomials may be expressed as follows:

Pupp(t) = Aupp0 + Aupp1t + … + Aupp10t
10

Plow(t) = Alow0 + Alow1t + … + Alow10t
10

Hence, for a given working time coordinate Tupp, the value corresponding to the addition of the envelopes is obta
by direct substitution of Tupp in Ptotal(t) = Pupp(t) + Plow(t), yielding the following result:

that is actually two times the dc component at time Tupp. The symmetrical component is computed similarly, based
the half-difference of the basis polynomials expressed as follows:

Ptotal(t) = (Pupp(t) − Plow(t))/2.

Ptotal Tupp( ) Aupp0 Alow0+( ) Aupp1 Alow1+( )Tupp

… Aupp10 Alow10+( )Tupp
10

+

+ +

=
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11.12.2.2 Application of spline interpolation

Spline functions yield smooth interpolating curves that are less likely to exhibit the large oscillations character
high-degree polynomials B26. Briefly speaking, a cubic spline consists of cubic polynomials pieced together 
a fashion that their values and those of their first two derivatives coincide with the envelope samples I(ti) at the knots
ti, i=1,2,…, Nf. For instance, a spline representation of an envelope permits one to compute I(t), for all 0<t<Nf, based
on the discrete tabular data (ti, I(ti)) obtained from the peak search routine. Thus, starting with (Tupp, Iupp) as the given
working coordinates, the lower envelope data (Tupp, Ilows) is computed for the same time-coordinate Tupp from a
cubic-spline interpolation of the original lower envelope data set (Tlow, Ilows): Ilows = spline (Tlow, Ilow, Tupp) (subscript
"s" stands for spline).

An example of envelope data obtained using cubic spline interpolation, in the case of a typical salient-pole m
is shown in figure 11.10.

Figure 11.10—Component data for automatic analysis
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11.12.3 Computation of symmetrical and dc components

Once the upper and lower envelopes have been converted to the same time-coordinates, the symmetrical com
determined by

(11-18)

where

Iss is the steady-state current finally reached after short circuit
In is the normal (or base) current of the machine in kiloamperes

The dc component is calculated as follows:

(11-19)

The factor  converts the peak amplitude into rms value. Symmetrical and direct current components obtain
spline interpolation of equations 11-18 and 11-19 are illustrated in figure 11.10.

11.12.4 Transient straight-line representation

In addition to the hypotheses used in the second paragraph of 11.12, assume that after about 10–20 cycles
subtransient and armature winding effects have completely disappeared or been reduced to insignifican
Therefore, the signal i(t) from about 20 cycles up to say, 150 to 200 cycles consists of one time-constant only, 
presumably corresponds to transient effects. A straight-line logarithmic model can be fitted to this data, using s
polynomial-regression procedures as follows:

(11-20)

for t in the range beyond 20 cycles.

Note than ln is a natural logarithm to the base ∈, where ∈ = 2.71828. Applying this model to the data in figure 11.1
between 10 cycles and about 160 cycles, we obtain the following parameters:

A′ = -0.6661; and B′ = -0.5471

The fit of this linear regression model between 10 cycles and 160 cycles, compared with the original data, is ill
in figure 11-11a).

The actual transient parameters can be determined in as follows using:

(11-21)

(11-22)

(11-23)

where
V0 is the terminal phase-voltage prior to the short-circuit in rms kilovolt values

i t( )
Iupp t( ) I low t( )–[ ]

2 2In

--------------------------------------------
I ss

In

------–= p.u. A

i dc t( )
Iupp t( ) I low t( )+[ ]

2 2In

--------------------------------------------= p.u. A

2

 ∆ iln ′ t( )  ln i t( ) A′t B′+= =

τ′d
1
A′
-----–= s

∆i ′ 0( ) εB′= p.u. A

X′d
V0 Vn⁄

∆i ′ 0( ) Iss In⁄+[ ]
-----------------------------------------= p.u. reactance
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Figure 11.11—Decoupled time-scales analysis
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11.12.5 Subtransient straight-line representation

Since the transient behavior is now well known from the preceding step, its effect can be eliminated from the 
data, prior to subsequent analyses as follows:

(11-24)

Assuming that the subtransient effects predominate over the armature direct current offset effects for the first
4) cycles, a single time-constant model can be fitted to ∆i″(t) as follows:

(11-25)

for t in the range from zero to 3-4 cycles. For example, in the envelope data in figure 11.10, for 3 cycles, one ca
the following regression parameters: A″ = −13.9119 and B″ = −0.0050. The closeness of fit of this linear model fo
∆i″(t) is assessed in figure 11-11b).

The actual subtransient parameters are then derived in p.u. and seconds using

(11-26)

(11-27)

(11-28)

11.12.6 Direct-current (dc) component straight-line representation

Having assumed that the subtransient and transient effect dominate respectively in the ranges 0 to 4 cycles 
150 cycles, it is reasonable to conclude that armature effects, which determine the main behavior of the dc com
are most active between about 4 and 20 cycles. It follows that a single time-constant model can be fitted to idc(t), in the
following linear logarithmic form:

(11-29)

for t in the range 4 to about 20 cycles. For the idc data in figure 11.10, the statistical analysis leads to Adc = −3.9532 and
Bdc = −0.8961. From figure 11-11c) this single-exponential model compares quite well with the original data 
same interval. The dc parameters in p.u. and seconds are finally computed from

(11-30)

(11-31)

11.12.7 Averaging

Steps 11.12.1 to 11.12.6 are applied to each phase-current, leading to three separate sets of transient, subtra
dc parameters. The nominal values of transient and subtransient parameters are obtained by a direct averag
three elementary phase values.

∆i ″ t( ) i t( ) ∆i ′ t( )– i t( ) εA′t B′+–= =

 ∆ t″ t( )ln A″t B″+=

τ′d
1

A″
------–= s

∆i ″ 0( ) εB″= p.u. A

X″d

V0 Vn⁄
∆i″ 0( ) ∆i ′ 0( ) I ss In⁄+ +[ ]

----------------------------------------------------------------= p.u. reactance

 ln abs idc t( )( ) Adct Bdc+=

τ′a
1

Adc

--------–= s

i dc 0( ) εBdc= p.u. A
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11.13 Stationary or unbalanced tests for determining X″d, X2 or X″q

11.13.1 Specific tests and data gathering for a stationary test for determining X″d

11.13.1.1 Applied voltage test—Method 3

For this test the rotor is stationary and the field winding is short-circuited through a suitable ac ammeter or 
transformer supplying an ammeter. Single-phase voltage of rated frequency is applied to any two stator termi
third being isolated. The connections are shown in figure 11.12. The armature voltage and current and the field
are recorded. To avoid possible injurious rotor heating during the test, reduced voltage is normally used (par
for cylindrical-rotor machines) and the limitations of voltage, field current and duration of test specified b
manufacturer should not be exceeded.

A quantity "X" can be obtained from the readings of current and voltage using the following equation:

(11-32)

where

E is the applied line-to-line voltage, in p.u. of base line-to-neutral voltage
I is the line current, in p.u. of base line current

As quickly as possible the test voltage is removed and the same voltage is applied to another pair of termina
same way. A quantity "Y" is determined from these readings by the method of equation 11-32. Then the test
is applied to the third pair of terminals, from which "Z" is obtained in a similar manner. The order in whic
terminal pairs are selected is immaterial. It is important that the rotor position remain the same throughout t
Blocking of the rotor to prevent turning should be used if necessary.

Figure 11.12—Diagram for determination of direct-axis subtransient reactance by method 3

X
E
I
---= p.u.
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11.13.1.2 Parameter determination for method 3

It is assumed that the single-phase stationary rotor reactance, determined for any one pair of terminals as in 1
would vary if the rotor were turned, as a constant term plus a sinusoidal function of rotor angular position. If th
phases are symmetrical, the results X, Y, and Z are then equal to three values of the stationary rotor impedance, fo
pair of terminals, at positions of the rotor differing by 120 electrical degrees. Based upon these assumpti
constant term is given by

(11-33)

and the amplitude of the sinusoidal component of voltage reactance variation is given by

(11-34)

If any two of the values, X, Y, or Z are equal, the values may be reassigned so that Z and X are the two equal values and
M then becomes simply Y-K. The sign of M is selected as positive. The direct-axis subtransient reactance is then 
by equation 11-35. Usually, the direct-axis reactance corresponds to the smallest possible stationary-rotor re
For this case, the use of the negative sign in equation 11-35 is suggested.

(11-35)

For solid-steel cylindrical-rotor machines under certain conditions, the direct-axis reactance may correspon
maximum stationary-rotor reactance. If this is the case, the maximum measured field current corresponds to th
of the three measured single-phase reactances (in 11.13.1.1) and the plus sign should be used in equation 11

NOTE  —  This will not normally be the case.

The tests may be repeated with the rotor turned to any new position, and the same values of K and M should be
obtained. Thus, the first tests may be checked by a second series of tests.

For solid-steel cylindrical-rotor machines and for salient-pole machines with damper windings connected b
poles, the value of M is expected to be very small compared with that of K.

When the reactance is to be determined corresponding to a specified current, two or more series of tests may b
at different voltages (see 11.13.3). For currents up to rated current, the variation of the subtransient reactance 
small and determination at the precise current may often not be necessary.

For certain types of machines, such as solid-steel cylindrical-rotor machines, the values of reactance obtain
this test may not agree with values obtained from sudden short-circuit tests. For such machines this method c
expected to give values of rated-current or rated-voltage reactances, and method 1 should be used.

11.13.2 Indirect method for determining X″d—Method 4

This method is applicable only to cylindrical-rotor machines and to salient-pole machines having cont
amortisseur windings (connected between poles). For such machines the direct-axis subtransient reactanc
nearly equal to the negative-sequence reactance (X2), and may be taken equal to the negative-sequence reactan
determined by 10.5.4.

K
X Y Z+ +

3
-----------------------=

M + Y K–( )2 Z X–( )2

3
--------------------+=

X″d
K  M±

2
----------------= p.u.
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11.13.3 Rated-current and rated-voltage values—Effects of saturation on determining X″d

Because the direct-axis subtransient reactance varies with armature current, the result of any test should be a
with the appropriate value of current or voltage. It should be noted that the rated-current value is, by definit
value applicable when the sum of the initial transient and sustained components of current (see I′ of 11.7.1.3) has rated
value. The corresponding total ac component (see I″ of 11.7.1.1) including the subtransient component wou
therefore be somewhat greater. In methods 1 and 2, (see 11.8.4) the direct-axis subtransient reactance is d
from the same tests that are used for the determination of transient reactance (see 11.7.1.1). The rated-curren
direct-axis subtransient reactance may therefore be determined in the same way as the rated-current value o
reactance by plotting it as a function of the same current (I′) and taking the value of subtransient reactan
corresponding to rated current. If the transient reactance was plotted as a function of voltage according to 11.8X″d
may also be plotted on the same paper. The rated-current value of subtransient reactance corresponds to
voltage as X′d.

The rated-voltage value is determined from a sudden short-circuit test made at rated voltage, no load (see me
2).

When method 3 or 4 is used, there is neither direct association of the test results with a corresponding trans
sustained component of current (I′), nor is it assured that the reactance will be the same during a line-to-line tes
would be for a three-phase test at the same test current. Probably the best evaluation of the rated-current
direct-axis subtransient reactance (if the reactance varies appreciably with current in the region near rated c
to assume that during a line-to-line test the reactance by method 3 or 4 is the value determined from a te
graphical interpolation of data from a series of tests at different currents) in which the line-to-line test c
multiplied by (2X″di / X′di) is equal to the rated current. (X′di and X″di are the rated-current values of direct-ax
transient and subtransient reactances, respectively.) See also 6.3 of IEEE Std 1110-1991. To permit this deter
the approximate ratio of the rated-current direct-axis transient reactance to the rated-current direct-axis sub
reactance must be known. The foregoing is based on considering saturation effects to be determined by the s
positive-sequence and negative-sequence currents during the test.

It is improbable that methods 3 or 4 can be safely used at sufficiently high currents to permit direct determin
the rated-voltage value. Therefore, empirical or calculated correction factors should be used to determ
approximate rated-voltage value.

11.13.4 Additional line-to-line sudden short circuit test for determining X2—Method 4

11.13.4.1 Methodology

The data available may be determined from the oscillogram of a single-phase, line-to-line short circuit, su
applied to a synchronous machine operating at no load, open circuit, and at rated speed.

11.13.4.2 Determining the parameter X2

The open-circuit voltage, E, in p.u. of rated voltage is as measured before the short circuit, and the rms value
initial ac component of armature current, I″, in p.u. of rated current, is determined as for a three-phase short circui
11.7.1 and 11.8.2). Then the line-to-line value of negative-sequence reactance is obtained by the following:

(11-36)

where

X″d is the direct-axis subtransient reactance corresponding to a three-phase short circuit at the sam
voltage as the line-to-line short circuit.

3

X″2LL
3E
I ″

----------- X″d–= p.u.
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The correction of the line-to-line value of negative-sequence reactance is made as in 10.5.4.3.

To determine the rated-current value, a series of tests may be needed at different values of open-circuit volta

If the values of reactance X2 are plotted as a function of negative-sequence current (which equals ), the 
current value is the value corresponding to rated current.

The rated-voltage value is the value determined from tests at rated voltage, no load.

11.13.5 Quadrature-axis subtransient reactance ( X″q)

11.13.5.1 General

For the definition of quadrature-axis subtransient reactance, see IEEE Std 100-1992. 

The rated-current value of quadrature-axis subtransient reactance may be obtained using method 1
approximation to the rated-voltage value from method 2. Since the description of both methods is short, the pa
determination follows in the same subclause as in methods 1 and 2.

11.13.5.2 Method 1. Applied voltage

The quadrature-axis subtransient reactance is determined from the data obtained in the determination of the d
subtransient reactance by method 3. In terms of the quantities defined in 11.13.1.2, the quadrature-axis sub
reactance is obtained by equation 11-37. Usually, the quadrature-axis reactance corresponds to the largest s
rotor reactance. For this case, the use of the positive sign is suggested.

(11-37)

where

K and M are determined from equations 11-33 and 11-34, respectively.

For solid-steel cylindrical-rotor machines under certain conditions, the quadrature-axis subtransient reactan
correspond to the minimum stationary-rotor reactance. If this is the case, the maximum measured field
corresponds to the largest of the three measured single-phase reactances (in 11.1.1) and the minus sign sho
in equation 11-37.

The test current to be used for determining the rated-current value of quadrature-axis subtransient reactan
same as for the determination of the rated-current value of direct-axis subtransient reactance, as given in 11.1
values of X ″q are plotted on the same graph as those of X″d, the rated-current value can be read from the curve at
same current.

11.13.5.3 Method 2. Sudden short circuit

A value of quadrature-axis subtransient reactance can be obtained from two sudden short-circuit tests taken 
load conditions at the same voltage and at rated speed; one three-phase short circuit (see 11.7.1) and on
single-phase line-to-line short circuit (see 11.13.4). The direct-axis subtransient reactance obtained from th
phase test is designated as X″ d3. For the single-phase test (see 11.13.4), the open-circuit voltage, E, and the initial ac
component of armature current (I″ by the method of 11.7.1.1) are obtained and used in the following equation:

(11-38)

I ″
3

-------

X″q
K  M±

2
----------------= p.u.

XLL
3E
I ″

-----------= p.u.
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The quadrature-axis subtransient reactance is obtained using the following equation:

(11-39)

11.13.6 Effect of saturation in determining rated current or rated voltage values of the parameter X″q

Because of saturation effects, particularly on solid-steel cylindrical-rotor machines, the values of machine subt
reactances will vary depending on the actual conditions of operation. Therefore, this method is approximate 
the current level on a single-phase line-to-line sudden short circuit is substantially less than on a three-phas
short circuit from the same voltage while the flux level in the machine for the two conditions is the same. The
be a certain mismatch in the saturation pattern in the machine under these two test conditions (as well as u
other combination of initial voltages).

A value of rated-voltage quadrature-axis subtransient reactance can be obtained by this method based on sud
circuit tests from rated voltage. Because of the situation discussed above, this can be considered on
approximation to the rated voltage value, but a more precise method has not been investigated.

Annex 11A                                                                                                                                            

(informative)                                                                                                                                                     

Quadrature axis transient or subtransient tests

11.A.1 General

As noted in the introduction to section 11 (11.1–11.3 inclusive), sudden short-circuit procedures for deter
transient and subtransient characteristic quantities result only in direct axis values. Such test procedu
undertaken from machine open circuit conditions, with direct-axis field current excitation adjusted to produce 
of stator terminal voltage (Ea) from low values up to around 1.0 p.u.

Although the following tests are not at all prevalent in North America, it was suggested that certain tests, publ
IEC 34A (1985), be noted here. The ones to be briefly described are used in determining transient and sub
quadrature axis synchronous machine characteristic values—both reactances and time constants. Annex A of 
4 (1985) describes such tests and is titled "Unconfirmed test methods for determining synchronous machi
quantities."

11.A.2 Description of tests for quadrature axis values

The methodology for the above-noted quadrature axis values involve operating the synchronous machine 
voltage, at low power and connected synchronously (or asynchronously) to a power system source. Three pr
(two of them related) are noted below. The descriptions have been summarized in the interests of brevity,
intended to generally indicate the methodology.

11.A.2.1 Disconnecting applied low armature voltage at a very low-slip test

The sudden disconnection of the applied low armature voltage during a low-slip test is performed on a m
running at a slip considerably less than 0.01 p.u. with the armature (primary) winding connected to a rated fre
symmetrical three-phase low-voltage supply (5% to 10% of normal voltage).

NOTE  —  The excitation winding is short-circuited for direct-axis quantities. When determining quantities in the quadratuis
the excitation winding may be open-circuited.

X″q

XLL X″d3–( )2

X″d3
----------------------------------= p.u.
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The applied voltage is suddenly disconnected when the rotor is magnetized in the quadrature axis. The rotor
is checked by measuring the internal angles between the armature voltage and the quadrature magnetic r
Armature current and voltage, and rotor position indication are measured and recorded.

At the instant of switching off the machine from the low voltage supply, the armature (primary) winding vo
suddenly drops to a particular value and then gradually decays.

This initial voltage drop is independent of the residual voltage. In determining time constants, the residual 
must be less than 0.2 of the applied voltage, and accordingly its value need not be taken into account for det
time constants along the q-axis with the required accuracy.

NOTE  —  In many types of machines it is difficult to segregate transient and subtransient voltage components along thq-axis
because the high decrement components may not be clearly separated from the remainder.

11.A.2.2 Disconnecting applied low armature voltage test—The machine running asynchronously 
on load

The disconnecting applied low armature voltage test, the machine running asynchronously on load, is perform
the armature (primary) winding connected to a rated frequency symmetrical three-phase low-voltage supply 
influence of saturation, and the excitation winding is short-circuited.

By means of positioning signals on the shaft, the direct- and quadrature-axis components of voltage and cu
determined.

The positioning signals are set to correspond to the quadrature (magnetic axis) by means of a line-to-line volta
load.

The transmitter producing the positioning signal should be displaced round the shaft until its signal coincides 
instant when the line-to-line voltage E12 passes through zero. At this position the signal will coincide with 
maximum of phase voltage E3 which, at no load, corresponds to a q-axis voltage.

When the machine is loaded, the instantaneous values of the phase voltage E3, and of the phase current I3 at the instant
of the signal coincide with the q-axis components of this voltage and current.

After adjusting the recorders, the test measurements are performed. When the machine has reached an inte
approaching 90±20 electrical degrees, an oscillogram is taken of the line-to-line voltage E12, the phase current I3 and
the q-axis signal, showing a time interval that includes switching off. Before disconnecting the applied voltag
current Iq(0) and the voltage Ed(0) are measured. The sequence voltages after switching off are determined fro
oscillogram. These voltages, are plotted on a logarithmic scale against time and the initial transient and sub
components are found in the usual way. Residual voltages are subtracted before the plotting.

11.A.2.3 Sudden short-circuiting of machine, running on load at low-voltage—Test

The sudden short-circuiting of the machine is performed while it is running on load with the armature w
connected to a rated-frequency symmetrical three-phase low-voltage supply, at about 10% of normal. The e
winding is short-circuited.

Care has to be taken in choosing the proper voltage to ensure that the machine can be loaded up to 90±20 electrical
degrees, and also that no damage is done when short-circuiting the machine. The voltage supply is disconne
short-circuiting the machine.
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The positioning signals on the shaft are adjusted in a similar way to that described in 11.A.2.2. The q-axis current is
measured using the current in phase 3 at the time of the q-axis signal. The d-axis voltage may be measured at the sam
time as the line-to-line E12 voltage. The test is performed by short-circuiting the machine after it has reached an
approaching 90 electrical degrees (t=0). It may also slip very slowly. Values of Iq(0), and Ed(0), and after the short
circuit Iq1, Iq2, etc., are measured on an oscillograph. The plot of current value against time on a natural time 
to be obtained from the oscillogram; the initial values ∆I′q(0) and ∆I″q(0) and variations of transient ∆I′q and
subtransient ∆I″q current components with respect to time are determined and drawn on a semi-log scale.

11.A.3 Terminology and definitions for transient and subtransient reactances

11.A.3.1 Description of tests for reactances

The definitions listed in annex A of IEC 34-4 (1985) for X′q (quadrature axis transient reactance) and X″q (quadrature
axis subtransient reactance) are essentially the same, and conform in principle and theory to those listed in I
100-1992. 

The test-derived descriptions of X′q and X″q in IEC 34-4  (1985) (annex Annex A) are, for practical purposes
follows:

a) X′q—The quotient of the initial value of a sudden change in that fundamental ac component of arm
voltage, which is produced by the total quadrature-axis flux, and the value of the simultaneous chang
fundamental ac component of quadrature-axis armature current, the machine running at rated spe
high-decrement components during the first cycles being excluded.

b) X″q—The test derived description for this quantity is essentially that described in a) except that the
decrement components during the first cycles are included.

NOTE  —  See 11.A.2.3 above for actual methodology.

11.A.3.2 Parameter determination from tests

Parameter determination for X′q and X″q is based on the test procedures detailed in 11.A.2.3.

where

Ed(0) and Eq(0)are the components of the voltage and current at the time of short circuit.

NOTE  —  ∆I′q(0) and ∆I″q(0) are the sudden changes in the quadrature axis current at the time of short circuit.

The derivation of X′q and X″q by the methods of 11.A.2.1 and 11.A.2.2 are not detailed in this annex, but can be 
in IEC 34-4 , annex Annex A. The above derivation is given as a typical example.

11.A.4 Terminology and definitions for quadrature axis transient and subtransient short-
circuit time constant

Terminology and definitions for quadrature axis transient and subtransient short-circuit time constant (τ′q and τ″q).

a) X′q
Ed 0( )

Iq 0( ) ∆ I ′q 0( )+{ }
--------------------------------------------= (all quantities in p.u.)

b) X″q

Ed 0( )
Iq 0( ) ∆I ′q 0( ) ∆I″q 0( )+ +{ }

----------------------------------------------------------------------= (all quantities in p.u.)
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11.A.4.1 Description of tests for short-circuit time constants

The quadrature axis transient short circuit time constant is summarized below.

The time required for the slowly changing component of quadrature-axis short-circuit armature winding c
following a sudden change in operating conditions, to decrease to 1/∈, or to 0.368 of its initial values, the machin
running at rated speed.

The test procedure for the quadrature axis subtransient short-circuit time constant is summarized below.

The time required for the rapidly changing component, present during the first few cycles in the quadrature-ax
circuit armature winding current following a sudden change in operating conditions, to decrease to 1/∈ or to 0.368 of
its initial value, the machine running at rated speed.

The above two quantities can be also derived following the test procedures described in 11.A.2.3.

11.A.5 Terminology and definitions for quadrature axis transient and subtransient open 
circuit time constant ( τ′qo  and τ″qo)

The procedures described in 11.A.2.2 are quoted in annex A of IEC 34-4 (1985), as one of the two ways of dete
values of open circuit time constants. This procedure basically involves suddenly disconnecting the sync
machine when operating asynchronously at a low value of power and low value of stator terminal voltage.

11.A.5.1 ττττ′′′′qo Quadrature axis open circuit transient time constant

This is the time required for the slowly changing component of the open-circuit armature winding voltage w
voltage that is due to the quadrature-axis flux, following a sudden change in operating conditions, to decreas∈
or to 0.368 of its initial value, the machine running at rated speed.

11.A.5.2 ττττ″″″″qo Quadrature axis open circuit subtransient time constant

This is the time required for the rapidly changing component present during the first few cycles in the open
armature winding voltage that is due to the quadrature-axis flux, following a sudden change in operating con
to decrease to 1/∈ or to 0.368 of its initial value, the machine running at rated speed.

11.A.6 Bibliography for Annex 11A

[11A1] Canay, I. M., "A new method of determining q-axis quantities of a synchronous machine," ETZ A, vol. 86,
1965, pp. 561–568.

[11A2] IEC 34-4 (1985), Rotating electrical machines—Part 4: Methods for determining synchronous ma
quantities from tests. 
146 Copyright © 1998 IEEE All Rights Reserved

stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services
stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services



IEEE GUIDE: TEST PROCEDURE FOR SYNCHRONOUS MACHINES IEEE Std 115-1995

son is to
chanical

 operating
achine

able one to

ts have
as been
tability
, except

 or slot

 with a
 tests are
drature

Standstill
ding the
s can be
esponses
ery low

ing is that
cussed

 modest
nd data
 special

achine
forms of
pproach
ble from
gh to well

COPYRIGHT In
Licensed by 
COPYRIGHT In
Licensed by 
12. Standstill frequency-response testing

12.1 General considerations and basic theory

12.1.1 Purpose of this form of testing

In section 8 and in the introduction to section 11, the reasons for short-circuit tests were presented. One rea
show that the mechanical design of the synchronous generator (or motor) is adequate to withstand the me
stresses arising from short-circuit currents, which can be many, many times the normal stator stresses due to
currents. A second and equally important reason is to facilitate the determination of various synchronous m
characteristics such as transient or subtransient reactances and time constants. Such characteristic values en
predict the machine's dynamic performance under transient or changing conditions.

Two direct-axis transient and subtransient reactances, and two corresponding short-circuit time constan
historically been determined from the short circuit testing procedures described in section 11. Accordingly, it h
customary to assume a two-rotor-circuit direct axis model to represent the synchronous machine in s
simulations and other related analyses. The assumed quadrature-axis equivalent circuit is similar in structure
that the field winding is replaced by a second (equivalent) amortisseur circuit, representing damper bars
wedges.

It is also possible to derive corresponding quadrature axis quantities by resorting to special procedures
synchronous machine at low load and connected at low voltage to a power network. These quadrature axis
summarized in Annex 11A. It is widely accepted that present day stability studies require both direct and qua
axis synchronous machine characteristics for adequate simulation of power system dynamic responses.

An alternative exists to the above tests covered in section 11, and these alternate procedures are called 
Frequency Response (SSFR) testing. An IEEE Committee Report B8 covers the theoretical background, inclu
Laplace transform analysis of a synchronous machine (see 12.1.3). Generally speaking, stability parameter
obtained by performing frequency response tests, with a synchronous machine preferably at standstill. Such r
describe the rates of change of various stator or field quantities over a range of sinusoidal excitations from v
frequencies up to and considerably beyond nominal 50 Hz or 60 Hz values.

12.1.2 Advantages of SSFR test procedures

One noteworthy advantage as to why SSFR testing has become an acceptable alternative to short-circuit test
identification of field responses is possible. This is described more fully in the two-port direct axis concept dis
further in 12.1.3.

Another specific advantage of frequency response methods is that they can be performed, and with relatively
expense, either in the factory, or on site. They pose a low probability of risk to the machine(s) being tested, a
in both direct and quadrature axes are available, with little change in the test set-up, and without resorting to
short circuit and/or low voltage tests.

In general it would seem logical that a frequency-domain approach in describing the dynamic performance of m
models is preferable (at times) to a time-domain or step-response approach. The latter is inherent in most 
current decrement testing and identification of two time constants and two inductances limits the decrement a
to models of second order. However machine dynamic models of higher order (rather than second) are availa
the frequency domain approach, since testing embraces more than three decades, from about 0.01 Hz throu
over 100 Hz.
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12.1.3 Theoretical background

The IEEE Committee Report B8 published in 1980 provided the basic theory for frequency response testing
report, equations were given describing the concept of an operational approach to synchronous machine d
This concept describes the electrical responses of a synchronous machine to small perturbations. Such pertur
stator and rotor quantities about some operating point involve basic transfer function parameters noted belo
direct and quadrature axes of a machine.

Thus

(12-1)

where

Ψd and Ψq    are direct or quadrature axis stator flux linkages
id and iq        are corresponding stator currents, at some operating point
efd                 is the machine field voltage at a particular operating point
∆                   is a small perturbation around some operating point

Ld(s), Lq(s) and G(s) (or sG(s)) are described below.

These equations also lead to the concept of a two port network for the direct axis, and one port for the quadra
Figure 12.1 is a block diagram representation of equation 12-1. Note that a second "port" has been drawn
quadrature axis for completeness, but it, in fact, is inaccessible.

Figure 12.1—Two-port direct and quadrature axis representation based on equation 12-1

∆ψd s( ) G s( )∆efd s( ) Ld s( )– ∆i d s( )⋅=

∆ψd s( )           Ld s( )– ∆i d s( )⋅=
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12.1.3.1 Definition of operational parameters for the direct and quadrature axes

The definitions below are the principal ones which power system analysts have found convenient when descr
response of synchronous machines B8. Note that functions of s are complex quantities, where s = jω = j2πf rad/s.

Ld(s) The direct-axis operational inductance. It is the Laplace transform of the ratio of the direct-axis armat
flux linkages to the direct-axis current, with the field winding short-circuited.

Lq(s) The quadrature-axis operational inductance. It is the Laplace transform of the ratio of the quadrature-a
armature flux linkages to the quadrature-axis current.

G(s) The armature to field transfer function. It is the Laplace transform of the ratio of the direct-axis armat
flux linkages to the field voltage, with the armature open-circuited.

An alternative way of describing the armature to field transfer function follows. sG(s) is the Laplace transform of the
ratio of the direct-axis stator current to the Laplace transform of the field current, with the field winding 
circuited.

Another useful transfer function is

Zafo(s) It is ratio of the Laplace transform of the field voltage to the direct-axis stator current, with the field c
winding open.

12.1.4 Model representation possible from this form of testing

Reference B9 is an original paper that describes how the above noted transfer functions may be developed int
models. In that paper, second order models are chosen and a closed form set of equations are listed which de
rotor model elements of figure 2. Although the values of Lad and Laq in figure 2 can be derived from measuremen
described in section 10, they are often taken from generator design data. Ll is almost always taken from design data

Note that in figure 12.2, on the direct axis, an additional inductance is shown (Lfld). This inductance has been identifie
in recent literature as a differential leakage inductance. In Reference B9 by Canay it was shown that Lfld equals the
difference between the relatively large mutual inductances. Lmfld is the mutual inductance from the field winding to a
equivalent rotor iron circuit or rotor damper bar circuit. Lad is the mutual inductance between the field winding and 
stator. Thus Lfld = Lmfld − Lad. In turbine-generators Lmfld is slightly greater than Lad, and thus Lfld usually has a
positive value. In hydrogenerators the opposite is true and Lfld often has a negative value. Reference B9 also sho
that ignoring Lfld, by assuming Lmfld equals Lad, results in inaccurate calculation of field current responses, un
generator transient conditions. This omission of Lfld is permissible if stator responses to generator transient condit
are only of importance, and if field excitation is held constant.

Alternate forms of model representation are available in transfer function form, or in inductance-matrix form.
are discussed in 6.5 of IEEE Std 1110-1991. 
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Figure 12.2—Complete direct-axis equivalent and quadrature-axis equivalent                                
(second order model)

12.1.5 Additional comments on application of operational methods to a synchronous machine

As noted above, in considering appropriate models of a synchronous machine derived from SSFR test
synchronous machine is basically equivalent to a one-port network in the q-axis and a two-port network in the d-axis.
Some implications of this equivalency are

a) For a complete mathematical description of the direct axis device, three transfer functions are needed
(Ld(s), sG(s), and Zafo(s)) as determined in subsequent clauses appears to constitute a useful group.

b) When focusing on stator voltage perturbations, the third transfer function Zafo(s) is not generally used. This
is the basis for using only Ld(s) and sG(s) in determining models for stability studies. As long as t
excitation source impedance is unimportant (low) during excitation system voltage excursions, a
excitation source voltage is constant, there is no pressing need for matching Zafo(s) in the higher frequency
ranges beyond 1–10 Hz. The use of Zafo(s) in determining the effective stator to rotor turns ratio is importa
and is discussed in subclauses of 12.5.

c) In the q-axis, just one transfer function, Lq(s) is sufficient to fully characterize the machine stator termin
behavior.

The SSFR test described in following clauses requires that magnitude and phase of the various transfer fun
measured at several frequencies. The analysis procedure then consists of deriving from these measurem
characteristic parameters that, as known for many decades, can be given in terms of either time constants 
associated transient and subtransient reactances, or can be derived as equivalent circuits.
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Characteristic quantities such as reactances and time constants are fundamental parameters helpful for de
synchronous machine. The utilization of SSFR frequency-response data will provide time constants and reac
transfer function form. Alternatively, there exist direct-axis and quadrature-axis model structures that also 
realistic relationship to the physical or operating processes of synchronous machines. Such relationships ar
described in terms of stator and rotor flux linkages and currents. From these model structures consisting of re
and reactances, the corresponding transient, subtransient or sub-subtransient quantities follows. See B19 for 
exposition of the above comments.

Aspects of standstill frequency-response testing that are different from the short-circuit current testing proce
section 11 are the measurement accuracy requirements and the complexity of the data reduction tec
Instrumentation capable of resolving magnitudes and phase angles of fundamental components of ac signa
frequencies (possibly down to 0.001 Hz or 0.002 Hz) is required. In addition, accurate and reliable proced
translating the test data into synchronous machine stability study constants virtually requires some f
computerized curve-fitting technique. Illustrative examples will be shown in 12.5.3 and 12.5.4.

Users of these test methods are urged to compare, where possible, the simulated performance of the stands
with actual generator or system responses under loaded conditions. In some instances, it is quite likely that o
open-circuit rated speed, frequency-response testing, or line switching tests, are needed either to confirm the
of the standstill models, or to adjust their rotor equivalent circuit parameters to reflect loaded conditions at rate
The effect of centrifugal forces on slot wedge characteristics in cylindrical rotor machines or the construc
retaining rings are examples of possible electrical or magnetic rotor circuit changes under operating loaded co
as is the effect of saturation in both the direct and quadrature axes.

References B10, B11, B12, B13, and B14 discuss the theory of developing SSFR models, and some of the ap
of such models to turbogenerator dynamic performance.

Work is currently underway (1995) in an exploratory stage in applying these techniques to machines of salie
construction. When the measurement techniques described in 12.2 and 12.3 have been successfully applied 
salient pole machines, they will be included in future revisions to this document. Locating one of the many dire
field positions, and then moving the standstill multi-pole rotor through 90 electrical degrees may prove to b
consuming. Users should also be cautioned that fractional slots/pole/ phase machines may require repeatingd and
q-axis test for various pole positions.

12.2 Testing conditions for SSFR procedures and instrumentation requirements

12.2.1 Machine conditions for standstill frequency-response tests for turbine generators

The machine shall be shut down, disconnected from its turning gear, and electrically isolated. The unit tran
shall be disconnected from the armature terminals and any armature-winding grounds removed. Also all con
to the field terminals shall be taken off. This can be done by removing the brushgear or, in the case of a b
exciter, electrically disconnecting the complete exciter from the generator field windings.

It is important to maintain the armature-winding temperature at a constant value during the measurements s
low-frequency test points are very sensitive to the armature resistance. To this end, the machine should be 
close to ambient temperature as possible, and any stator heat exchangers should be turned off.

Circulation of the water through the stator winding should be maintained to ensure that stagnation does not c
water conductivity to change.

It must be possible to turn the machine rotor to a precise position prior to the tests. This is most easily done 
cranking the turning gear. If this is not possible, a hydraulic jack can be used against a coupling bolt. Although 
crane may be helpful in making large movements, it is not precise enough for the final positioning of the shaf
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12.2.2 Instrumentation and connections

The frequency-response measurements are performed, most conveniently, with a low-frequency, dual-
spectrum analyzer. This type of instrument will measure the magnitudes and relative phase-angle of two sig
extract only the fundamental components from any distorted waveforms. The basic specifications of the a
should include frequency measurement in the range 0.001 Hz to 1 kHz, phase resolution down to at least 0.1
and differential inputs capable of up to 100 V input signals. Some programming capability within the analyzer
permit unattended operation of parts of the frequency-response test, especially during the time-consuming s
the low-frequency decade from 0.01 Hz down to 0.001 Hz.

12.2.3 Typical test setups (see figure 12.3)

The relationship between the measured quantities and the desired variables is given in 12.2.6. An oscillator
sometimes an integral part of the above-mentioned analyzer, provides the test signal. This goes to a power a
the output of which is connected to two terminals of the generator armature winding. The metering error 
measured transfer function should not exceed one percent at any point in the frequency range. Refer also 
Several variations in the testing procedures are shown in figures 12.3 a), b), c), and d).

The power amplifier must create readily measurable signal levels for the armature and field winding voltag
currents. For example, signals of up to 40 A rms and 15 V rms are required for machines in the 500–900 MW
Test currents should be small enough to avoid temperature changes in the armature, field, or damper circuits d
test. Voltages at the armature or field winding terminals shall not exceed rated voltage levels. As a general gu
currents would not be expected to exceed one-half of 1% of rated armature current (see 12.2.5).

Normal precautions to avoid overloading inputs and outputs of instruments should be observed. The imp
measured at the armature terminals at very low frequencies will be approximately twice the armature phase re
The maximum measured impedance will be approximately 2(R2 + jωL2) where R2 and L2 are the negative sequenc
resistance and inductance and ω is the highest angular frequency used for the test. Both the power amplifier an
measuring instrument must be suitable for this impedance range.
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Figure 12.3—Test setup for direct-axis measurements
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12.2.4 Measurement accuracy

Reducing or eliminating the effect of contact resistances is very important to the accuracy of the measur
particularly on the armature winding. The current metering shunt for the armature should be bolted directly
conductor in the isolated phase bus, as close to the generator terminals as possible; conducting grease shou
to enhance the contact. As noted in 12.2.2, an instrument having differential inputs is preferred for mak
measurements. Figure 12.4 shows the proper connection of the test leads for such a device. If an instrument w
ended inputs (common low side) is used, then the connections in figure 12.5 are appropriate.

Current metering shunts are used to measure the test current supplied to the armature winding and the indu
current. Shunt rating should be matched to the maximum and minimum currents to appear in the respective w
For the test schematics in this specification, the induced field current will not exceed

where

Ifd(base) is the field current required for rated armature voltage on the air gap line
is is the peak value of the largest armature current used during the test
ia(base) is the peak value of the rated armature current

All currents are expressed in A.

The resistance of the field winding shunt should not make the total dc resistance of the field circuit signif
greater than the field resistance at rated operating temperature.

Figure 12.4—Connections for differential inputs

3I s Ifd base( ) i a base( )⁄( )
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Figure 12.5—Connections for single-ended inputs

12.2.5 Precautions and ancillary matters relating to machine safety

It shall be recognized that during standstill frequency-response tests, the thermal capability of the generato
reduced with respect to its capability at normal operating conditions. Therefore, test levels of currents and v
must be maintained sufficiently low to avoid any possible damage to either stator or rotor components. This
achieved by limiting the maximum output of the power source to levels equal to or less than the standstill ca
of the generator. The manufacturer should be consulted to identify the applicable limits.

12.2.6 Measurable parameters available during standstill tests

The following five operational quantities have been found useful in developing transfer functions or equivalent
axis or quadrature-axis models for synchronous machines. The above quantities can be obtained fro
measurable parameters with the machine at standstill. Early works that include discussions on the concepts o
machine operational impedances, and by implication, operational inductances have been authored by Conc
Adkins, among others.

The three principal parameters noted below relate to the three definitions listed in 12.1.3.1.

a) Zd(s). The synchronous machine direct-axis operational impedance is equal to Ra+sLd(s), where Ra is the
armature resistance per phase. The dc value of Ra is used because it is measurable, and, as will be seen in
numerical example in 12.5.4, its contribution to the total impedance is only significant at low freque
Also,

(12-2)
Zd s( ) ∆ed s( )

∆i d s( )
---------------- ∆efd 0 Ω= =
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b) Zd(s) in physical terms is measured as an rms complex magnitude of a ratio of input and output signals
terminology used here, the numerator is always the input signal. These comments apply as wel
quantities described in equations 12-3 to 12-7.

Note the vertical bar to the right of the transfer function expression, along with the notation at the side
bar. This indicates the stator or field physical connection during the test. Thus ∆efd = 0 means that the field
is shorted during the test measurements, for example in equation 12-2. ∆i fd = 0 in equation 12-6 means tha
the field is open during this test measurement.

c) Zq(s). The synchronous machine quadrature-axis operational impedance is equal to Ra + sLq(s) where Ra is
the dc armature resistance per phase.

(12-3)

A third machine quantity is given by the relation

(12-4)

An alternative method of measuring this parameter is suggested as follows:

(12-5)

The advantage of the above form of measurement in equation 12-5 is that it can be measured at the same timZd(s).

A fourth measurable synchronous machine parameter at standstill is the armature-to-field transfer imped
follows:

(12-6)

A fifth measurable synchronous machine parameter at standstill may be obtained by exciting the field w
armature open. It has been called the field to armature transfer impedance.

(12-7)

The limited application of this last function is discussed in B16.

12.3 Test procedures

12.3.1 Required measurements

The magnitude and phase angle of Zd(s), sG(s), and Zq(s) shall be measured over a range of frequencies. The minim
frequency (fmin) should be at least one order of magnitude less than that corresponding to the transient open
time constant of the generator, that is,

(12-8)

Zq s( ) ∆eq s( )
∆i q s( )
---------------- Ω–=

G s( ) ∆ed s( )
s∆efd s( )
--------------------- ∆i d 0= =

sG s( ) ∆i fd s( )
∆i d s( )
----------------- ∆efd 0= =

Zafo s( ) ∆efd s( )
∆i d s( )
------------------ ∆i fd 0 Ω= =

Zfao s( ) ∆ed s( )
∆i fd s( )
----------------- ∆i d 0 Ω= =

fmin
0.016
T ′do
-------------≅
156 Copyright © 1998 IEEE All Rights Reserved

stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services
stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services



IEEE GUIDE: TEST PROCEDURE FOR SYNCHRONOUS MACHINES IEEE Std 115-1995

cy of the
ced, per
esponse
z to 200

tween the
the stator
accurate

e low-
it
 and

th an
rn the

agnetic

COPYRIGHT In
Licensed by 
COPYRIGHT In
Licensed by 
The maximum frequency for the test should be somewhere between two and three times the rated frequen
generator being tested, perhaps 200 Hz for a 60 Hz machine. Approximately 10 test points logarithmically spa
decade of frequency, is a satisfactory measurement density. From practical experience of frequency-r
measurements on turbo-generators, ten steps/decade will provide adequate resolution in the range of 0.01 H
Hz. However, for the low-frequency stator-impedance measurements, (Zd(s) and Zq(s)), in the range 0.01 Hz down to
0.001 Hz, a measurement resolution of 40 steps per decade is preferable. The phase-angle difference be
voltage and current signals is very small and as the frequency decreases, the magnitude approaches twice 
resistance—a relatively small value. Therefore, a higher number of points/decade is required to achieve an 
measurement of the effective stator resistance, Ra, at the time of the frequency-response test.

The mutual inductance between the field and armature windings, Lafd, shall also be measured, where

(12-9)

The most direct way is to obtain the magnitude of the low-frequency asymptote of the transfer function ∆efd(s)/∆id(s),
measured during the direct-axis tests with the field open. Alternatively, it can be calculated by multiplying th
frequency asymptote of the magnitude of ∆ifd(s)/∆id(s) by rfd. rfd is the total resistance in the field winding circu
during the measurement of ∆ifd/∆id(s), namely the field resistance plus metering shunt plus connecting lead
contact resistances.

12.3.2 Positioning the rotor for d-axis tests

This is performed by temporarily connecting the power amplifier as in figure 12.6. Drive the amplifier wi
approximately 100 Hz sinusoidal signal, and measure the induced field voltage with an oscilloscope. Tu
generator rotor slowly until the induced field voltage observed on the oscilloscope is nulled. At this point, the m
axis of the field winding is aligned with that of the series connection of phases a and b that will be used for the direct-
axis tests.

Lafd
2
3
---  

1
s
---  Zafo s( )[ ]

s 0→
lim=
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Figure 12.6—Positioning the rotor for direct-axis tests

12.3.3 Direct axis tests

12.3.3.1 Zd(s) as defined above, and stator resistance Ra

Referring to figure 12-3a), connect the power amplifier to terminals a and b of the armature winding through the
metering shunt. Short the field winding through a non-inductive metering shunt, making solid connections to th
winding. This can be done by wrapping copper bands around the slip rings, taking care not to damage the s
and bolting the shunt to the bands. In the case of a brushless exciter, it may be possible to bolt the shunt direc
field terminals.

Refer again to any of the four signal measuring configurations a) to c) in figure 12.3. The following notations a
to distinguish between the mathematical quotients in equations 12-2 through 12-7, and the actual armature and field
measurements being instrumented. Thus, Varm is proportional to ed and iarm is proportional to id. Field quantities efd
and ifd can be used directly.

To commence with the actual measurements, connect the Varm and iarm signals to the frequency-response measuri
instrument so that it will measure Zarmd(s) = ∆Varmd(s)/∆iarmd(s). Perform this measurement over the frequency ran
0.001 Hz to 200 Hz.

Instrument readings obtained from the test set-up of figure 12-3a) permit the stator direct-axis operational imp
and stator resistance to be obtained as follows:

(12-10)Zd s( ) 1
2
---  Zarmd s( ) Ω=
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(12-11)

Zd(s) quantities are plotted in figure 12.7 and figure 12.8.

Figure 12.7— d-axis impedance (field-shorted)

Ra
1
2
--- Zarmd s( )[ ]

s 0→
lim

 
 
 

Ω=
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Figure 12.8—Resistive component of Zarmd (s)

To obtain Ra, plot the real, or resistive, component of armature impedance Zarmd(s) as a function of frequency, and
extrapolate it to zero frequency to get the dc resistance of the two phases of the armature winding in series, 2Ra. Care
should be taken to obtain this resistance with as much accuracy and resolution as possible; otherwise, large
the low-frequency values for operational inductance will result. Typically, a measurement resolution of 1 part i
is required at the very low frequencies. If the instrument being used cannot achieve this, satisfactory result
obtained by spacing the measurements closer than 10 per decade and drawing a line through the scatter of t
Note that Ra obtained by this method should be close to the value for the armature resistance quoted 
manufacturer.

Zd(s) and Ra will be used to calculate Ld(s), where

(12-12)

s is defined in 12.1.3.1.

Interpretation and utilization of Ld(s) data, which are plotted in figure 12.9, are considered in detail in 12.5.

Ld s( )
Zd s( ) Ra–

s
-------------------------= henries
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12.3.3.2 sG(s)

Now, connect the instrument to the ifd and Varm signal leads, figure 12-3b), and measure the transfer function ∆i fd(s)/
∆iarm(s) over the frequency range as described in 12.3.3.3. Then, calculate

(12-13)

which will lead to a plot similar to figure 12.10. The cosine 30° factor in equations 12-13, 12-14, and 12-15 recogniz
the physical or electrical phase displacement between the field (as aligned above in 12.3.2) and either phaseb or c.

12.3.3.3 Zafo(s)

Finally, open the field winding by removing the field current metering shunt, and connect the ifd and iarm signal leads
to the measuring instrument, figure 12-3c). While ten measurements per decade are the norm, ad
measurements between 0.001 Hz and 0.01 Hz are recommended in order to obtain a good fit to any assume
function. See 12.3.1. Measure ∆efd/∆iarm at the necessary number of frequencies and calculate

(12-14)

Figure 12.9— d-axis operational inductance (field-shorted)

When plotted, these points will be similar to figure 12.11. This completes those direct-axis tests that are 
performed.

∆i fd s( )
∆i d s( )
-----------------

∆i fd s( )
∆iarm s( )  30°cos⁄
---------------------------------------------

0.86603∆i fd s( )
∆i arm s( )

-------------------------------------= =

Zafo s( )
∆efd s( )
∆ id s( )
------------------

∆efd s( )
∆i arm s( )  30°cos⁄
---------------------------------------------

0.86603∆efd s( )
∆i arm s( )

--------------------------------------  Ω= = =
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12.3.3.4 Zfao(s)

This measurement of field to stator transfer impedance is occasionally required. For this, the test setup of figur
can be modified to that of figure 12-3d). The iarm leads would then be connected to the field shunt. The efd leads of
figure 12-3c) would be connected between terminals a and b of the stator after removing the power amplifier leads a
the shunt from the stator. The power amplifier leads would connect to one field terminal and the open end of th
connected to the field, shown in figure 12-3d). Then Zfao(s) is determined as

(12-15)

When the Zfao(s) measurement is not required, the q-axis tests may now be performed by aligning the rotor with ph
a. This is described in the next section.

Figure 12.10—Standstill armature to field transfer function = sG(s)

Zfao s( )
∆ed s( )
∆i fd s( )
----------------- 1

2
---

∆varm s( )  30°cos⁄
∆i fd s( )

---------------------------------------------
 
 
  0.577∆varm s( )

∆i fd s( )
------------------------------------ Ω= = =
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Figure 12.11—Standstill armature to field transfer impedance

12.3.4 Positioning the rotor for q-axis tests

Connect the power amplifiers across phases a and b as in figure 12.3 for the direct-axis measurements. Remove
field current metering shunt, and set the oscillator frequency to approximately 100 Hz. Observe the induce
voltage on an oscilloscope, and turn the generator rotor slowly until a null in the induced field voltage is achiev
visible rotor position will be changed 90 mechanical degrees for a two-pole machine and 45 mechanical degr
four-pole machine. The rotor is now positioned for the quadrature-axis tests.

12.3.5 Quadrature-axis tests

Connect the Varm and iarm signal leads to the instrument to measure Zarmq(s) = ∆varm(s)/∆iarm(s), as was done on the
direct-axis in figure 12-3a).

Instrument readings over the complete frequency range obtained from the new test set-up of figure 12-3a) p
stator quadrature axis operational impedance and stator resistance to be obtained as follows:

(12-16)

(12-17)

Zq(s) quantities are plotted in figure 12.12.

Zq s( ) 1
2
---Zarmq s( ) Ω=

Ra
1
2
--- Zarmq s( )[ ]

s 0→
lim

 
 
 

 Ω=
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Note that Ra, the dc resistance of one phase of the armature winding, should be nominally the same as obtaine
the direct-axis tests. However, because of the sensitivity of the results to this value, it should be obtained aga
the q-axis data and the techniques in 12.3.3.1 in case a change in the winding temperature has altered its va
the d-axis tests.

Zq(s) and Ra will be used to calculate Lq(s)

where

(12-18)

s is defined in 12.1.3.1.

Interpretation and utilization of Lq(s) data, which are plotted in figure 12.13, are considered in detail in 12.5.

Figure 12.12— q-axis impedance

Lq s( )
Zq s( ) Ra–

s
-------------------------= henries
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Figure 12.13— q-axis operational inductance

12.4 Interpretation of test data

This issue is one of the practical problems in fitting operational test data to a particular chosen model networ
been maintained that the presence of "noise," particularly in the frequency range below 0.01 Hz, has a "cor
effect on the matching process below that frequency. This might be the case infrequently, but recent exper
users indicates that there may be several issues involved in the fitting process. Some of these are listed belo

1) Structure: For the d-axis network, it is possible to choose between the structures proposed by IEEE Std
1991 and those recently proposed by Bissig et.al. B20. Figures 12-14a), b), c), or d) for the direct ax
figures 12-15a), b), or c) for the quadrature axis are representative of commonly used models for fi
SSFR test data, as recommended in IEEE Std 1110-1991. 
For each of the direct-axis models in figure 12.14, be they first, second, or third order, the test data m
interpreted as a complete set. The same applies to the quadrature axis models, of figure 12.
consistency, if a third order model is chosen for the direct-axis, a third order model is also recommen
the quadrature axis. It is not considered a valid procedure to develop a second order model from a da
third order model by network reduction, and this artifice is to be deprecated.

2) Per-unit system: It is well known that different choices of the p.u. system and/or the armature lea
reactance can lead to networks with markedly different parameter values. In particular, a network with or
without Lfld, Lfl2d, or Lf2d can be constructed for the same machine B17.

3) Incomplete modeling: Since the machine's d-axis is a two-port network, the use of only two transfer functio
in the fitting leads to incomplete specification of the network. Therefore, even with a given topology,
will be a number of models matching two transfer functions but not the third.
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Figure 12.14—Direct-axis equivalent circuits
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Figure 12.15—Quadrature-axis equivalent circuits

To summarize, the direct fitting of equivalent circuits, (even though this involves possible solutions which ar
unique), leads to a simpler translation problem; characteristic quantities; i.e., time constants and reactances, 
derived from equivalent circuits while the reverse is basically a nonlinear problem B18, and difficult to solve
general case of two transfer functions [Ld(s), sG(s)] especially of third order or higher.
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12.4.1 Parameter determination based on SSFR test results

12.4.1.1 General comments

In IEEE Std 115A-1987, the suggestions for modelling, based on SSFR testing, proposed that a specific 
model be assumed for both the direct- and quadrature-axis of a turbogenerator. This approach to modellin
contrast to the long accepted reactance and time constant approach used for example in IEEE Std 115-1985
this time, Umans, et. al. B15 pointed out that other approaches to using the test data were available. Two pa
published in 1993 documented an alternate approach to fitting SSFR data. In the first stage, reactances 
constants formed the bases for obtaining transfer functions, which match the SSFR test results. Then the character
data (X′d, X″d, T′do, etc.) were translated into an equivalent direct axis circuit. This translation process 
characteristic values to model elements is linear in the cases of using just Xd(s) or Xq(s) values. It ceases to be linea
when sG(s) is considered at the same time as Xd(s).

12.4.1.2 Models and model parameters vs. characteristic quantities

Although the characteristic quantities are the parameters most descriptive of the "filtering" or transfer-fu
properties of a synchronous machine, network representation has also been used, for two main reasons—
interpretation and computational efficiency.

It is shown in B19 how the parameters of the conventional network model structures can be interpreted in the
the main physical magnetic paths of a machine. If one changes the network structure, the physical interpreta
be lost. If the internal description of the rotor and stator flux-current distribution is desired for any reason, a n
model similar to one of those proposed in IEEE Std 1110-1991 or in figure 12.14 should be retained.

Generally speaking, the conventional network model is computationally more efficient than any conceivable
based on characteristic quantities, even though they correspond to each other mathematically. It is not easy
the simulation flow-chart diagram in terms of time constants and reactances for models with more than two d
in the d-axis. When the state-space model of the d and q axis networks is known, any single transfer function is eas
derived. Once the admittance matrix of the machine at rest is evaluated using conventional linear-algebra t
operational impedances can be computed, followed by the associated dynamic reactances and time constan

The question of choosing time constants and reactances, as opposed to equivalent network models, is bas
option of the power system analyst. The remarks above should be of some use in deciding on the comp
structure of the synchronous machine from the viewpoint of its dynamic response to various power 
disturbances.

12.5 Suggested procedure for development of a third-order model

12.5.1 General

As discussed in 12.4, there are a number of possible models and procedures for reducing stand-still frequency
data to model parameters. Thus, the SSFR data obtained from the tests described in 12.3 can be used to obt
range of models depending upon the desires and capabilities of the user. It is not the intent of 12.5 to prescri
specific models, structures, or methods of obtaining model parameters from the SSFR data. This subclause i
one possible route to the derivation of generator models from a given set of data. This is neither the only me
is it necessarily the best.

The approach followed leads to an equivalent circuit model that is a linear lumped parameter model selected
the same frequency, and hence, time domain characteristic as the generator. To avoid confusion, the calcula
done in volts, amperes, ohms, and henries. Then, the resulting equivalent circuit elements are normalized to p
by dividing the base impedance or inductance of the machine, as appropriate.
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12.5.2 Mathematical background

The steps for the direct axis are

a) Assume the best available estimate for the stator leakage inductance Ll. Typically these could be the value
supplied by the manufacturer.

b) Ld(o) is the low-frequency limit of Ld(s).

(12-19)

NOTE  —  This value of Lad(o) is appropriate to the flux levels that existed during the test; in general, it will be lower 
the unsaturated value associated with the air-gap line. This is further discussed in annex Annex 12A.

c) When the information in b) has been determined, use the Zafo(s) transfer function defined in equation 12-1
to find a field to armature turns ratio as follows:

(12-20)

The letter (o) refers to the low-frequency limit of each respective variable.

In discussing and utilizing this turns ratio, the actual machine physical turns ratio is the total number o
in the field divided by the armature turns per phase.

In presenting these concepts, Rankin B25 noted that the physical turns ratio must be adjusted by
factors. Among these factors are the armature winding pitch and distribution factors, the field flux form
and others. These can be combined for the purposes of this discussion into one factor K. The rela
between the physical turns ratio and the effective (or base) turns ratio as stated by Rankin can be for
here as follows:

(12-21)

where

P is the number of field poles
Nfd is the number of field winding turns per pole
Na is the number of stator turns (in parallel) per phase
K is the combination of design and physical factors as noted above
ia(base) is the peak armature rated current per phase, A
ifd(base) is the Ifd(base) · (Ladu), where Ifd(base) is the excitation in A (dc) to produce rated armature v

on the air gap line, and Ladu is in p.u.
It should be noted that Naf(o) and Naf(base) are usually very close to each other in value. In the followind-
axis model development Naf(o) will be used. The use of both Naf(o) and Naf(base) will be discussed in anne
Annex 12B.

d) The field resistance, referred to the armature winding, is

(12-22)

NOTE  —  This method is used rather than direct measurement to account for the resistance of the metering s
connecting leads that are a part of the field circuit during the tests. However, a direct measurement of t
resistance plus the metering shunt resistance is a useful check.

Lad o( ) Ld o( ) Ll  henries–=

Naf o( ) 1
sLad o( )
-------------------

∆efd s( )
∆i d s( )
------------------

s o→
lim

 
 
 

=

P Nfd⋅
Na

---------------- K[ ] 3
2
--- 

ia base( )
i fd base( )

------------------------- Naf base( )= =

Rfd

sLad o( )

∆ i fd s( )
∆i d s( )
-----------------

 
 
 2

3
--- Naf o( )( )

s 0→
lim

------------------------------------------------------------  ohms=
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e) Choose an equivalent circuit structure for the direct axis.
f) Use an iterative technique (see 12.5.3) to find values for the unknown circuit elements that produce t

fit to the two direct-axis functions Ld(s) and sG(s).

NOTE  —  Ll and Rfd are already determined from the previous calculations.

g) Adjust Lad calculated in (b) above to its unsaturated value Ladu (see annex 12A).
h) Measure the resistance of the field winding itself at the field terminals, convert it to the desired ope

temperature, and refer it to the stator. For example, consider a copper winding converted to 100 °C:

(12-23)

where
rfd is the field resistance measured at the field terminals
Tf is the average field winding temperature in °C during the measurement

Substitute this value for Rfd in the equivalent circuit. For field winding materials other than copp
appropriate values of temperature coefficients (234.5 for copper) shall be used.

i) Normalize the equivalent circuit elements to p.u. values.
j) To determine as an initial value, the quantity ifd(base) in the reciprocal system B25, refer back to equation

(12-24)

Note the use of Naf(o) in place of Naf(base).

The steps for the quadrature axis are

1) Assume the same value for the armature leakage inductance that was used in the d-axis.
2) Lq(o) is the low-frequency limit of Lq(s).

(12-25)
Again, this value is correct for the test conditions but may be different at operating flux densities.

3) Choose an equivalent circuit structure for the quadrature axis.
4) Use an iterative technique to find values for the unknown circuit elements that produce the best fit toLq(s).

Ll and Laq(o) are known.
5) Convert Laq(o) to its unsaturated value Laqu (see annex Annex 12A).
6) Normalize the equivalent circuit elements to p.u. values.

12.5.3 Curve-fitting procedures

Numerical values for the equivalent circuit parameters are derived from the standstill frequency response 
curve-fitting techniques applicable to nonlinear functions (also known as nonlinear regression analysis). Typic
linear curve-fitting algorithms include the Levenberg-Marquadt, Maximum-Likelihood, and "Pattern-Se
methods.

Computer programs suitable for this application typically take two forms. In one form, the user must compute o
value of a specific dependent variable—Lq(s), for example—for any set of unknown parameters. Unknown parame
could be either the constants appearing the operational form for the dependent variable; for example

(12-26)

for the quadrature axis, or the actual equivalent circuit elements [see figure 12-15c) for example].

Rfd at 100°C
234.5 100+
234.5 Tf+

---------------------------- r fd[ ] 3
2
--- 1

Naf o( )
----------------

2
 ohms=

i fd base( ) 3
2
--- i a base( ) 1

Naf o( )
----------------  amperes (dc)=

Laq o( ) Lq o( ) Ll–= henries

Lq s( )
Lq o( ) 1 sT1+( ) 1 sT2+( ) 1 sT3+( )

1 sT4+( ) 1 sT5+( ) 1 sT6+( )
-----------------------------------------------------------------------------------=
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There is a tendency on the part of some analysts to assign, for example, quadrature-axis time constants to the
in equation 12-26 B19. Thus T1 would be considered to be representative of T′q, and T4 to be representative of T′qo,
and so on. Such time constants derived from equation 12-26 may be reasonably close in value to the quadra
time constants described in Annex 11A, but they are not identically the same. Similar comments apply to 
functions developed from d-axis test data. The direct axes transfer function expressions are not identical in
constant values to those developed in section 11 from various short-circuit or voltage recovery tests, such asT′d, T″d,
T′do, etc.

The second (equivalent circuit) form requires computation of both the partial derivatives of the dependent v
with respect to each of the unknown parameters and the value of the chosen independent variable. Either
techniques might be used for the curve-fits of the direct- and quadrature-axis functions. Programs or proced
could be suitable for curve-fitting the results are described in B21, B22, B23, and B24. Refer also to annex Ann

One approach is to use a "pattern search" technique. Briefly, the "pattern search" technique is a general m
linear and non-linear parameter fitting using a set of data points with individual weighted functions [Ld(s), sG(s) and
Lq(s), for example] of the fitted parameters. For this method, it is not necessary to provide partial derivative fu
with respect to each of the parameters. Given an initial equivalent circuit parameter vector, Γ0, calculate its error, e0,
as the sum of the weighted squared differences between the SSFR data points and the responses calculate
parameters Γ0. The jth element of this sum for the transfer function frequency response, FRi, would be

(12-27)

The letter (o) refers to the low-frequency limit of each respective variable.

(12-28)

where

n is the number of elements in the vector

(12-29)

Each frequency point, 2 πfj has a weighting factor, ωj, associated with it. Usually the SSFR data in the frequency ra
of 0.5 Hz to 5 Hz is given the most weighting to yield an equivalent circuit model suitable for stability studies
transfer function, FRi, [(i.e., Ld(s), sG(s), and Lq(s), for example)] also has a weighting, ωi. It is necessary to assign
weightings to each transfer function because functions such as sG(s) contain less information about the stator circu
due to the stator-to-field transformation. As a result sG(s) should be given a weighting of perhaps 1 while Lq(s) and
Ld(s) would each be assigned a weight of 10. The error, e0, for the given parameter vector, Γ0, is expressed as

(12-30)

NOTE  —   is a symbol stating that the summation is executed for all values of i and j as indicated in equation 12-29.

Γ0 jωLl , jωLaq o( ), jωL1q, R1q…

         …jωLad o( ), jωLf12d, jωL1d, R1d…

         … jωLfd, Rfd, 
1

Naf o( )
----------------

=

Γo γ1, γ2,……γn[ ],=

eij ωi ωj
FRi  data ω 2πrf j=( ) FRi  calc ω 2πfj=( ), Γ0{ }–[ ]2=

e0 eij

i j∀
∑=

 ∀
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Change each non-fixed parameter, γk, by a fixed amount +∆γk and then −∆γk in turn and calculate the error. Retain th
changes that reduce the error (i.e., γk + ∆γk, γk − ∆γk or γk) in a new parameter vector, Γ1, with an error e1. If e1 is
greater than or equal to e0 then decrease the ∆γk by some factor and alter each parameter in turn. This is called
"explore" phase of the algorithm.

If e1<e0, then calculate a new set of parameter values by the "pattern" Γ2 = 2Γ1 − Γ0, assuming the difference will be
a vector in parameter space pointing towards the minimum error. Calculate the error, e2, with the parameter values, Γ2.
If e2 > e1, then let Γ0 = Γ1 and e0 = e1 and return to the "explore" phase. If the error is the same or less then 
"improve" the pattern by changing each parameter in Γ2 as in the "explore" phase. If the new error, e2 is less than e1,
then let Γ0 = Γ1, Γ1 = Γ2 and e2 = e1 Loop back and try the improved "pattern" again; otherwise, go back to
"explore" phase and try to create a new "pattern." The process terminates when the changes, ∆γ, are too small to affect
the significant digits of Γ, the fitted equivalent circuit parameter values.

12.5.4 Numerical example

Machine rating: 192.3 MVA, 18 kV, 60 Hz

Xdu (quoted by manufacturer) = 2.02 p.u.

Thus, Xadu = Xdu − Xl = 1.842 p.u. based on above quoted values in the proposal from the manufacturer.

The four measured functions that will be used are as follows:

The functions are shown in figures 12.7, 12.11, 12.10, and 12.12, respectively.

Figure 12.8 is a plot of the resistive component of Zarmd(s) at the low-frequency end of the measurements. At z
frequency, its value is 2Ra. Accordingly, from figure 12.8, Ra = 0.001612 Ω for the example machine. This value o
0.001612 is 1/2 of the measured quantity with two armature windings in series. The operational inductance
calculated at each frequency. For example, at 0.13 Hz, Zd = 0.003370 |30.6° Ω. The corresponding operationa
inductance for this particular frequency is

The unit H (Ω-s/rad) is used with a complex inductance similar to what is commonly done with complex voltage
currents.

Similar calculations for each frequency at which Zd(s) was measured result in the direct-axis operational inducta
plotted in figure 12.9. The quadrature-axis operation inductance, Lq(s), plotted in figure 12.13, is obtained in the sam
way from Zq(s).

Armature base impedance
18( ) 18( )
192.3

----------------------=

1.685 Ω=

Armature base inductance
1.685
120π
-------------=

4.469 mH=

Zd s( );
∆efd s( )
∆i d s( )
------------------ ;

∆ i fd s( )
∆i d s( )
----------------- ; Zq s( )

Ld

0.003370 30.6° 0.001612–

j 0.13( ) 2π( )
------------------------------------------------------------------ H=

0.002627 -36.9°  H=
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Beginning with the direct axis and following the steps in 12.5.2

a) Ll = 0.795; mH = 0.178 p.u. · base inductance of 4.469 mH
b) From figure 12.9

Ld(o) = 1.779 p.u. or 7.950 mH
Lad(o) = (7.950 − 0.795) mH = 7.155 mH

c) From equation 12-20, and the information in figure 12.11

The low-frequency limit of 0.0862 used above can be obtained by fitting a simple first order transfer fu
Ks/1+sT to the low-frequency test points in figure 12.10. This function is, in the limit, Ks, as s(=jω)
approaches zero. This is the straight dotted line (0.0862)s in figure 12.11. A similar straight line
approximation is also used below to find the low-frequency values of sG(s).

d) From equation 12-22 and the information in figure 12.9:

Thus, a value of Rfd can be obtained directly from the standstill test data (at 20 °C). This is an alternative
method of obtaining the field resistance.

e) The equivalent circuit structure in figure 12-14d) will be used for determining the direct-axis para
values. The values of Ll Lad(o), Naf(o), and Rfd are now established, and are thus fixed in the model param
fitting process.

f) The iterative curve fit procedure described at the end of 12.5.3 yields the following values for the un
elements:
Lf12d = 0.267 mH
Lf2d = 0 mH
L1d = 0 mH
R1d = 0.0263 Ω
L2d = 2.82 mH
R2d = 0.006574 Ω
Lfd = 0.726 mH

g) At rated armature voltage on the air-gap line of the open-circuit saturation curve, Ifd(base) = 590 A dc

Substitute 8.225 mH for the previous value of 7.155 mH in the direct-axis equivalent circuit.
h) The measured field winding resistance, rfd was 0.2045 Ω at 20 °C. At 100 °C,

Naf o( ) 1
sLad o( )
-------------------

∆efd s( )
∆id s( )
------------------

s o→
lim

 
 
  1

s 0.007155( )
------------------------------ 0.0862 s{ }= =

Then   Naf o( ) 0.0862
0.007155
---------------------- 12.05= =

Rfd

sLad 0( )
∆i fd s( )
∆ id s( )
----------------- 

 
s 0→
lim

2
3
---Naf o( ) 

 
------------------------------------------------------------ s 0.007155( )

0.3375s( ) 2
3
--- 

  12.05( )
---------------------------------------------------= =

Rfd
0.007155
2.70233
---------------------- 0.002643 Ω  referred to the stator,= =

Ladu
3
2
--- 1

12.05
------------- 18000 2

3( ) 120π( ) 590( )
-------------------------------------------- 8.225 mH referred to the armature= =

r fd
234.5 100+
234.5 20+
---------------------------- 0.2045[ ] 0.2688 Ω= =
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Then, referred to the armature at 100 °C

i) The values of the unknown elements listed in f) above are in ohms and millihenries and have all been 
to the armature. Noting again

Zbase (armature) = 1.685 Ω
Lbase (armature) = 4.469 mH

The p.u. values of all the desired elements are

j) The base peak armature current, and the base field currents will now be established to check the 
Naf(base).

(Use equation 12-21, but substitute the value of 12.05 for Naf(o) determined from step c) above, rather tha
use Naf(base). A value of base field current can be closely approximated.)

k) Knowing i fd(base) and ia(base), a cross-check on Naf(base) may be obtained from equation 12-21:

Naf(o) was used on all previous calculations, since the low-frequency values of Zafo(s) were available.

Rfd 0.2688
3
2
--- 

  1
Naf o( )
---------------- 

  2
0.2688

3
2
--- 1

12.05
------------- 

  2
×× 0.002777 Ω= = =

Ll
0.795
4.469
------------- 0.178 p.u.= =

Ladu
8.225
4.469
------------- 1.840 p.u.= =

Lf12d
0.267
4.469
------------- 0.060 p.u.= =

L1d 0=

R1d
0.0263
1.685
---------------- 0.0156 p.u.= =

Lf2d 0=

L2d
2.282
4.469
------------- 0.511 p.u.= =

R2d
0.006574

1.685
---------------------- 0.00390 p.u.= =

Lfd
0.726
4.469
------------- 0.162 p.u.= =

Rfd
0.002777

1.685
---------------------- 0.00165 p.u.= =

base peak armature current i a(base)
192.3 MVA

18 3
----------------------------- 

  2 8722.9 A= =

i fd base( ) 3
2
--- 8722.9( ) 1

12.05
------------- 1085.8 A dc= =

Naf base( ) 3
2
--- 8722.9( )

1085.8
--------------------- 12.05= =
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l) i fd(base) also equals Ifd(base) · Ladu where Ifd(base) is given in (7)=590 A dc. Therefore, ifd(base) = 590 ×
1.84 = 1086 A.

which agrees closely with the calculation in i) above.

The quadrature axis is considered next.

a) Ll = 0.795 mH
b) From figure 12.12

Lq(o) = 7.950 mH
Laq(o) = (7.950 − 0.795) mH = 7.155 mH

The fact that the test value of Laq(o) equals the value of Lad(o), i.e. 7.155 mH, is worthy of note. Usually
some degree of saliency exists in round rotor machines due to the difference in construction detail of 
face, as opposed to the area where the field turn slots are located. In general Lad > Laq (saturated or
unsaturated).

c) The quadrature-axis equivalent circuit structure is shown in figure 12-15c); Ll and Laq(o) are known.
d) An iterative procedure, identical to that described above, fitted to the quadrature-axis operational indu

gave the following model element values:

L1q = 6.045 mH
R1q = 0.01355 Ω
L2q = 0.735 mH
R2q = 0.01525Ω
L3q = 0.1578 Ω

e) Converting to p.u. values,

Zbase for the field, referred to the stator

Rated machine voltamperes
i fdbase( )2

------------------------------------------------------------------ 192.3 106⋅
1086( )2

-------------------------- 163.05 Ω= = =

again Rfd p.u.
r fd corrected to 100°C( )

163.05
--------------------------------------------------------- 0.2688

163.05
---------------- 0.00168 p.u.= = =

Laq o( ) Lqa
8.225
7.155
------------- 

 =

7.155
8.225
7.155
------------- 

 =

8.225 mH=

Ll
0.795
4.469
------------- 0.178 p.u.= =

Laqu
8.225
4.469
------------- 1.840 p.u.= =

L1q
6.045
4.469
------------- 1.353 p.u.= =

R1q
0.01355
1.685

------------------- 0.00804 p.u.= =

L2q
0.01525
1.685

------------------- 0.00905 p.u.= =

L3q
0.453
4.469
------------- 0.101 p.u.= =

R3q
0.1578
1.685
---------------- 0.0936 p.u.= =
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These values constitute an unsaturated quadrature-axis model for the machine.

In the preceding example, the test data were fitted to the most complex models shown in figures 12-14d) and
Furthermore, as a result of the calculations, all elements of the models were assigned specific values. It s
emphasized that if simpler models with a smaller number of elements are chosen, a completely new set of cal
is required in order to fit the elements of the simpler models to the data. In most cases a less exact fit will be o
but the values calculated for the simpler model structure may often be quite adequate for the stability requirem
the user.

12.5.5 General remarks and nomenclature

The preceding tests and calculations have been performed based on the field being aligned in a particular
either the direct- or quadrature-axis tests. This is done to simplify the transformation of stator and field measu
of three-phase synchronous machine to the appropriate direct- and quadrature-axis quantities. The math
transformations and other expressions for such d- and q-axis quantities are given in detail (see B10). This referen
also relates the measurements derived from the preceding equations (see equation 12-8 through to equation
a particular complexity of model. As indicated in 12.5.1, as well as in B10, other d- and q-axis model structures can
also be chosen, of higher or lower order. Nomenclature applying to sections 5, 9, 10, 11, and 12 is in annex A
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Annex 12A                                                                                                                                                         

(Informative)

Magnetic nonlinearity

12.A.1 General

There are a number of ways to define inductance starting either from the point of view of flux linkage, ener
energy, or induced voltage in a circuit. For linear systems, all of these definitions are equivalent. For no
systems, there is no unique way to define inductance and the appropriate value depends on its ultimate 
difficulty lies in the material characteristic of magnetic steel. This is illustrated in figure 12A-1. The figure sh
family of hysteresis loops as would be measured with instruments such as a hysteresis-graph. The
magnetization curve, which we often use in static field representation, is the curve passing through the tips 
hysteresis loops. This curve therefore represents the magnetic properties only in an approximate sense. We
the normal magnetization curve of figure 12A-2 that the permeability is defined as

(12A-1)

where

B is the magnetic flux density in T
H is the magnetic field intensity in A/m

The permeability, µ, is small for low values of flux density, rises and then drops at high values of flux de
(saturation). An inductance based on this permeability would therefore be low at both low and high values 
density and reach a maximum somewhere in between. An alternate definition of inductance uses the slop
normal magnetization curve, such as the open-circuit saturation curve of a generator. The slope is ca
incremental permeability

(12A-2)

and the inductance based on this value is called the incremental inductance. This value is often used in circuit
calculations. The incremental inductance is low at both low and high flux densities and might reaches a ma
somewhere in between.

µ B
H
----=

µinc
B∂
H∂

-------=
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Figure 12A-1 —Magnetic nonlinearity of iron—B-H loops

Figure 12A-2 —Magnetic nonlinearity of iron—Locus of tip of B-H loops

Since standstill frequency response tests are done using very low currents (typically 40 A), compared to rated 
current, the low level iron nonlinearity cannot be ignored. In short, the values of iron-dependent inductance m
during standstill frequency response tests will be lower than unsaturated values on the air-gap line. ThereforeLad and
Laq in the equivalent circuits derived to match standstill test data need to be adjusted upward to achieve an un
model for the machine. Generally speaking, the size of the adjustments to Lad and Laq in the equivalent circuits derived
to match standstill test data need to be adjusted upward to achieve an unsaturated model for the machine. 
speaking, the size of the adjustments to Lad and Laq will be less, if higher test currents are used. These concepts h
been discussed in more detail by S.H. Minnich in the reference cited in 12A.2.
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An unsaturated value for Lad in H can be calculated from the rated speed open-circuit saturation curve: (See item
12.5.4.)

The value of Naf(o) can be determined as shown in Step c) of the example in 12.5.4. Vt and Ifd define a point on the air-
gap line, and ω0 is the base or rated rotor speed in electrical radians per second. Note that Vt is the peak voltage, line-
to-neutral and Ifd is in dc A. Lad(o) is substituted for Lad(o) determined in step b) of 12.5.2 in the direct-axis equivale
circuit. Similarly, in the quadrature-axis equivalent circuit, Laq(o), as determined in 12.5.2, must be adjusted to 
unsaturated value. One possible approach is to multiply it by Ladu/Lad(o), the same factor that is used in the direct ax

12.A.2 Bibliography to annex Annex 12A

Minnich, S. H., "Small Signals, Large Signals and Saturation in Generator Modeling," IEEE Transactions on Energy
Conversion, vol. EC-1, pp. 94–102, Mar. 1986.

Ladu
3
2
--- 

  1
Naf o( )
---------------- 

  Vt

ωo I fd⋅
----------------- 

  , H referred to the stator=
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(Informative)

Alternative approach to model development

12.B.1 Introduction

In the general remarks in 12.4.1, it is stated that the suggested procedure for development of a third-order mo
one of many possible routes. This applied in particular for turbogenerator models in the direct axis for deter
model parameters from a given set of SSFR test data.

In this annex, an alternative procedure is documented albeit somewhat similar to 12.4.2 and 12.4.3. The ex
based on work by the first mentioned author in B18. The machine chosen for analysis is an alternative one but 
in MVA rating, power factor and terminal voltage to one of the eight similar machines referred to in B11. The
amortisseur details in the machine being analyzed in this annex are much simpler than the original machine 
on and analyzed in B11.

12.B.2 Machine technical details

The machine constants required to initiate an analysis of the SSFR data are as follows:

(12B-1)

(12B-2)

Ifd(base) is the 1001 dc A, required to induce 22 kV line to line on the open circuit air gap line
Ldu is the 2.348 p.u. by sustained short circuit test
Ll is the 0.190 p.u. from calculation by the manufacturer

A pre-processing stage was performed on the SSFR test data to determine values of Ld(s) in ohms (as well as in
measured decibels) and Ld(s) corresponding phase angles at each test point. The armature to field transfer fu
data sG(s) is given from test as amperes/amperes, and Zafo(s) the armature to field transfer impedance (of Lafo(s) the
transfer inductance) is given as volts/amperes.

An extract of the data available for analysis is shown in table 12B-1.

MVA base 588SN∆( )= kV base 22EN∆( )=

Zbase armature( )
EN∆( )2

SN∆
----------------- 0.8231 Ω= =

i a (base) peak stator A
588

6×10 2×

22
3×10 3×

---------------------------------- 21823 A= =
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Table 12B-1 —Samples of frequency response data for a 588 MVA turbine-generator

12.B.3 Establishing a field to armature turns ratio

The following effective (or base) turns ratio between the field and one armature phase may be calculate
Rankin's formulae B25. The approach is centered on determining the base field amperes in the Rankin (or re
system.

Thus

(12B-3)

Naf (base) is taken from equation 12-21 of 12.5.2

(12B-4)

12.B.4 Approach to model development

In the present example, we will consider only the d-axis network in order to illustrate alternative schemes for using 
field-related frequency parameters in building the equivalent network. Advantage can be taken of the field-to-a
transfer function data based on the following two stage process:

1) Perform an accurate fitting of the low-frequency asymptotes of the three transfer functions [Zd(s), sG(s),
Zafo(s)] to obtain the correct values of Ld(o), Naf(o) and Rfd. To this end, only data in the frequency range 
say 0 to 0.5 Hz are used in an iterative procedure similar to that in 12.5.3, in order to better def
asymptotes of these functions.

2) Keep Ld(o), Naf(o) and Rfd fixed. By varying the remaining network parameters (see 2.5.3) iterativ
perform a global fit of the two transfer functions [Ld(s), sG(s)], based on all relevant test data in the frequen
range of interest. This range is usually, in this approach, from about 0.0016 Hz to 160-200 Hz. Althou
data, as illustrated in table 12B.1, is given in ohms, a step suggested here is to use the Ld(s) magnitudes in
decibels. Some transfer function analysers print such information in either decibels or ohms. sG(s) and Zafo(s)
data are measured as noted in table 12B.1.

As opposed to the model chosen in the example of 12.5.4, a third order direct axis model is chosen with 
differential leakage inductance, Lf12d, as shown in figure 12.14(c).

Frequency 
Hz

Ld(s) sG(s) Zafo(s)

Mag. (p.u. Ω) Degrees A/A (Ω) Degrees Mag. (Ω) Degrees

0.001126 1.7532 -3.82 0.00355 86.65 0.01966 25.54

0.001413 1.7400 -3.88 0.00399 86.15 0.01966 25.54

0.001586 1.7384 -4.03 0.00447 85.73 0.00378 62.89

0.001778 1.7343 -4.50 0.00499 85.39 0.00073 99.86

i fd (base) I fd (base) Ladu⋅ 1001 2.158( ) 2160 A dc= = =

Nfd (base)
1.5 ia (base) peak amperes( )

i fd (base)
-------------------------------------------------------------------=

1.5 21823( )
2160

---------------------------= 15.155=
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Furthermore, the amplitudes are scaled in decibels so that they will show, over the whole frequency range, 
comparable with that of phase data expressed in degrees. With such an approach, frequency weighting (ωj in 12.4.3)
is seldom necessary, since magnitude and phase errors are quite well distributed from low to high frequen
12.B.8). However, transfer function weighting is still useful (ωi in 12.4.3) since Ld(s) is by intuition more informative
about stability parameters than sG(s). Experience suggests that one should weight the errors on Ld(s) by 2 or 3, when
sG(s) is given a weight of 1.

The parameters in table 12B-2 were chosen to initialize the first identification stage mentioned above. The
attributed at this stage to the network parameters to be adjusted during the fitting are relatively unimportant. O
armature leakage needs a pertinent value (taken here as equal to the manufacturer value of 0.19 p.u.). It will b
stages kept constant. Other network values are somewhat arbitrarily chosen, using typical data (from the
literature for instance) or from prior in-house knowledge. A zero value of the differential leakage Lf2d is assumed
throughout this analysis.

Table 12B-2 —Initial network parameters (p.u.)

12.B.5 First stage of fitting

In the first fitting stage, the data of the three-transfer function {Ld(s), sG(s), Zafo(s)} between 0.0016 and 0.3548 Hz
are used simultaneously and the following unknown parameters are adjusted to minimize the sume of squar
on the magnitude (dB) and phase (degrees):

(12B-5)

This fitting process uses experiential weighting factors 2 for Ld(s), 1 for sG(s), and 1 for Zafo(s), and among the
resulting network parameter values, only those associated with low-frequency asymptotes of the three-
functions are relevant. These are

Not all digits indicated above are significant but they are kept at this stage to limit rounding errors in subs
numerical processing.

Since Lad(o), Nafd(o) and Rfd merely reflect a consistent set of constraints defining the Rankin "Xad" p.u. system based
on actual test data B23, it is reasonable to keep them constant, while fine-tuning the overall network in the
frequency range (0.0016 Hz to 177.8 Hz. Furthermore, with the emphasis on models for stability studies (se
this final tuning makes use of Ld(s) and sG(s) data only, using weighting factors 3 and 1, respectively.

In a manner similar to example 12.5.4, the following subset of unknown parameters is then adjusted iterative

(12B-6)

The optimum parameters obtained at convergence of the fitting process are given in table 12B-3. Least
statistical inference performed on the corresponding residuals gives rough, usually pessimistic, bounds
estimated network parameters in the table below.

Ll = 0.19 Lad = 1.853 Lld = 0.110 Rld = 0.090

Lfd = 0.154 Rfd = 0.00097 L2d = 0.110 R2d = 0.38

Lfl2d = 0.0 Lf2d = 0.0 Naf(o) = Naf(base) = 15.173

Γ Rfd R1d R2d L1d L2d Lad o( ) Lf12d N, ,
af

o( ), , , , ,[ ]=

Lad o( ) 1.9273 p.u.;= Naf o( ) 15.111;= Rfd 0.0011435 p.u.=

Γ R1d R2d Lfd L1d L2d Lf12d, , , , ,[ ]=
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Table 12B-3 —

12.B.6 Final fitting stage

The approach in this example is interesting because it uses the armature-to-field transfer function to est
consistent p.u. system based on actual data. However, if this third transfer function is unavailable for anal
alternative procedure is to use the rated p.u. system defined by Naf(base) = 15.155. The unknown parameters th
change as follows:

(12B-7)

where it is observed that the turns ratio is no longer an adjustable parameter. The rationale behind such a choi
without a third transfer function acting as a useful constraint, a pertinent value of Naf(o) consistent with open-circuit
measurements is hard to reach owing to random and/or systematic measurement errors, which usually b
iterative fitting process to spurious convergence.

The results obtained this way with weighting factors 3 and 1 for Ld(s) and sG(s), respectively are given in table 12B-4

To illustrate the performance achieved by the various models of this following example, the sum of residuals h
computed for Ld(s) and sG(s) in the frequency range 0.0016 Hz to 177.8 Hz:

Initial model (table 12B-2): 6922
Final model with measured "Xad-base" (table 12B-3): 841.3
Final model with rated "Xad-base" (table 12B-4): 774.1

It is observed that the model with the best performance from an engineering point of view (table 12B-3)
necessarily the one giving the lowest sum of residual errors. In fact, the model in table 12B-4 uses its excess
of freedom to further minimize an error function, but the resulting network is not precisely consistent with open-
values of Zafo measurements at low frequencies. This observation is illustrated graphically in figures 12B-1 an
2 where the three models are compared against test data. Zafo(s) has not been plotted. Note that the plots of some of 
models are close to each other in value, or tend to overlap in figures 12B-1 and 12B-2.

Final network parameters based on a measured Rankin " Xad-base" ( Ll = 0.19 p.u.) *

*Field resistance not yet corrected for rated temperature.

Resistances and inductances in p.u. on machine rating

Lfd =  0.15152  ±  0.009 (5.9%) Rfd =  0.0011435  ±  0.00004 (3.9%)

Lld =  1.2672  ±  0.20 (15%) Rld =  0.0026787  ±  0.0002 (7.1%)

L2d =  0.052634  ±  0.003 (5.6%) R2d =  0.031599  ±  0.001 (5.6%)

Lf12d =  0.009477  ±  0.006 (64%) Lf2d =  0.0  ±  0.0 (0%)

Lad(o) =  1.9273  ±  0.05 (2.5%) Naf(o) =  15.111  ±  0.5 (3.8%)

Γ Rfd R1d R2d Lfd L1d L2d Lad o( ) Lf12d, , , , , , ,[ ]=
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Table 12B-4 —

12.B.7 Presentation of data for stability studies

The last step of the analysis consists in computing characteristic stability constants (X′d, T′d, T′d, etc.) based on the
preferred model (table 12B-3). Prior to this task, the field resistance is corrected for an operating rotor tempe
100 °C, and Lad(o) is replaced in the SSFR-based network by its unsaturated value at normal flux level, Ladu, as
obtained from a standard steady-state measurement of the synchronous reactance Ldu. Alternatively Ladu can be
calculated from a knowledge of Ifd(base) A at rated voltage from the air gap line (singular), plus a knowledge of Naf(o).
The latter turns ratio is used to refer Lafdu in henries, to Ladu in henries [see 12.4.4h)].

Refer to the definitions associated with equation 12-21. For this two-pole machine, Nfd=120, and Na=14. Then the
PNfd/Na portion of equation 12-21 is calculated to be 2(120)/14 = 17.14.

This "ideal" turns ratio can be compared to Naf(base) = 15.155 or Naf(o) = 15.173, obtained from the analyses outline
in 12.B.3 to 12.B.6.

12.B.8 Bibliography to annex Annex 12B

Sidman, M., DeAngelis, F. E., Verghese, G. C., "Parametric system identification on logarithmic frequency re
data," IEEE Transactions on Automatic Control, vol. 36 (9), pp. 1065–1070, 1991.

Final network parameters based on rated Rankin " Xad-base" *

*Field resistance not yet corrected for rated temperature.

Resistances and inductances in p.u. on machine rating

Ll = 0.19 Lad(o) = 1.8804 L1d = 1.6633 R1d = 0.0030316

Lfd = 0.14379 Rfd = 0.0010473 L2d = 0.051548 R2d = 0.031105

Lf12d = 0.006369 Lf2d = 0.0 Naf(o) = Naf(base) = 15.173
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Figure 12B-1 —Plots of magnitude and phase angle of the direct axis operational inductance for a 
588 MVA turbine-generator
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Figure 12B-2 —Plots of magnitude and phase angle of the armature to field transfer function for a 
588 MVA turbine-generator
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(Informative)

Nomenclature

ed direct-axis armature voltage
efd field voltage
eq quadrature-axis armature voltage
G(s) armature to field transfer function
iarm instantaneous value of armature current during test
iao peak value of rated armature current per phase
id direct-axis armature current
ifd field current
ifdo field current for rated armature voltage on the air-gap line of the open-circuit saturation curve
iq quadrature-axis armature current
Ladu direct-axis armature to rotor mutual inductance (unsaturated)
Laqu quadrature-axis armature to rotor mutual inductance (unsaturated)
Lfkd differential leakage inductances proportional to fluxes that link one or more damper windings and th

but that do not link the armature; k=1,2,…,n, where k is a list of the damper windings to which these fie
fluxes are mutual. In some cases, for example, k=12 indicates an equal coupling between the field and b
the #1 and the #2 equivalent rotor circuits.

Lmfkd mutual inductance between field and damper circuits, where k=1,2,n as above. For example, Lfld = Lmfld–
Lad.

Ll armature leakage inductance
Lfd field winding leakage inductance
Lkd direct-axis damper winding leakage inductance; k=1,2,…, n
Lkq quadrature-axis damper winding leakage inductance; k=1,2,…,n
Ld(s) direct-axis operational inductance
Lq(s) quadrature-axis operation inductance
Na number of turns on one phase of the armature winding
Nfd number of turns in the field winding/per pole
rfd field resistance measured directly in physical ohms
Rfd field resistance referred to the armature
Rkd direct-axis damper winding resistance; k=1,2,…,n
s=jω Laplace operator
varm voltage between two energized armature terminals during standstill frequency response tests
Zafo(s) standstill armature to field transfer impedance
Zarmd(s) operational impedance measured between two armature terminals during direct-axis tests
Zarmq(s) operational impedance measured between two armature terminals during quadrature-axis tests
Zd(s) direct-axis operational impedance
Zq(s) quadrature-axis operational impedance
∆ A small change
ω electrical frequency in rad/s

Naf(o) effective or base turns ratio determined from Zafo(s)

Naf(base) effective or base turns ratio determined by stator and field current bases (reciprocal system).

NOTE  —  Lfd, Lfkd, Lkq, Rkd, and Rkq: These five capitalized symbols represent rotor parameters referred to the armature; val
usually quoted in p.u. on the armature impedance base.
Copyright © 1998 IEEE All Rights Reserved 187

stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services
stitute of Electrical and Electronics Engineers, Inc.
Information Handling Services



IEEE Std 115-1995 IEEE GUIDE: TEST PROCEDURES FOR SYNCHRONOUS MACHINES

COPYRIGHT In
Licensed by 
COPYRIGHT In
Licensed by 
Annex B 

(Informative)

Conversion table

Table B-1 —Conversion of SI to English units

Quantity SI system to Equivalent English system

Length 1 meter (m)  = 3.281 ft = 39.37 in

Mass 1 kilogram (kg)  = 2.205 lb (mass)

Force 1 Newton (N)  = 0.225 lb (force)

Torque 1 Newton · meter (N · m)  = 0.738 ft-lb

Energy 1 Joule (J)  = 0.738 ft-lb

Power 1 Watt (W)  = 1.341 × 10-2 hp

Angular velocity 1 rad/s  = 9.549 rev/min

Pressure 1 Pa (1 N/m2)  = 1.451 × 10-4 lb/in2

Moment of inertia 1 kg · m2  = 23.7 lb · ft2
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