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Synchronous Motor Control

Abstract This paper provides a detailed discussion of the basic
theory of operation andcontrol of the synchronous motor. It
describes typical synchronous motor starting and

provides information regarding control and optimization of the
motor through the use ofpower factor control or var operation that
can be helpful in reducing var penalties andimproving voltage
stability of the plant. Typical protection is also discussed
involving motorpullout and under- and overexcitation concerns.

I. INTRODUCTION

Motors are electromagnetic devices used to convert electrical
energy into useful mechani-cal work. There are two major
classifications of ac motors:

Induction motors have fixed stator windings that are
electrically connected tothe ac power source. Current is induced in
the rotor circuit via transformer ac-tion. The resulting magnetic
field interacts with the stators field, causing rota-tion. The
rotor must rotate slower than the stator field for the induction
tooccur, thus an induction motor operates at less than synchronous
speed. Noseparate power source is required to provide the rotor
field.

Synchronous motors have fixed stator windings electrically
connected to the acsupply with a separate source of excitation
connected to a field winding on therotating shaft. Magnetic flux
links the rotor and stator windings causing themotor to operate at
synchronous speed. See Figure 1.

Figure 1: Synchronous Motor

Induction motors can be started and accelerated to steady state
running condition simplyby applying ac power to the fixed stator
windings of the motor, but a synchronous motor

requires special attention because it starts as an induction
motor, then, when rotor speedis near synchronous speed, the rotor
is locked in step with the stator by application of
fieldexcitation. Various arrangements have been devised for
starting synchronous motors andfor providing excitation to the
field winding at the appropriate time in the starting se-quence.
When the synchronous motor is operating at synchronous speed, it is
possible toalter the power factor of the motor by varying the
excitation supplied to the motor field.These special
characteristics of synchronous motors can be understood through an
ex-amination of the construction of the motor and a brief review of
the machine theory that

explains these operating characteristics.
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Figure 2: (a) Stator Winding Figure 2: (b) A Rotor for a
SynchronousMotor

II. CONSTRUCTION OF A SYNCHRONOUS MOTOR

Referencing Figure 2, synchronous motors, like synchronous
generators, consist of a fixedstator and a field that rotates
concentric with the stator. The stator contains armature wind-ings
that are electrically connected to the ac supply system while the
rotor contains a fieldwinding that is electrically connected to a
source of excitation (dc). Since the primarypurpose of the field
winding is to create a rotating magnetic field, the field winding
is

wound around poles attached to the rotor in a configuration that
produces magneticnorth and south poles that are 180 electrical
degrees apart. During starting of the motor,the field winding is
not effectively coupled with the armature windings in the stator,
and nonet torque is produced in the field when ac power is
connected to the stator winding. Toproduce starting torque, a
supplementary winding is provided on the rotor that
effectivelycouples electromagnetically with the armature windings.
This winding is a squirrel cagearrangement of bars placed across
each poleface that are electrically shorted at each end.The
squirrel cage winding on the rotor is formally known as the damper
or ammortiseurwinding. When ac power is connected to the stator,
current is induced in the squirrel cage

winding. This results in a net torque that is applied to the
rotor, as shown in Figure 3. Thissquirrel cage winding is also used
in the induction motor to produce motor torque duringstarting and
running operation. Torque is produced by the electromagnetic
interaction ofstator and rotor only when a slip speed exists. Thus,
the induction motor speed increasesfrom zero until just below
synchronous speed as torque decreases with increasing
rotorspeed.
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Figure 3: (a) Relation of the Squirrel CageConductors to
Magnetic Field. Starting

Torque Results from Flux Cutting

Conductors of Squirrel Cage.

Figure 3: (b) A Rotor Field Pole withSquirrel Cage. Each Pole
Will Be Bolted

Together Around the Rotor.

The synchronous motor then can be started like an induction
motor, with the torque on therotor dependent on the difference
between the rotor speed and the frequency of the powerbeing applied
to the stator winding. The torque supplied by the squirrel cage is
at a maxi-mum when ac power is first supplied to the stator
winding, decreases as the rotor acceler-

ates, and approaches zero as the rotor approaches synchronous
speed. The absolutevalue of the accelerating torque is a function
of the resistance of the bars in the squirrelcage:

Higher resistance bars produce higher starting torque (and
hotter squirrel cagewindings)

Lower resistance bars produce lower starting torque with less
heat generation.

If the starting torque produced by the squirrel cage winding is
not adequate to roll therotor, the rotor is said to be locked and
ac power must be quickly removed from thestator windings to avoid
overheating both the armature and the squirrel cage windings.As
shown in Figure 4, the stator winding is connected to the ac supply
system at startup,

and the bars of the squirrel cage winding on the rotor produces
an accelerating torque onthe rotor. The field winding is connected
to a field discharge resistor during startup, and noexternal
excitation is applied to the field.


	
7/27/2019 Synchronous Motor Control.pdf

4/20

4

Figure 4: During Start the Rotor Poles will Rotate at a Slower
Speed than the StatorFrequency, Inducing a Slip. Voltage is Not
Applied to the Rotor Field Input at this Time.

As the rotor accelerates, the field winding is coupled to the
stator field via the armaturewinding. AC current is induced into
the field based upon the difference between the fre-

quency of the applied ac voltage to the motor and the frequency
associated with theinstantaneous speed of the rotor. If the field
winding were open circuited during startup,dangerously high
voltages could be induced in the field winding, hence a starting
resistoris used to limit the voltage seen by the field winding
during startup while dissipating theenergy induced in the field.
The resistance of the starting resistor also affects the
synchro-nizing torque available as the rotor approaches rated
speed:

Synchronizing torque increases with the resistance of the field
discharge resis-tor. A low resistance produces lower synchronizing
torque, as shown in Figure 5.

Insulation limits of the field winding limit the resistor,
because field voltage in-

creases with increasing values of discharge resistor.

Sizing the starting resistor is an art that balances starting
torque and allowable fieldvoltage during startup. In some
applications, the load is removed from the synchronousmotor during
startup and applied only after the motor has reached stable
operation atsynchronous speed, in order to reduce torque required
to start.
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Figure 5: Squirrel Cage at Different Discharge Resistance
Values

III. STARTING THE SYNCHRONOUS MOTOR

Synchronous motors are started using several reduced voltage
methods. The most com-mon is starting across the line with full ac
voltage to the armature windings. The squirrelcage windings begin
the task of accelerating the motor from zero speed. As the
motorspeed increases, the discharge resistor provides the torque
required for the motor to reachsynchronous speed. When the
synchronous speed is reached, the starting resistor isswitched out
of the field circuit and excitation can be applied to lock the
stator and fieldpoles into synchronism.

It is important to properly time the application of excitation
to the main field. The purpose of

the dc excitation system is to apply current to the field
winding, creating a rotating electro-magnet field that couples the
rotor field to the rotating ac field in the armature windingwhen
the motor is operating at synchronous speed.

When dc excitation is applied to the motor field, the position
of the rotor with respect to the

stator magnetic field determines the reaction of the rotor. If
the N and S rotor and statorpoles are aligned, such that the
magnetic flux lines flow easily from the rotor through theairgap,
the rotor flux will lock in step with the stator flux and the motor
will become synchro-nous. If the rotor poles are 180 electrical
degrees out of phase with the stator poles, but

motor acceleration is decreasing the angle of displacement, it
is likely that acceleratingtorque plus magnetic attraction will
combine to draw the rotor rapidly into pole alignmentwith the
stator. Synchronizing additionally depends on the slip frequency
between rotor andstator. Synchronizing torque from the magnetic
linkage of rotor and stator must be sufficientto accelerate the
rotor to keep it locked in step.
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Another approach to motor startup is switching out the starting
resistor and applying

excitation based upon time after the motor ac supply power is
applied. Here, a dccontactor closes applying excitation to the
field after a fixed time. This approach can beused if the
acceleration time of the motor is known and the motor is able to
reach nearly

synchronous speed without excitation.

In some applications, a speed signal is used to apply excitation
when the motor has accel-erated to 92 - 95% of rated speed. The
precise timing for switching out the starting resistorand applying
dc to the main field is monitored by electronics on the rotating
field.The most straightforward approach to synchronous motor
starting is to monitor the fre-

quency of the voltage across the field starting resistor, as the
motor nears synchronousspeed, the slip frequency approaches zero
across the resistor. At a specific slip frequencyand rotor angle,
dc is applied to the main field and the starting resistor is
switched out toprovide a very smooth transition from starting to
synchronous operation. Application ofthe field can be most reliably
performed using solid state devices instead of mechanicalbreakers
or contactors. Most brushless excitation systems include such a
scheme; similardevices can be used with brush-type systems to
perform the same function.

Figure 6: A Synchronous Motor after dc Voltage is Applied to the
Revolving Rotor Fieldand the Field is in Step with the Stator
Frequency.

IV. SYNCHRONOUS OPERATION

To understand normal operation of the motor, it is important to
understand why the field

rotates at synchronous speed. Each set of field poles is matched
with an equivalent set ofstator poles. Since like poles (north and
north) repel and unlike poles attract, the poles ofthe rotating
field tend to align themselves with opposite poles produced in the
stator by theac power applied to the armature windings of the
motor, as shown in Figure 7.
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Figure 7: Opposite Polarity Poles are Matched

Figure 8: Center Lines of Opposite Polarity Poles withAngular
Displacement Approaching 45 Degrees

When this condition is achieved, the motor is said to be in
step. When the motor is lightlyloaded, the centerline of the rotor
poles will nearly align across the air gap between the pole

face and the stator with the center line of an opposite polarity
stator pole. As the motor isloaded, the angular displacement of the
center lines will increase. As the angular displace-ment approaches
approximately 45 mechanical degrees (90 electrical degrees) as
shown inFigure 8, the motor is approaching pullout torque; beyond
this point, the rotor poles willno longer be in step with the
stator poles, and the rotor poles will slip, producing a sud-den
increase in current draw from the ac system.

Once the synchronous motors field poles are in step with the
stator frequency, two factorsdetermine the synchronous speed of the
motor. The first is the frequency of the applied

voltage; the second is the number of poles in the motor.

Speed = Freq x 120Poles
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V. START SEQUENCE OF THE SYNCHRONOUS MOTOR

A typical automatic starting circuit for a synchronous motor is
shown in Figure 9. The maindevices in the system are the main
contactor M; a control relay CR; the dc contactor D; a

frequency relay FR; and auxiliary relays. In Figure 9, reactance
X represents the induc-tance of the field, and rotor resistance R
represents the starting resistance.

Figure 9: Wiring Diagram of a Simple Start System for a
Synchronous Motor

The starting sequence is as follows:1. When the start button is
depressed, the CR relay energizes and CR1 and CR2

close, energizing the close coil of the main contactor M.2. The
main contacts of M close, applying ac power to the motor stator
winding

before the auxiliary contact Ma can close.

3. An emf is induced in the field winding, causing current to
flow through the fieldwinding at synchronous frequency.

4. Since the impedance at supply frequency is high, voltage
across X is enoughthat Frequency Relay FR picks up.

5. The normally closed contacts of FR open before the auxiliary
contacts Ma close,so the dc contactor coil D will not be
immediately energized.

6. The field begins to rotate.7. As the speed of the field
increases, the slip between the field and the stator

decreases. The impedance decreases as the slip frequency
decreases. As the

impedance of X decreases, voltage decreases to relay.8. As the
slip frequency approaches synchronous, the reactance of X
decreases

until Relay Fr drops out, closing NC contact FR.9. Relay D
energizes, contact D1 opens and contact D closes, thus
switching

Resistor R out of the field circuit and applying excitation to
the field.

10. The motor pulls into synchronous operation.
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In the motor starting circuit shown in Figure 9, a field
rheostat is used to adjust the dc

voltage applied to the field after the motor has arrived at
synchronous operation. Thoughthis is shown as a manual adjustment,
various automatic control schemes could be pro-vided to maintain
stable operation of the motor, including a voltage regulator to
increase

excitation when the motor is picking up load, or a var/power
factor controller to vary excita-tion to control the vars absorbed
or produced by the motor. These aspects of motor excita-tion
control will be discussed later.

Though the above discussion is based on starting a brush-type
motor with a separateexternal exciter, the functions described are
typical of either a brush-type or brushless

motor, except for the fact that an automatic controller would be
used in a brushless systemto excite the motor field, and solid
state devices rather than a contactor are often used toswitch the
starting resistor out of the field circuit. Specific configurations
vary greatly be-tween motor manufacturers.

VI. ADVANTAGES OF SYNCHRONOUS OVER INDUCTION MOTORS

One major advantage of a synchronous motor over an induction
motor is its ability tooperate at a leading or lagging power
factor. Many industrial facilities contain motor loads

that require substantial var support from the local utility
system. By operating synchronousmotors with a leading power factor,
the overall system power factor can be shifted towardunity. The
power factor of a synchronous motor can be controlled by varying
the amountof excitation current delivered to the motor field during
operation. As the dc field excitationis increased, the power factor
of the motor load, as measured at the motor terminal, be-comes more
leading as the overexcited synchronous motor produces vars. If
excitation is

decreased, the power factor of the motor shifts toward lagging,
and the motor imports varsfrom the system. Local var generation
tends to improve overall transmission system effi-ciency, and in
many cases can result in significant savings in utility bills.

Figure 10: Synchronous Motor Power Factor versus Field
Excitation
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Figures 11, 13 and 14 show phasor representations and one-line
diagrams of a synchro-

nous motor operating at leading, unity, and lagging power
factors. When operating in aleading power factor as shown in
Figures 11 and 12, the field excitation is increased abovethe level
required to produce unity power factor. If the power supply system
is being oper-

ated to maintain a fixed voltage at the terminals of the motor,
var production by the motorreduces the vars required from the
system to maintain the preset terminal voltage. As themotor
excitation is reduced until the motor operates at unity power
factor (Figure 13), thesupply current and voltage shift into phase;
if excitation is further reduced, the motor willoperate to lagging
power factor, and the system power factor will shift to lagging as
well(Figure 14). Under these conditions, the system must carry a
larger kVA load than when

the motor is operating at unity power factor; and at unity power
factor, the system mustprovide the local var support. Thus,
operation of the synchronous motor can substantivelyaffect the
power factor of the load as seen from the supply system, and the
kVA of the loadas seen from the utility system. Many industrial
plants use var-producing equipment suchas capacitors to adjust
their power factor to minimize their power bills, and to
providevoltage support for other loads in the plant. Here,
synchronous motors can play a key rolein optimizing industrial load
factors, if the synchronous motor is equipped with controlsallowing
the motor to relieve the utility of some var load.

Figure 11: Synchronous Motor in Leading PF

Figure 12: Leading and Lagging Current as Affected byField
Excitation on the Synchronous Motor
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Figure 13: Synchronous Motor at Unity Power Factor

Figure 14: Synchronous Motor at 0.9 Lagging PF

VII. SOLID STATE EXCITATION CONTROL FOR SYNCHRONOUS MOTOR

Excitation systems are of prime importance for the proper
operation of synchronous mo-

tors. The excitation system can be as simple as a fixed dc power
supply connected to thefield of the synchronous motor or, with
additional sophistication, an automatic controllercan be provided
with var/power factor control or voltage regulation. When a fixed
dc powersupply is utilized, the input is generally derived from a
tapped transformer whose output isrectified to match the motor full
load field requirements. If the supply voltage to the
trans-former-rectifier changes, the motor power factor must also
change. See Figure 15. Theautomatic controller derives its power
from a similar power source, but here, the excitationsystem output
is SCR controlled which automatically changes field excitation
based uponloading requirements in the system. See Figure 16.


	
7/27/2019 Synchronous Motor Control.pdf

12/20

12

Figure 15: Fixed dc Power Supply with Tapped Transformer Supply
Voltage

VIII. WHY SOLID STATE AUTOMATIC CONTROL

The selection of automatic synchronous motor control over a
fixed dc power supply offersseveral benefits. See Figure 15. A
fixed dc power supply for excitation is a low cost solu-tion that
works reasonably well if motor loads and the power supply voltage
remain rela-tively constant. If motor load varies widely, or if the
power supply voltage is subject to

significant drops, such as those that occur when other nearby
motors are started, a con-stant excitation source may be unable to
maintain the motor in synchronism, resulting in

pole slip and asynchronous operation. Pole slip events can
seriously damage componentsof the excitation system due to
excessively high voltage transients and asynchronousoperation can
quickly cause motors to overheat.

During pole slip events, large currents are induced in the field
that try to flow in oppositionto the normal direction of excitation
current. Pole slip events create voltage transients thatmay exceed
the peak inverse voltage rating of the power semiconductors of the
brushlessrotating exciter or main power semiconductors in a static
exciter system. If the semicon-

ductors fail, the remaining semiconductors in the circuit must
operate under overloadconditions until the power conversion bridge
is repaired.

Using a fixed source of excitation also eliminates the
possibility of using motors to providelocal var support or to
assist in controlling power factor on the supply bus. Poor
powerfactor can cause excessive loading on transformers and cabling
and usually results inhigher than necessary power bills. Proper
operation of synchronous machines can providesignificant savings in
power cost for a small investment in improved motor control.
SeeTable 1.

Both of these potential problems can be addressed by replacing
fixed dc motor exciterswith excitation control systems that
automatically maintain adequate excitation to themotor to prevent
pole slip during load or power supply transients, while providing a
means

to optimize var production by the motor during operation.
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Figure 16: Automatic var/Power Factor Controller Power
Supply

IX. AUTOMATIC CONTROL

A synchronous motor controller provides a means to automatically
respond to voltagetransients and provides a reliable means for
controlling the var output or power factor ofthe motor during
normal operation. Referencing Figure 16, a brushless exciter is
used fordiscussion. As noted earlier in the paper, the brushless
exciter uses an internal solid statecontrol that determines when
the optimum time occurs to apply excitation to the field of
theexciter. Various methods are utilized including slip frequency
or impedance monitoring of

the rotor circuit to determine synchronization. When the slip
frequency is minimum, condi-tions are correct for the power SCRs in
the rotor circuits to be gated on to allow excitationto flow from
the output of the exciter to the main field.

Table 1: Benefits of Proper Operation of Synchronous
Machines

Type of Conditions Motor Synchronous Affect on Economics

Excitation Field Motor System

System Excitation Operation

Fixed - Low Bus Under Lagging - Increase KVA Costs

dc supply voltage excitation power factor loading on plant

- Excessive transformer

load on - Reduce systemmotor voltage

- Potential pole slip

Automatic Automatic Unity or leading - Decrease KVA Saves

controller power power factor loading of plant

factor transformer

correction - Improves voltage

stability of Bus
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The excitation system in Figure 16 represents a typical
automatic control system to adjust

field excitation for the motor field. The excitation system
consists of a variable SCR controlpower supply that is connected
with a var/power factor controller. The var/power factorcontroller
monitors the phase angle between the motor terminal voltage and the
motor

armature current to regulate the motor and maintain a programmed
level of var or powerfactor at the machine terminals. As the load
varies at the output of the motor, the excitationsystem increases
or decreases the field excitation to keep the motor vars or power
factorconstant. The var level at the motor terminals can be set for
a fixed value of motor powerfactor or can be adjusted for a leading
power factor based on the needs of the plant. SeeFigure 17. For
example, if the plant power factor is 0.7 due to a large inductive
load, the

excitation system can be adjusted to overexcite the synchronous
motor to produce varsand improve plant power factor.

Figure 17: Plant Voltage versus System Power Factor

The result of reducing plant var demand on the utility source
will be a voltage increase, asillustrated by the curve in Figure
17.

Why is this important? Low lagging power factor in the plant can
overload transformers,cabling, and can cause undesirable voltage
drops in the plant. Low bus voltage can over-

heat motors and cause misoperation of voltage sensitive
equipment. The low laggingpower factor can also result in var
penalties that the electric utility will charge. When syn-chronous
motors are overexcited vars, or the magnetizing currents required
by the induc-tive loads are no longer provided from the electric
utility but from the overexcited synchro-nous motor. The net result
becomes lower plant operating cost and longer operating lifefor
electrical equipment.

X. CHOOSING MODE OF OPERATION

If an automatic control system is selected, a choice of
regulating motor vars or powerfactor may be made. The selection
depends on the application. For synchronous motorswith large step
changes in load, such as ball mill grinders and chipper motors, the
prioritymay be to keep the motor from losing synchronism. By using
var regulation and by settingthe var operating point to produce
rated leading vars, the motor excitation should always
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be sufficient to keep the rotor in step. This mode also provides
for maximum var support to

the plant bus, allowing the utility power factor to be
reduced.

For synchronous motors with relatively steady mechanical load,
the power factor mode will

maintain a preset motor power factor, keeping the vars produced
at a level proportional tothe real power needs of the motor.

If the primary purpose of the excitation automation is to
improve plant power factor andreduce energy cost, operation in the
var mode, regulating the var production of the motorwould allow
setting the control to the var level required to offset
utility-supplied vars. An-

other possible configuration uses the var/PF controller
connected to monitor utility powerfactor, allowing the controller
to adjust motor excitation to keep utility power factor to amaximum
level, supplying additional vars from the synchronous motor.

Figure 18: Synchronous Motor or Condenser Supplying vars to Keep
Utility PF Constant

This arrangement works well as long as the var supply does not
exceed the maximum orminimum limits of excitation. To make certain
these limits are respected, an excitationlimiter can monitor the
motor and override the var/PF controller if excitation exceeds
thelimits.

XI. REMOTE VAR CONTROL

Plant optimization of energy consumption is an important goal
for many industrials. Con-trolling the plant power factor can offer
a major area in energy savings. Remote control ofthe excitation
system can provide the means to automate the operation of the
synchro-nous motor to maintain optimum power factor for the plant
by using energy monitoringinstruments. Remote control can be
accomplished through a 4-20 ma input that adjuststhe setpoint of
excitation controller. The input for the 4-20 ma signal can be
provided froma computer that measures power factor to determine how
to adjust the excitation control-

ler, keep energy cost minimum, and motor operation at peak
efficiency. See Figure 16.
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XII. SYNCHRONOUS MOTOR APPLICATION AS A SYNCHRONOUS
CONDENSER

A synchronous condenser is another form of a synchronous motor.
The term condensercomes from the older terminology for capacitor. A
synchronous condenser is a synchro-

nous motor running without a mechanical load. See Figure 19.
Depending on the amountof excitation on the machine, it can either
absorb or generate reactive power to improvethe power factor of the
system or provide better voltage stability. Capacitors are used
forthe same application, but must be switched on and off in large
steps and may be morecostly to install. Since there is no
mechanical load, the ac input power for the synchronouscondenser is
only enough to supply the watt losses of the machine during
operation. By

adjusting the field current, the synchronous condenser is
operated at leading or laggingpower factor. As the synchronous
condenser picks up reactive load, the bus voltage willincrease,
depending on the system impedance. Condensers are most often
connected tothe transmission system to improve voltage stability of
the line in large industrial areas.

Figure 19: Synchronous Condenser

XIII. CONTROLLING THE SYNCHRONOUS CONDENSER

The synchronous condenser utilizes various methods for starting.
One common method isusing a pony motor that brings the condenser up
to rated speed. As the condenserreaches synchronous speed, the
excitation system applies power to the field, which buildsterminal
voltage to rated output much like a generator. Synchronization to
the bus occursafter the phase angle of the condenser matches the
system bus voltage. The condensersbreaker then closes and the
system is synchronized. Once synchronized, the output canbe
controlled by either a var/power factor controller or terminal
voltage regulator depend-ing on the needs of the system. If
terminal voltage regulation is chosen, the voltage regula-tor will
adjust the field excitation to maintain the system voltage. See
Figure 20.
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Figure 20: Synchronous Condenser with Voltage Control

Synchronous condensers are often located where large industrial
loads exist. Here, thesystem voltage often varies throughout the
day due to inductive loads in the vicinity. Hav-ing the system
operate in either voltage or var control will boost the system
voltage duringthe day when loads are at their maximum. In the
evening, system voltage tends to behigher as industrial loads are
shed. Here, the synchronous condenser voltage controller

reacts by reducing excitation, hence drawing vars off of the
system and bringing systemvoltage back to normal. See Figure
20.

Figure 21: Digital Excitation for Motors
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XIV. SYNCHRONOUS MOTOR PROTECTION

Figure 22 highlights multiple functions used to monitor the
status of the synchronousmotor. These devices include field over
and under current, motor pullout protection and

incomplete sequence.

Figure 22: Synchronous Motor Controller with Motor
Protection

As the synchronous motor builds to rated speed, a maximum
allowable time is defined bythe motor manufacturer for excitation
to be applied. Should the motor take longer than thedefined time,
the rotor squirrel cage winding will overheat. The fail to
synchronize relay is

set to trip the motor in time to protect the squirrel cage
winding. The motor pullout relaymonitors for lagging power factor
at the motor output to indicate loss of or low excitation.The
lagging phase angle occurs when insufficient excitation fails to
provide the neededsynchronizing torque to keep the rotor locked in
step with the stator rotating magnetic

field. Figure 23 shows the motor line current lagging the
impressed armature voltage whenthe synchronous motor is operating
as an induction machine. When the power factordrops below .8 to .9
lagging, the motor pull out relay will trip the system.

Figure 23: Leading and Lagging Current as Affected by

Field Excitation on the Synchronous Motor
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Field Voltage Time

(Percent of Rated) (Seconds)

140% 35

160% 21

200% 11

260% 5

In addition to the motor pullout relay, the field undercurrent
relay monitors for insufficient

field current from the excitation system. Too little field
excitation to meet loading require-ments for the synchronous motor
can result in pole slip, hence serious damage to themotor and
associated excitation system. The undercurrent relay threshold
detector is set

slightly below the normal field current of the motor. When field
current drops below thethreshold, an output contact provides alarm
to trip the system.

The field overcurrent relay is used to detect excessive rotor or
exciter field current. Fieldcurrent levels that remain higher then
acceptable for extended periods of time, can causesevere heating of
and damage to the rotor. ANSI C50.13 provides acceptable field
overcur-

rent levels based upon time and magnitude. See Table 2.

Table 2: Permissible Short Time Duty for Cylindrical Rotor
Synchronous Generators

Coordinating the thermal heating limits of the motor field with
the excitation system fieldforcing limits is important to ensure
long life of the motor.

XV. CONCLUSION

Selecting the appropriate excitation system for a synchronous
motor depends on the fieldcurrent required for the motor field.
Automatic excitation control can be applied to theexciter field for
the brushless exciter system and to the main field for any slip
ring brushtype systems. Automatic control can be retrofitted to any
existing motor application to helpoptimize plant performance and
reduce energy cost.
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