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Introduction

(Thisintroduction is not part of IEEE Std 1255-2000, |EEE Guide for Evaluation of Torque Pulsations During Starting
of Synchronous Motors.)

Asthe size of large synchronous motors began to increasein the early 1960s to multimegawatt ratings, shaft
breakage began to be amagjor concern, particularly in applications requiring a long starting interval. Torque
pulsations resonating with the natural mechanical frequency of the shaft and load were blamed for these
breakages, but theoretical as well as experimental techniques for evaluating this phenomenon were lacking
at the time. Technical discussions concerning this problem were scheduled at several conferencesin the mid
1960s.

This guide for evaluating these torque pulsations is the result of a more than 30-year effort of a Working
Group formed under the auspices of the Synchronous Machines Subcommittee of the Power Engineering
Society (PES) Electric Machinery Committee, formed sometime around 1968. The work of many partici-
pants over the years is acknowledged, including Jack Imbertson, William Flora, K. C. Cooley, Radhey
Mathur, Azad Mesrobian, William L. Billington, L. A. Ferrano, Ernest |. Pollard, J. P. Povlock, John F.
Szablya, Jay C. White (deceased), and particularly, former chairperson Gurney Godwin.
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The final conditions for approval of this guide were met on 7 August 2000. This guide was conditionally
approved by the IEEE-SA Standards Board on 29 June 2000, with the following membership:
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IEEE Guide for Evaluation
of Torque Pulsations During Starting
of Synchronous Motors

1. Overview

1.1 Scope

This guide provides a uniform method for calculating and measuring torque pulsations that occur during
starting of synchronous motors. Synchronous motors, as discussed in this guide, applies to all types of
excited synchronous motors, including laminated or solid, salient or nonsalient machines, as well as nonex-
cited synchronous-reluctance motors.

1.2 Purpose
This guide

a)  Defines electromagnetic torque pulsations that occur during starting of synchronous motors.

b) Recommends an equivalent circuit that can be used to describe analytically the behavior of a lami-
nated, salient-pole synchronous motor during starting.

¢) Provides the definitions and information necessary to properly determine the circuit parameters of
the equivalent circuit.

d) Supplies equations, derived from the circuit, that can be used to calculate the magnitude of the
torque pulsation that would occur during starting.

e) Presents several alternative techniques for the on-line measurement of torque pulsations during
starting.

1.3 Limitations

Although this guide recommends specific calculation methods and testing techniques, it does not suggest
nor imply suitability of the methods for all machine designs or operating conditions. In particular, magnetic
hysteresis, eddy currents in the stator, changes in stator resistance due to skin effect, and armature tooth sat-
uration could cause significant deviations.
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In modern installations, direct current is applied to the field winding by means of slip rings from a static
exciter, or by a rotating brushless excitation system, to establish synchronous operation; the field is typically
shorted through a starting resistor during the starting phase of operation. In modern excitation systems, the
shorting of the exciter is frequently accomplished by means of a crow-bar thyristor. The action of this device
produces a dissymmetry in the induced field current, which must be taken into account.

2. Reference

This guide shall be used in conjunction with the following publication. When the following publication is
superseded by an approved revision, the revision shall apply.

IEEE Std 115-1995, IEEE Guide: Test Procedures for Synchronous Machines, Part I— Acceptance and Per-
formance Testing, Part II—Procedures for Parameter Determination for Dynamic Analysis.

3. Problem description

The synchronous motor and its connected load can be represented by a torsional system of interconnected
springs and masses, with a large number of springs and masses external to the motor itself. As in any
mechanical system, resonances occur at the system natural frequencies, which are algebraically related to
the spring constants and masses of the system. In many cases, the connected load has sufficient damping or
is sufficiently stiff that these resonances are not of concern. Some systems are inherently flexible and have
relatively low resonant frequencies. Such a system is sensitive to impressed torques that could excite the sys-
tem at one of its mechanical resonant frequencies. The problem is especially pronounced in a synchronous
motor, since the torque produced typically sweeps the frequency range from zero to twice the line frequency
as it accelerates from rest during starting. Overstressed shafts and couplings, abnormal gear tooth wear, loss
of interference fits, and other problems can result when a motor and the equipment coupled to it are sub-
jected to excessive torsional oscillation.

Unlike lateral vibrations that can be readily sensed by touch and measured with relatively common instru-
ments, torsional oscillations can exist with considerable amplitudes and yet be undetectable except by special
instrumentation. Since torsional oscillations are so difficult to detect and measure, and yet cause disastrous
consequences, it is particularly important that torsional stresses be evaluated when synchronous motors are to
drive other equipment.

All synchronous machines develop the following three major components of electromagnetic torque during
starting:

— A unidirectional or time-averaged component
— An initial transient (decaying) pulsating component

— A persistent (nondecaying) pulsating component

The unidirectional component is the useful component that acts to accelerate the machine, and results from
the forward rotating components of the rotor current interacting with the air gap flux in the same manner as
a squirrel cage induction machine. The torque definitions given in the IEEE Standard Dictionary of Electri-
cal and Electronics Terms [B8]! refer to the time-averaged torque. The transient component results from the
initial asymmetrical component of inrush current, which interacts with the symmetrical alternating compo-
nent of air gap flux in the same manner as a squirrel cage induction motor. The resulting frequency of torque
pulsation is essentially equal to the line frequency (i.e., 50 Hz or 60 Hz). The steady pulsating component is

IThe numbers in brackets correspond to those of the bibliography in Annex C.
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the result of asymmetry of the rotor electrical and magnetic circuits. This guide is concerned primarily with
the continuous pulsating component of torque that occurs during asynchronous operation due to the effects
of rotor asymmetry.

In general, the persistent pulsating component arises from both rotor geometry variations that repeat once
per pole pitch or that reappear once for every two poles. The following are the three causes of rotor asymme-
try for which the geometry repeats once per pole pitch:

a) Magnetic permeance variations, which are the result of the salient poles being relatively more easily
magnetized at the center of the pole and relatively less easily magnetized at the center of the interpo-
lar space.

b) Main field winding, which encircles only the direct axis and not the quadrature axis.

¢)  Nonuniform bar placement and composition of the amortisseur or damper winding. The amortisseur
winding, which consists of short-circuited bars inserted into slots in the rotor, serves to start the
motor in much the same manner as do the rotor bars of a conventional squirrel cage induction motor.

These geometric variations result in a torque pulsation at twice the slip frequency (twice the difference
between the synchronous speed and the rotor speed multiplied by the number of pole pairs). When the main
field winding is excited by direct current, the electromagnetic geometry repeats once for every two poles,
and there exists an additional component of continuous torque pulsation at slip frequency. In most cases, the
field winding is shorted either across the terminals or through a resistor. If the motor accelerates without the
field excitation already applied, the frequency of the pulsating torque then varies nearly linearly from twice
the line frequency at standstill to zero frequency at synchronous speed. However, should the field excitation
be applied before the synchronizing speed is reached, an additional large component of pulsating torque
appears with a frequency one-half of the original component (i.e., at the slip frequency).

One of the functions of the motor field excitation control circuit is to prevent the application of excitation
until the synchronizing speed is close to synchronous speed. Another function is to remove the field excita-
tion and reconnect the discharge resistor should the motor pull out of step after synchronism is reached. For
motors with brushless excitation, the design of the excitation system attempts to avoid unnecessary or an
unexpectedly large amount of torque pulsation. There are a number of different exciter circuits available
from motor manufacturers. Experience has indicated that, with proper operation, the inherent amount of
slip-frequency torque pulsation during starting is only a fraction of twice the slip-frequency torque pulsation,
and is, therefore, not critical. Hence, this guide is concerned primarily with the starting torque pulsation at
twice the slip frequency and not with the premature application of field excitation.

The magnitude of the pulsating torque is essentially determined by the degree of asymmetry of the rotor
circuit. A rotor structure that has no significant asymmetry will not have a significant torque pulsation dur-
ing asynchronous operation. Although the magnitude of twice the slip-frequency pulsating torque varies
depending upon the rotor design parameters, experience indicates it is not practical to eliminate this pulsa-
tion. Furthermore, the reductions in the magnitude of the pulsating torque that are theoretically possible
often can not be obtained in practice because it is necessary to meet other requirements of the drive.

In addition to the torque pulsation, asymmetry of the rotor typically causes a loss in average torque above
half speed. This reduction in average torque is the result of the backward traveling component of air gap flux
interacting with the stator circuit and creating a braking torque. The greater the degree of asymmetry in the
rotor, the larger the amount of torque pulsation and the greater the loss in average torque for operation above
one-half synchronous speed. A rotor structure that is extremely asymmetrical, such as a machine having no
effective winding on one axis, will develop extreme torque pulsations and will not accelerate beyond one-
half synchronous speed. A solid pole design most nearly approximates the single winding case when pole tip
connections are not used.
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While the factors that affect excitation of most modes of torsional oscillation are primarily contained in the
design of the synchronous motor, the design of the external equipment to which it is mechanically connected
must also be considered. When the manufacturer of the driven equipment makes a torsional analysis of the
complete assembly, the motor manufacturer should be consulted for the motor design data for speed ranges
of critical interest that affect torsional vibration. The manufacturer of the driven equipment, in turn, should
advise the motor manufacturer of the results of this torsional analysis to permit the design of the motor rotor
to be satisfactorily completed. When the driven machine starting requirements are not severe, the motor
designer may have some latitude to adjust the motor torque characteristic. An increase in damping to avoid
excessive torque pulsations or a shift of the mechanical resonance can improve the drive.

4. Synchronous motor equivalent circuit

The analysis of synchronous motors is generally based on the two-axis (d-q) theory developed by R. H. Park.
The framework of differential equations, called “Park’s Equations,” forms the basis of most analyses of syn-
chronous machines (see Park [B15]). Using the motor convention for current flow and the notation and ter-
minology of Concordia [B2], Park’s equations are written in a reference frame rotating synchronously with
the rotor and in per unit form (see Harris et al. [B6]) as shown in Equation (1) through Equation (6)

€q = PVy— VPO +riy (D
e, = PV, +\y, pO+ri, 2)
0= pWia+rigiig €)
€ra = PVsa+Tplsg “)
0= plljlq+r1qi1q (5)
Te = ‘l’dl}, - wqid (6)

where

e, is the instantaneous value of the armature (i.e., stator) direct axis voltage, in per unit

€ is the instantaneous value of the armature quadrature axis voltage, in per unit

e, is the instantaneous value of field voltage, in per unit

iy is the instantaneous value of the armature direct axis current, in per unit

iy is the instantaneous value of the armature quadrature axis voltage, in per unit

i1y is the instantaneous value of direct axis amortisseur winding current, in per unit

ig is the instantaneous value of quadrature axis amortisseur winding current, in per unit

ity is the instantaneous value of field current, in per unit

p is the derivative operator d/d(mt), where o is the base frequency and ¢ is time

r is the per unit armature resistance per phase (including external resistance)

T4 is the per unit direct axis amortisseur resistance (referred to the stator winding)

g is the per unit quadrature axis amortisseur resistance (referred to the stator winding)

Ifa is the per unit field resistance (including discharge resistance during starting and referred to the

stator winding)
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