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Synchronous-motor Control GEH=-3I33A

NOTE: Before any adjustments, sevvicing, parts
veplacement or any other actis performed vequiving
physical contact with the electrical wovking com-
ponents or wiving of this equipment, THE POWER
SUPPLY MUST BE DISCONNECTED.

INTRODUCTION

These instructions apply to the various synchro-
nous-motor starters, subassemblies and field panels
supplied by the General Electric Company under the
type designations listed below. It is the intent of
these instructions to cover essential aspects of the
complete synchronous-motor control system as it
is conceived to function as a whole. Separate in-
structions covering partial assemblies or compo-
nents are not included. If a complete starter is not
supplied, the purchaser is requested to interpret
these instructions for applicability to his particular
assembly by referring to diagrams supplied with
the equipment purchased.

Type
Designation Description
IC7160A127/128 | Full-voltage starter, Limita.mp®
control type (5000V)
IC7160B127/128 | Reduced-voltage “Starter, Limit-
amp control type (5000V)
IC7069A3 Field control assembly

When built-in solid-statefexcitation is included
with the control, these 4nstructions should be sup-
plemented with eithef{GEH:3089A (diode type) or
GEH-3094A (SCR type).

I. STARTING/SYNCHRONOUS MOTORS —
GENERAL

Syn€hronous motors start as induction motors
because,they have cage bars built onto their rotors.
A synchronous motor without a squirrel cage would
have very little starting torque. The squirrel cage
of synchronous motors is sometimesTeferred to as
the damgper winding, or amortisseur winding, and
although its primary purpose is to develop torque
at, start and during acceleration, it also serves to
dampen power oscillations while running at synchro-
nous speed. This cage winding produces torque in
relation to slip the same as an induction motor. No
continuous cage torque is developed at synchronous
speed.
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Torque at synchronous speed is largely derived
from the magnetic field produced by the field coils
on the rotor linking the rotating field produced by
the currents inthe armaturewindings on the stator.

In summary, a synchronous motor is basically a
constant-speed motor that is started by a squirrel-
cagewinding and thenlocked "in-step" bya d-c cur-
rent applied to the field winding. The motor is
started as a squirrel-cage motor by a-c power.
When the motor has reached synchronizing speed
— approximately 95-percent synchronous speed —
d-c current is introduced into the field windings in
the rotor. Thisd-c currentcreates constant-polarity
poles in the rotor which cause the motor to operate
at synchronous speed.

Magnetic polarization of the rotor iron is due to
physical shape and arrangement, plus constant po-
tential direct current in coils looped around the
circumference.

Synchronous motors, therefore, possess two gen-
eral categories of torque characteristics. One
characteristic is determined by the squirrel-cage
design, whichproduces atorquein relation to "'slip"
(some speed below synchronous speed), and only in
relationtoslip since it can developno torque unless
there is slip. The other characteristic is deter-
mined by the flux in the salient field poles on the
rotor as it runs at synchronous speed. The first
characteristic is starting torque, while the second
characteristicis usually referredto as synchronous
torque.
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In the starting mode, the synchronous-motor
. .1ient poles are not excited by their external d-c
source. If they were, there would be no useful
torque developed by them. The reason for this is
that the averagetorque due tofield excitation during
slip would be a negative orbraking torque and hence
would act to reduce thetotal amount of acceleration
torque. In addition there is avery large oscillating
component of torque at slip frequency produced by
field excitation which could result in damage to the
motor if full field current was applied during the
whole starting sequence. Therefore, application of
d-c to the field is usually delayed until the motor
reaches a speed from which it can be pulled into
synchronism without slip.

At synchronous speed, the unsymmetrical nature
of the rotor produces a small torque (reluctance
torque) which enablesthe motor to run at very light
loads in synchronism without external excitation.
Reluctance torque can also pull the motor into step
if it is very lightly loaded and coupled to low inertia.

It is convenient to make ananalogy of a synchro-
nous motor to a current transformer for the purpose
of demonstrating angular relationship of field cur-
rent and flux with rotor position.

If I;* is an imaginary current inthe stator caus-

Z thetransformeraction, then Iy willbe about 180
degrees from Iy (or IFD), and the flux will be 90
degrees behind Ipp. Very significantly, then, the
point of maximum induced flux occursas the induced
field current Ipp passes through zero going from
negative to positive; maximum rate of change of
current.
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Fig. 2a. Tramsformer action of rotor flux and

curveaty(constant slip) for a typical motor

"1 isnotkanactual current. The transformeraction
is due te stator flux (not shown) cutting the rotor
winding®
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The rotor“angle at which I; and Ig go through
zero willddepend™upon the ratio of reactance to re-
sistancegin the field circuit. A very high value of
reactance to, resistance will shift the angle toward
-90,degrees. Reactance is high at low speed (high
frequency). At highspeed (low slip; low frequency)
reactance decreases and the angle will shift toward
0%if, the circuit includes a high value of resistance,
but if the field is shorted (no resistance), very little
shift will occur. As the stator goes beyond -45 de-
grees, torqueincreases (essentiallyduetoincreased
stator flux). Ipp then gives us a very convenient
indicator of maximum flux and increasing torque
from which we may apply excitation for maximum
effectiveness.

If the field discharge loop is opened at the point
of maximum flux, then this flux is ""trapped". Ap-
plying external amperes to the current path in cor-
rect polarity to increase thistrapped flux at this in-
stant then makes maximum use of its existence.
Furthermore, the stator pole hasjust moved by and
isinpositionto pull the rotor forward into synchro-
nous alignment.
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Synchronous-motor Control GEH-JIIIA:

The criterion for satisfactorily pulling a syn-
chronous motor into step isgenerally accepted to be
the application of external field voltage at such speed
and angle as to limit the pull-in period of the rotor
to 180 electrical degrees. That is, there must not
be a fullslip.cycle of the rotor after field is applied.
There are many applications of motors, loads, and
power systems on which and to which this criterion
would be excessively demanding. It is not always
necessary to meet this criterion. However, it is
never harmful to meet it, and for many situations
it is essential to meet it in order to have the motor
pull-in at all, orto preventdetrimental effects upon
the load and power system incident to several slip
cycles with field applied.
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Fig. 4b. Medium-starting-torque motor

It has been established that salient pole torque: -
near synchronous speed is a function of both_slip and
field discharge resistance. Fig. 4 show§ thegcom-
bined effects of cage torque and salient pele torque
for a typical motor. Fig. 5 shows the effect of a
higher value of discharge resistance on a medium
torque motor. Obviously, without salient pole
torque the motor would cease to accelerate certain
loads at some point on the speéd axis.

It may be asked, why net a high value of FDRS
everytime. The answer ispin the other function of
the resistor, and that i§ to“reduce field voltage to
safe levels during starting. As the FDRS value in-
creases, so does the induced voltage, and at some
point thisvoltage wéuld be damaging to insulation or
other componentsgin the" field circuit. Solid-state
excitation and contrel,components in the field cir-
cuit have had the“effect of making the value of FDRS
and its voltage effeet more significant. There is a.
greatep, sensitivity’ to field voltage tolerance levels - -
with solidsstatefdcomponents.
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Fig. 5. Medium-starting-torque motor with two
values of field dischavge vesistance

Selection of the value of the field discharge re-
sistance is, therefore, a decision that may require
judicious application of several factors present on
a particular drive, taking into account torque, ex-
citation systems, and control components.

To pull the motor into synchronism requires that
sufficient torque be developed after removal of the
discharge resistor to drive the load plus accelerate
the system inertia through 180 degrees.

The importance of speed for applying field can-
not be overemphasized. Common sense makes it
evident that it would be a low inertia indeed which
could be acceleratedtofullspeed within 180 degrees
from a value of slip much in excess of 10 percent.
Speed at which field is applied is considered:to be: -
more important than correct angle.
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Synchronous-motor controllers which can accu-
itely apply field at optimum speed and favorable
.ngle permit matching the motor to the load with a
greater degree of precision than might otherwise be
possible. The increasein load which can be pulled-
in due to precisionapplicationof field will vary from
one motordesign toanother and with svstem inertia.

Applying excitation at the point of zero induced
current (favorable angle) takes advantage of motor
capability intwo ways: (1)it catches ("traps’) salient
pole flux at a significant magnitude (provided there
is a field discharge resistor of adequate value) and

uses it for torque during a 180-degree acceleration
period. and (2) it catches the rotorin correct angu-
lar position to be pulled forward into step.

In addition to permitting closer matching of mo-
tor to load, optimum application of excitation also
reduces power system disturbance which occufrs
when the motor goes through a completesslip cycle
with field energized. If the motor is largefrelative
to the power system, surgestransmitted to,the sys-
tem will be at a minimum if field isgapplied to pre-
vent slip at pull-in.

i 'SYNCHRONOUS-MOTOR CONTROL

g, 6.

A. General Description
of Controllers

The IC3655A105__ solid-state starfring\and
protection module contains the logic circuits‘eéssen=
tial for starting, synchronizing. and @rotecting
synchronous motors. When used "With ‘electro-
mechanical devices in the motorlineand¥ield cir-
cuits (contactors and breakers). g0 comnect and
disconnect power, the combinationynakes a com-
plete synchronous motor contrgller.

The synchronous- metorfycontfoller has two
basic functions:

a. Starting and synehrgnizing

b. Motor protection

Fig. 7 shows the basic power and magnetic
control cir@uitsyof a synchronous-motor control-
ler. Fig. 8Wis a simplified logic diagram of the
synchrénizingand protective functions. A detailed
description of the various functions is included
elsewhereiin this publication. A brief description
ofgthengeneral functions follows.

IC3655A 105 synchrongzdng and protection module

i
M s kAT
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A1.0 A-c Power Switching to the Motor

1.1 Magnetic Full-voltage Starting

Pressing the START button will cause the
main line contactor to close, and full volt-
age will be applied to the motor terminals.

1.2 Magnetic Reduced-voltage Starting

Pressing the START button will cause the
starting contactor to close, and reduced
voltage will be applied to the motor termi-
nals. After a pre-determined time inter-
val, an adjustable-timetransfer relay will
operate to reconnect the motor from the
starting connection to the running, or full-
voltage, connection.

1.3 Magnetic Part-winding Starting

The sequence of operation of the a~c power
switching for part winding is equivalent to
the preceding paragraph when a portion of
the motor winding is first connected to the
power Source. Afterapre-determinedtime
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interval, a second portion of the motor
winding is connected in parallel with the
first portion; or, in effect, normal or full
voltage is applied to all windings of the
motor.

Part-winding starting may be accomplished
in two steps or more, with each step fol-
lowing the first ina timed sequence as de-
scribedabove until the full winding is ener-
gized.

A2. Field Control

A3.

Induced current in the motor field, pro-
duced during starting, is passed through a
discharge resistor in the starter by means of
a closed contact onthe field contactor. Volt-
age in the field winding is thus held to a safe
valueduring the starting period. D-c voltage
from an exciter is applied to the field at
properspeedandfavorable rotor angle by the
field contactor which is closed by action of
electronic circuits: the field-discharge re-
sistor path being opened simultaneously.

Removal of field under overload is de-
complished usually within the first slip cyele
of pullout by electronic circuits.

Protection

The standard starter inclidesgprotection
against overheating of the squirrel-cage
(amortisseur) winding duringlystarting, and
protection against overheating of, the stator
winding during running.

All control functioms ared discussed in
greater detail in other séetions of this in-
struction.

B. Installation and)StarfiUp

B1.

Installation

Inspeetyallwiring and see that the connec-
tions are €lean and tight, and that there are
adequatefclearances for all devices.

AllNexternal wiring from the controller
must be ‘made in strict accordance with the
main gonnection diagram supplied with the
controller.

While referring to the main connection
diagram supplied withthe controller, inspect
the wiring to determine definitely that the
starting and field-discharge resistor is con-
nected in the motor field-discharge circuit
through the discharge (closed) contact of the
field-applying contactor (FC).

DO NOT APPLY power to the controller
or the motor until the instructions under
"OPERATION" have been studied.

B2. Grounding

B3.

Equipment should be grounded to a suit-
able system ground. The a-c"control power
circuitisgrounded unless Customer’'s speci-
fication requests an ungrounded circuit.

The S/P-M (FVE) must be grounded to
prevent thefpossibility of high induced volt-
ages causing damadge during starting. It is
recognized¢ however, that the motor field
should not bef's@lidly grounded continuously;
therefore, alresistor (FGRS) is inserted be-
tween the motor field and ground. This re-
sistordis 2500 ohms for fields rated 125 volts
and5000chms for fields rated 250 volts and
limits ‘ground-fault currents in the field to
lessythan 0.05 amperes.

Start-up Procedure

With control power applied to the con-
troller, check out the IC3655A105 (S/P-M)
module as follows:

a. Relay TRIP should pick up and its inter-
nal indicating light should come on. If
indicating lights are illuminated on either
of the two other transparent-encased re-
lays, depress the RESET button. Lights
should go out on all except TRIP.

b. TEST SCP: Withmotor not running, press
this button and SCP light should come on
after atime approximatelyequalto motor
allowable stall time. After test is com-
plete, depress RESET button.

c. TEST PFR: (PF meter should indicate
unity with motor not running.) Turn TRIP
SET knob fully clockwise. Depress PFR
TEST push button. Relay FAR will pick
up followed by relay FCX three seconds
later. After a time delay of 0.2to 1.0
seconds (as set on TIME DELAY)follow-
ing pickup of FCX relay, the TRIP relay
will drop out and PFR indicator light
should come ON, Depress RESET button
and reset TRIP SET to 0. 8.

d. Start motor and closely observe move-
ment of Power Factor Meter onthe S/P-M
module. If meter moves in the lagging
direction, inputs are correct. If it moves
in the leading direction during starting,
current leads to S and T must be re-
versed for corrected operation of the
power factor circuit.

Controller is now ready for use.
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A-c Source Elementary Diagram
Synchronous-motor
LJ Lf Lf Controller Full-voltage
) ) )CB Or FU Nonreversing
K1 1 b K2
U L LI 1 1AM puPy Notea-
10L This Controller Is Shipped
Gem 65 O With Jumper Removed.
20L This Permits Field Removol
61 00— S/P-M From Negative Induced
Py [Pmp [PMp  SOL (sl Current On Pull-out, But
]CTS_ ZCTEP 3CTE, 60”67 Shutdown Only From Logging
nl | Power Foctor.
72 64 1 Note B-
Ti T3 S Jumper Shown For 23Q-volt
MoT GRD Control. For 115-voltiJumper
2AM . H1 To H3 AndH2 To H4:
FC FLD
F1,AL0 F
41 b 2 ::
SF#FC
FDRS { Nomencloture
R3 VF Ri
+VE S/P-M 1AM Azc Ammeter
__YHFGRS 2AM D-c Ammeter
+) GRD= =) cB Circuit Breaker
L]’;—TO D-c Source For Motor Excitation ‘—’L';A 1,2,3CT Current Transformer
Hl H2 FC Fleld Contoctor
FU \Jv,?b FDRS Field Discharge
i} RAPSUSY ¥ Resistor
6 +GRD FGRS  Grounding Resistor
#10L iPB S/P-M » FLD Field
20L 30L Siop Start OPS FLT Filter
25 °3 o—{}—o o—«»——O—s— Fu Fuse
TRIP 41 wix GRD Ground
Note “A" MX FIS LL,L2,L3 Incoming Terminals
8 - ! FLT M Main Contoctor
S/P-M moT Motor
ria ili
MX MX Auxiliary Relay To M
s s PFM scp | L T e @ 1,2,30L Overlood Relay  ©
AsIAS2 @) <o [SFr®| 128 Pushbutton
Syn Resel FC PM. Polarity Mark
Speed YIS * Mounted Remote
9¢ )98 O 8 - ‘ T1,T2,T3 Outgoing Terminals
H3 H2 PF PFR FAR FLT T Transformer
@ g S/P-M  Synchronizing And
H1 H4 Protection Module
| {7 Note 377
"g" F FCX F 5
c c
MX1 MX O X- X1
? ? Time t 2
U o
To Loader

Fig. 7. Elementary Diagram

C. ControlleppOperation

C1. Starting and'Synchronizing (Refer to Fig. 7)

Closing the main line circuit

breaker

makes power available to the control cir-
cuits and tothe Synchronizing and Protective
Module (S/P-M). Energizing S/P-M causes
TRIP relay contacts (TRP1 - TRP2) toclose,
andalsoprovides power to the electroniccir-
cuits for synchronizing and protection logic
functions.

Pressing the START button will pick up
relay MX which inturn energizes the coil of
main contactor M. When M closes applying
a-c power tothe motor, induced field current
flows inthedischarge resistor FDRS and the
voltagedropacross it appearsat S/P-M (+Vp
and -Vy). Frequency of this induced field
voltage décreases as the motor speed in-
ereases, and the speed sensing circuits of
S/P-M cause relay FAR (FARI1 and FAR2)
to close as the motor reachesapproximately
95-percent speed (or whatever speed is set
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ca.

L1 L2 L3
Simplified One-line Logic |

Diagram Of Synchronous -

Vi-
motor Starting And ] ] l 1-2
Protection Controiler r r Set
T 13 PF (A
q ( Detector
( q 4

FC FC

(+) FLD ¢ (=)
— Fl_~vrF2 i
Excitotion
Source #L FC
Induced Fid
Voltage FDRS
SCP r——J >To PF
r100K |Rhook |rJ100K 5 C°"‘P°'°'°;D Right Regulator
Slip Q When Used
Neg. Det
Proper  |Proper Pole | integrator i
Angle Speed Slip
Set Allowgble
PRA PRS |7a! sPL Stall Time

1 PolelFlip £~ SignalForinstonteneous

Jumper ,JLS'OP OptionalpConn
f.
1

——— w2 N - - ———

Slip {Flop ~ Field'Removal From
S Lagging PF |
PEF OR
Stop Start
S-Set Mx#Sionoi Timer
AND C-Clear C . ¢
Fault Enable|Timer [ A
Enable FgF »10.210
Timer RD PFR
3Sec r Light
Reloy [——<——--—————Q
RD Relay
Driver OR
——
—
Relay Auto Loader Trip
Field Relay .
: Contactor RD ___[— go Line
ontoctor
e N S ol T

Fig. 8. Schematic diagrain

on SYN SPEED dial). When FAR closes, the
field contactor FC picks up and applies ex-
citation to the motor from the exciter.

Rel@y FCX picks up and closes its con-
tacts approximately three seconds after the
motor synchronizes, allowing automatic
loading circuits to be activated.

Protection

by the S/P-M. Its logic circuits are

arranged normally (as shipped from the

factory) as follows:

a. Relay FAR drops out instantly on
first slip cycle producing negative
pulse from the field. FC then re-
moves field excitation to the motor.

b. Relay FCX drops out at the same
time as FAR. Load isremoved if an
automatic loader is connected.

2 1 Pull Out c. The motor will run with field removed

If excessive mechanical load is applied
to the motor shaft during normal running
of the motor in synchronism, the result-
ing lagging power factor willbe detected

for the time set on the P. F. TIME
dial (maximum of 1.0 second). and if
resynchronization does not occur
within this time, the TRIP relay will
operate and the motor will stop.






GEH-3133A Synchronous-motor Control

Alternate connections may be made to
prevent field removal on first slip cycle
by adding jumper from AS1 to AS2 on
terminal strip.

If this change is made, field is not re-
moved immediately onpull-out. butmo-
tor shuts down if lagging power factor
persists through the time setting P. F.
TIME dial.

There are some motors which, due to
design and other conditions. do not pro-
duce anegative half cycle of induced cur-
rent during pull-out from overload. On
such motors. the control may be set to
remove field on firstslipcycle instantly
from lagging power factor by connecting

jumper from terminal LPF to LPEl on

terminalboard of card IC3650SSND1 ‘and

removing the jumper from LPEl toCOM.
2.2 Thermal Protection

The motor stator winding is protected
against running overloads byythermal-
overload relay. The tripping of these
relays correspondsto thestator-winding
heating curve.

To provide adequate, protection to the
squirrel-cage/ winding (amortisseur)
during starting, thie logic circuits include
a function for intégrating the slip fre-
quency voltagenduring stall and during
acceleration, _and trip the motor off the
line if limits are exceeded.

IIl. DETAILED DESCRIPTION OF IC3655A105_MODULE

A. Starting and Synchronizing

Control functions for starting a synchronous
motor include:

1. Applying power to the stator; at full voltage
or at reduced voltage.

2. Connecting aresistor inseries with the field.
3. Sensing rotor speed.

4. Sensing rotor angle.

5. Applying excitation at optimum ‘speed and

angle.

6. Reluctance torque synchronizing?

Applying power toa motoridby magnetic contac-
tor or circuit breaker is@strictly a conventional
operation. Essentially the same for a synchronous
motor, squirrel-cage motopggtransformer, or any
other load. Synchrofious anotors require nothing
exceptional for this function.

Connecting'a resistor in series with the motor
field duringfstarfing is” accomplished by magnetic
contactor. Qptimumapplicationof excitation (that
is, closing the“field contactor) requires accurate
sensing of motor speed and rotor angle. Optimum
speed for pull-in will vary somewhat from one mo-
tor design té”the next. and with the value of the
field discharge resistor. Adjustment of the control
to@pplyafield at various values of motor speed is
ymportant. Correct rotor angle for field applica-
tion“does not vary. however, and is always the
point where induced field current passes through

zero going from negative to positive: the point of
maximum flux in the rotor. Maximum utilization

10

Field
Contactor

PRA ‘ FAR
Reloy t :: l
R0 }—~s3 '

PRS Reloy

Timer
3 Sec RD

rTo

- | Looder
FAR-Field Applying Relay

FCX- Aux Reloy For Automatic Loader
RD -Relay Driver

PRA-Input From Proper Angle Circuit
PRS-Input From Proper Speed Circuit

OPERATION

When moloy veaches synchronizing speed,
as sel on dial (90-98 percenl speed), lhe
PRS timer sels flip-flop PSEF and applies
an inpul lo AND. The AND lhen wails for
ils second inpul from PRA, propeyr roloy
angle, which energizes relay dvivey RD lo
cause FAR lo close. Relay FAR enevgizes
Jield conlaclor.

The AND aclivales limer which, afler a 3-
sccond delay, canses relay FCX lo cluse.

Fig. 9. Molor-field application logic

of motor pull-incapability willdepend upon the de-
gree to which the controller can accurately sense
speed and rotor angle.

Rotor frequency is the most positive electrical
parameter available for indicating speed, and can
be sensed by detecting frequency of the voltage
across FDRS. Voltageacross FDRS is not actually
"induced field voltage. but is the voltage across
the discharge resistor and is essentially in time
phase relation to the current through the resistor.
That is, it goes through zero the same time the
voltage goes through zero.
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RBOﬁ:]Speed
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Proper Speed
Output Pulse
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Induced Field Voltage And Current

OPERATION

During positive half-cycles of induced field
voltage, Q11is turned ON, turning Q12 OFF,
and allowing C2 to charge through R8O:
When VDis goes negative Q1is OFF, Q12 4s
ON, and C2 is discharged by QI2.)\When
positive half-cycles become long gnough
(indicating high speed), voltage‘on C2 will
reach standoff ratio of UJ-QIThand¥il will
deliver apulse toproper speeddogiecircuit.
Adjustment of R80 deteriminesnycharging
time of C2, and consequently §ynchronizing
speed.

Logic ""1"", oulput aly PRS _appears only at
end of positive half€ycleof Vp;s exceeding
time setting of,R80.

Fig. 10. §Slip speéed sensing civcuit

Fig. 10 andy Fig. 11 are drawn to illustrate
schematicallyfthe electronic circuits which deter-
mine,motor‘speéd and rotor angle for synchroniz-
ing4 The circuits are illustrated separately for
simplification and clarity, where in the module,
theyp@re integrated into one and are constructed
and assembled with other functionsto make a com-
plete modularunit. (See diagrams — pages22-27.)

Qutputs from proper speed circuit and from
proper angle are fed into an AND junction from
which there is output only when both inputs are
equal. That is, when the motor reaches proper
speed and proper angle for synchronizing. A sig-
nal is delivered to the field applying relay FAR to
cause it to close its contacts. FAR picks up field
contactor FC to apply excitationtothe motor rotor
and to open the field discharge resistor loop.

+ i AP
<
f

—{fors }—— 24

" Vois ~

HiIOOK l Jiook

+27v

T

FCH

PRA
Proper
Angle
Output
Logic "1”

Comm

PRA
NOutput

PRS Proper Angle
Proper Speed If Going Through Zero From
Time Negative To Positive

OPERATION

Q1 is also used in proper speed civcuil.
Logic '"'1"", positive output at PRA, occurs
only when Q2 is OFF. Q2 is turned ON,
however, from positive inputs + 27V thru
CR3 or + RA CR4. During positive, half-
cycles of Vpjs, RA is positive and Q2 is
ON. During negative half-cycles of Vpis,
+ 27V turns @2 ON since QI is OFF. As
current-zevo is approached from negative
I (positive Vp;g), Q2willgo OFF at + 15V
and remain OFF to - 15V of Vpjs until
+27V turns it ON through CR3. Likewise
Q2 will go OFF as current-zevo is ap-
proached from positive dirvection as Vpis
reaches - 15V. Logic ''1" therefore ap-
pears at PRA 15 volts either side of cur-
rent-zero.

Fig. 11. Proper votor angle circuit

Speed at wh‘ié‘}‘i)t}l{:eL motor is to synchronizc
(PRS) can be adjusted over the range of 90 percen
to 98 percentby calibrated knob (R80). The prope:
angle circuits applied through solid state logi:
techniques to operate a field contactor satisfy the
criterion for optimum pull-in requirements of the
motor; ""correct'"” speed and induced-current zer:
going positive.

B. Reluctance Torque Synchronizing

A synchronous motor lightly loaded and con-
nected to low inertia may pull-in to synchronisn
before the rotor poles can be externally magne-
tized; commonly known as reluctance torque syn
chronizing. This magnetization can result in suf
ficient torque to hold the salient poles in direc
alignment with corresponding stator poles and ru.

]
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Excitation
Applied

OPERATION

MOTOR SYNCIHRONIZES ON RELUCTANCE
TORQUE-ROTOR CORRECTLY ORIENTED

PRS signalselts flip-flop (PSF) for positive
input to AND junction iwhen speed timer
times out. Proper angle is then indicaled
by zevo lp delivering second inpul o AND
junction which causes pickup of velav FAR.

I, 12a.
Excitation
Applied
1
Ir t~ - PRS-~
i | ) -
i
: One-pole Slip
PRA
Vois

OPERATION

MOTOR SYNCIIRONIZES ON RELUCTANCE
TORQUE-ROTOR DISORIENTED 180 DEGREES

PRA signal comes onalcuvvenl-zevo caus -
ing inpul to AND junclion. PRS limer v s
when theve is no input from induced iollf
age. Thervefore secondinpul o ANDguné-
tion occurs at end of PRS lime and causgs
pickup of relay FAR.

Fig. 12D.

the motor at synchronous (speedy When load is
applied, however, the rotor willbegin to slip since
the torque developed i§ only a fraction of rated
torque under sepatate‘excitation. Furthermore,
the rotor is polasizediby the stator flux only under
this condition /and ean therefore be polarized in
any direct axis,alignment; each 180 degrees. Ex-
ternal excitation'requifes polarization pole-to-pole
in only one orientation of the direct axis. Should
the rotor pull-in tosynchronism 180 degrees away
from the normal running alignment, external ex-
citationymust build up flux in the rotor in opposi-
tion to the stator flux, nullifying the reluctance
torque, ‘and momentarily driving the net torque to
zerom, As the external excitationbuilds up, correct
alignment of rotor to stator will occur by slipping
one, pole and the motor will then run in normal
synchronism at rated torque.

12

The field application control must respond.in
such way as to proceed with proper application of
excitation in the event the motordoes synchronize
on reluctance torque. Fig. 12a and 12b show, how
the IC3655A105 automatically responds to reluc-
tance torque synchronizing.

C. Motor Protection

Any condition which raises the temperature of
various elements of a meoétoryabdve designer's
limits will effect its life. \Qverheating is there-
fore an enemy that mustibe dedlt with by the pro-
tective functions of synchronous motor controllers.
"Heating above limits'"is @ phrase that is often
misinterpreted and misapplied, however, since a
motor is thermally, much more complex than such
things as fusesgpfor@instance, which are designed
tomeltinstantly when some value of [%t is reached.
A motor{€entains several metals (copper, brass,
bronze, solder, “iron) and a variety of insulating
matemrials, “all ‘of which are effected differently by
temperature:) Motor designers usually establish
limits injparameters measurable at the various
eleetrieal terminals, such as line current versus
time, induced field currentversus time; or, some
fermyof inherent detectors are installed which
measure temperature directly. These limits are
then used by the control designer as the basis for
aetiontoprevent reduction in motor life expectancy.
Precision in protection is a somewhat nebulous
concept, however, and should not be confused with
precision and reliability in protective devices
themselves. Devices and circuits for motor pro-
tection must be reasonably precise and sufficiently
predictable intheircharacteristicsto be sure they
follow the motor designer's recommendations, but
it should be kept in mind that the motor designer
ismerely trying toprevent rapid reduction in mo-
tor life, andthere are wide limitsin time and tem-
perature within which life is effected.

The amortisseur, or cage winding of a synchro-
nous motor, isprobably the element most suscep-
tible tothermaldamage. Itsfunctionis essentially
operative only during starting, and there are limi-
tations on space available for itsconstruction onto
the rotor. Hence, it isusually made of lighter ma-
terial than the cage winding of an induction motor.
The cage is also vulnerable to overheating should
the motor be allowed to run out of synchronism
with no excitation. In this case, it runs as an in-
duction motor at some value of slip which will pro-
duce cage current that develops running torque.
The cage of a synchronous motor is not designed
for continuous operation, however. So, an im-
portant protective function of the controller is to
prevent overheating of the cage winding both dur-
ing starting and running out of synchronism.
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Table 1. Synchronous-motor protection
summary

Conditions of Possible Damage
S b .

Loss
of
Start- Winding Exci-
Overload ing Insulation | tatien
1 I | l R =
i o sla et
Type of 5 ’ = HERE ci 315
Protection = ’ | ] oo | & A > |O
S w @ S Inl R =R - -
£ ¥ 3sls iz 3L |8 |=
= < Sigi-12¢is) o [ ] R
S S F|S (312821518 |ale
z @ Nl | BAia<{O|F A (Z z
“Stator Thermal- ~ T T
Overcurrent Relay OL X
Power Factor ___ | S/P-M X [ X[ XX
“Tnverse- Time-Induced~
Field Current S/P-M X| X X X
Field- Voltage- Check
Relay _{ VCR 4 o
Field-Current-Loss
Relay FLR P (0]
Ground Fault Relay GF [¢]
“Tastantaneous Over- | | 1 1 1T 1T
current Relay oC o
Differential Relay DR o] o
_Current-Balance Relay | CBR | 04 B o
Incomplete Sequence
_Relay SR | Ao

X - Included with standard controller
O - Not included with standard controller: must be added to order
4 - Current unbalance causes overheating

There are four situations of the motor that must
be monitored so as to prevent damage:

1) Stall or prolonged acceleration.

2) Overload:
Continuous running overloadwgin synchro-
nism
Pullout
3) Loss of excitation:
Running as an inductiongmoter

4) Winding insulation failulre;

Phase fault
Ground fault.

C1l.0 Starting Protefction

Fortunately, ménitoring the starting con-
dition of a synchgonous motor can be accom-
plished bylookimg at the frequency of induced
field current, just as is done to accomplish
synchponizing. As pointed out above, the
cage winding is the most vulnerable element
during starting and as aconsequence, motor
designers always place a limit on the time
alparticular motor can be allowedto remain
stalléd (""allowable stall time' *). An accel-
erdtion schedule can then be established for
the motor in terms of running time at any
speed less than synchronous as a percent of
allowable stall time. There are two factors
which reduce heating as the motor acceler-
ates: air circulation from the fan effect the

* "Allowable stall time' is important for induction
motors also, but the time is usually shorter for
synchronous motors and varies from one design
to another with greater spread.

Allowable Running“Time /Allowable Stall Time

Fig.

B - High Starting Torque Motor
D - Low Starting Torque Motor

100

~N®
je)e]
R Pr

[
Q

w
Q

H
o]

(¢}
o

n
Qo

Relay Characteristics
Available By Changing R
And C Of Pole Slip Circuit

\
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N
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- Shaded/Area Is Range Of §
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40 /NN
3.0 81\& &?
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o] 20 40 60 80 100
Percent Speed

L3, Typical syuchronons-molor sguiiel -
caec heatimy cheracleristies

rotor. and reduced frequency of current i
the rotor. Frequency can be measured di-
rectly as an indication of speed. and the de
signer’'s curves for speed versus time ca
be used for protection by circuitry that in
tegrates the time-speed function. Fig. 1
shows typical cage heating characteristic:
during acceleration.

The electronic circuit for integrating th:
time-speed function is shown in Fig. 14
After the motor is initially started. charg
remains on C;, until it bleeds off through th.
22 MEG resistor. which provides circui
memory to prevent successive restarts tha
may damage the motor. The bleeding tim-:
of C through 22 MEG resistor is about I
minutes. [f the motor is restarted in les
time. it could cause the circuit to trip. Th
capacitors discharge through emitter of UJ
Q1 upon reaching the trip point. Restartin
is thenuptothe discretionof electrical main
tenance personnel who would be called upo
to operate the RESET function.
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Motor F1
w e AN F2 o
—
wok T FC
vois
R[B_SZ CRIS
PU + {¢ 4+
CRI
a3 CR2 R16
6| |
SPL Q5 L3
S
E] CR3
OPERATION

14

Positive half-cycles of Vp;s shutoff Qsand
allow Cand Cy to chavge through R. Nega-
tive half-cycles of Vpis cause Q5 to con-
duct and to discharge C thvough the loop
formed by CR2, Q5, CR3, and RI6. C,
does not dischavge, however, because il s
blocked by CR15. Capacitor C is small in

PRA

FAR
Rela i @ l
Y i Field

_———— Contoctor
Reloy
PTS Timer RD _ I To
3 Sec - I Looder
S
PgF FAR-Field Applyingsfelay
FCX - Aux Reloy)For Automatic Loader
OR RD -Relay Driver
’ L PSF - Flip- Fllep
SPL SPL-Input From Pole Slip Circuit
Stop PRA-Input Ffom Proper Angle Circuit
Signoal PRS - laput From{Proper Speed Circuit
OPERATION

PSF is set by WRRS; cleaved by either the
stop civcutlyor SPL.

One pole/slip as indicated by negative in-
ducedfieldiamperes from SPL will vemove
dvivenon-velays FAR and FCX. FAR ve-
moves field excitation from motor and FCX

comparisonwith Cp so eachcharging cyvcle
only pavtially charges Cp; therate of chavge
each half-cycle depends upon ratio of C/Cp
and chavge existing on C,, and will be an

exponential function.

C

When total voltage on
veaches standoff vatio of UJ-Q1, a pulse

of logic "'1'"" will appear at SD to be fed iito
logic for tripping as shown in Fig. 174

Fig. 14. Pole slip detector civcuil

The component values of Cj Cp, and R
are selected to match motor heating/curves
shown in Fig. 13 and the fmotog allowable
stall time. Taps on RS arejset so there is
no output from the compaszater unless induced
voltage is higher than €xcitatien.

C2.0 Overload Protection

Continuous running @verload protection of
asynchronous motog, isnormally afforded by
monitoring stator gurrent with inverse-time
thermal@elaysé This function for a synchro-
nous miotords essentially nodifferent than for
othefa-cgmotor types and can be expanded to
includedwinding temperature detectors or
other<types’ of inverse-time devices. The
synchron@us motor can be overloaded to the
point where it will pull out of synchronism,
howeyer, and this marks the distinct differ-
ence 1n its protection requirements.

Synchronous motors are designed to run
at constant speed and drive shaft load by
torquederivedfrom the polarizediron cores
on their rotors which magnetically link cor-
“responding stator poles. Whenever the rotor
turns ata speed less than the stator flux, the

yemouves load.

Fig. 15.

.

Motor-field application logic

motor is said to "'slip"'. Slip can begin with
the field poles magnetized while running in
synchronism from four major causes:

1) A gradual increase in load beyond the
pull out capabilities of the motor.

2) A slow decrease in field current.
3) A sudden large impact load.

4) A system fault or voltage dip lasting
long enough to cause pull out.

Loss of synchronism with field poles mag-
netized will create wide pulsations in torque
at the motor shaft each time a stator pole
passes a rotor pole. Corresponding pulsa-
tions occur in line current. Both types of
pulsations can be damaging. Torque pulsa-
tions can break a shaft, coupling, or other
mechanical element, and current pulsations
can interfere with efficient power system
operation. Slipping withrotor poles magne-
tized (field applied) is therefore always un-
acceptable for a synchronous motor and some
means must be provided to prevent it.

One of the most reliable indicators of syn-
chronous and asynchronous (out-of-step) op-
eration is power factorinthe line to the mo-
tor. Thatis, the phase anglebetween voltage
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and current. Synchronousmotors seldom, if
ever, operate continuously at lagging power
factor. They run at either unity or some
value of leading angle between current and
voltage. Lagging power factor always ap-

pears when the motor load angle increases:

beyond rated, becoming fully lagging (90°) as
the motor just pulls out-of-step. Lagging
power factor may therefore be utilized to
initiate action to prevent slipping.

Torque and power pulsations during slip
can be reduced by removing field current to
the rotor poles. The motor would then run
essentially as an induction motor by its squir-
relcagewinding. Slip with field current re-
moved is tolerabletotheload and power sys-
tem but intolerable for any length of time to
the motor squirrel cage winding itself, since
it is designed with limited thermal capability
and for short-timeoperation. Motor Powern
Factor during induction motor operation (that
is with field removed) is always laggingy
However, the degree to which the current
lags the voltage isless than atpull-out when
field poles are excited. Laggingpowes®fac-
tor therefore can again be utilized as an’in&
dicator of ''slip" during inductionmotor op-
eration.

For synchronous motors,_therefore, some
means must be provided #o/guard against
two kinds of slip; slip with field applied,
which causes 90 degre@™lagging (0%) power
factor, and slip when{running without field
applied which causeS$ylagging power factor in
the order of 60 to(80 pexcent.

Although laggingipower factor always oc-
curs during slip,ithere are other transient
situations_of“thefpower system and motor
which cancausea momentarily lagging power
facter. \\These situations may be of such
strort“duration that the motor will continue
to runinsynchronism. Very rapid response
of /a soscalled power factor relay in these
Situations would cause unnecessary shut-
down. Inherenttime delay (adjustable) would
permit delay in operation unless the power
factor remained lagging for a predetermined
time, indicating persistent pull-out.

Motor pull-out protection from overload
is efficiently provided by a circuit which
monitors power factor and has a built-in time
delay topreventinadvertent tripping on tran-
sients. The circuit is shown in Fig. 17.

An analog voltage signalgappea¥rs at point
W whose magnitude is proportional to the
phase angle between line curzént and line
voltage. (See Fig. 16.) At unity power fac-
tor,the angle is 90 degrees ifvoltageinput at
pointsQand Pisfrom L1 to’' L2, andthe cur-
rent input at F afid G is from L3. Phase
rotation being L1-J62-1L3.

L2 Rotation
I\
Y2
41-2 L3
I3
Ly
Fig. 16. Voltage current phasors

The EXCLUSIVE-OR power-factor circuit is ar-
ranged so the output signal at W is 5 volts at unity
power factor, zero at 90 degrees lag (0 P. F.), and
10 volts (10 MA thru PFM) at 90 degrees lead (1.0
P. F.). Output signal varies between 0 and 10
volts in relation to the cosine of the angle between
voltage and current inputs.

L 474
n T3 (50)

+27V Power-foctor Circuit
R35M4R36 HR37 MR R47 %cRr
ﬂzzxézzx 22K [:]LSK [« K CR33
R R65
cgglc%o j[ f
2L 3CRN f30 1
XCR R29
R R8lrog ox | 15K W
R25 12K o
10K Q5 Q8 Output
Q6 LPF
R22 —¢ RIS
47K
4 4 2.2K
TTT 9B '
_._J'_‘A— a7
CT! F RZBP_‘

LPF Reloy
LPF [ To) () i
75 Timer] 02 o T'd' ___ L | Opens Line

) HOR1 RO T_ ( Contoctor

From Pole Relay

ot |
Stip Circui Driver 105 Relay Normally Picked Up.
Logic "1" From RD Drops It Qut.
Fig. 17. Motor pull-out protection

from overload circuit
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Brief Description of Circuit Operation:

Positive half waves of voltage input Ll-
12 turn Q5 ON, and positive half waves of
current input L3 turn Q6 ON. Whenever Q5
and Q6 are both in the same state, either
ON or OFF, Q9 is turned ON. The circuit
therefore has four extremes:

1. Q5 and Q6 both ON: voltage at R36 is
low, and base drive of Q9 is through
R31 and R30; Q8 is OFF since voltage
islowatitsbase. Q9 is ON and shunts
current to COM away from W.

2. Q5 and Q6 both OFF: voltage at R36 is
high which drives Q9. Q8 is ON but
cannot lower Q9 base drive due to 15K
R30. Q9 being ON shunts current to
COM away from W.

3. Q5 ON and Q6 OFF: voltage lowatR36
and R35 but high at R37 which turns
Q8 ON. Q8decreases drive on Q9 and
turns it OFF; current then flows
through W.

4. Q5 OFF and Q6 ON: voltage high at
R35 and low at R36; R36 cannot drive
Q9, and Q8 turns ON to prevent drive
through R31and R30. QY9OFF, current
flows through W. T

In summary, lagging power fact@r results
in LOW outputsignalat point W due topshunt-
ing effect of Q9. This signalis utilizedjin a
logic function to cause drop outyof the trip
relay after a time delay.

Power-factor logic showan,in{ Fig. 18 is
therefore applicable to the total device. Low
signal resulting from“lagging power factor
will drop out trip relayg® High signal result-
ing from unity or leading power factor will
hold the relay in.

Motor pull outywill alSo produce negative
induced field curirent in some motor designs.
Negative induced “field current is equivalent
to an increasedinginduced field voltage ex-
ceedingWthe Yapplied voltage. Investigation
of mgtor designs and simulated conditions
forpull out applied to these designs, how-
ever, demonstrated that high field voltage is
not a“eompletely reliable indication of pull
out because a sizeable variety of motor de-
signs and conditions of pull out do not exhibit
negative pulses of current. The conclusion
could be drawn that negative induced field
current should not be considered as an indi-
cator of pull out. If detection of pull out
under impact load is of paramount importance
then the conclusion is valid, and it would be
prudent to rely upon lagging power factor to
detect pull out. There are some drives how-

V(81 0.5.:0
90° Lag P F

Iy __] j i 1 i i I3
- ; _ _ 0.8
V@1 _L1ov
90° Lead P F Mo

T e B IR B e 1:JT9‘°‘
No 13

Avg

 — b i:_f-%_i“

NoVi_p Avg

Fig. 18. Power-factor logic

ever which are not likely to experience im-
pact loads but which would be inadvertently
shut down by transient conditions causing
lagging power factor. For thesedrives, de-
pending on motor design, negative induced
field current would be a preferable indicator
of pull out to remove field excitation only,
and then rely upon lagging power factor per-

sisting for a definite time before actuating
shutdown.
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PRA

PRS

|

s
PSF
c

OR

F Lon

Stop
Signol

Pole Slip Detector input PL of Fig. 14 is
connected to continuously monitor the motor
field even after synchronization.
tor should go through a complete slip cycle
with field excited, a positive voltage pulse
will appear at SPL (provided the conditions
of pull out and motor designdiscussed above
This positive pulse is fed
into additional logic coupled to the Motor
Synchronizing Logic (Fig. 19) to de-energize
relay FAR and remove field excitation. If
the motor continues to run out of synchronism
beyond the time setting of the power-factor
detector circuit, then shutdown is initiated

are conducive).

through the Trip Relay (Fig. 17).

FAR
+—”——<FC}—{
Relay ! Fiald
AND RD FAR-—— —— — — [ Contactor
Relay

Timer RD Eox)- —~ __£ To
3 Sec I Looder
FAR -Field Applying Reloy
FCX-Aux Reloy For Automatic Looder
RD -Relay Driver

PSF-Flip-Flop

SPL-Input From Pole Slip Circuit
PRA-Input From Proper Angle Circuit
PRS-Input From Proper Speed Cigfurt

OPERATION

If the mo-

but a solid-state exciter haspraetieally no
built-indelay in the way it responds to line
voltage. Any delay in change of motor
rotor flux following an excitation voltage
change is therefore determined by the
time constant of the rgtor field poles
themselves. This is usually 0.5to 1.0
second.

The sequencéeof events transpiring during
a voltage dip with a solid-state exciter is
depicted it Eig,. 20. Assumingaline volt-
agedecrease of 15 percent with the motor
initiallypat 'umity power factor, the power
facter willbswing leading momentarily be-
cause‘thegenerated EMF does not change
untilthe rotor flux decreases (determined

I
2 4 Viine
a
& =leoad Angle £s taXa
WaMotor At Unity P F
Norma! Load IaARA KARA
Porollel with Line Valts
I 15%
8 —,{ ’ H_Drop
e 5 VLme
IaXa
6 (Lead)

2. Motor PF Swings
Leoding When Line Voitage

IaRA

PSEF is sel by PRS; cleaved bygeitiienthe
slop civcuil or SPL.

One pole slip as indicated hywegalii ¢ in-
duced ticldamperves from SPL w%ll vemore
dvive on relayvs FAR awd FE€X4 FFAR yve-
moves field excilation fyonwotor and FCX

Drops And Excitation Remains
Constant (Due To FId Time Const.}

removes loud.

Fig. 19. Fieldwenioval logic

C2.1 Effect of Voltage Dips on Motor Power

Facton

Solid-state excitation systems have an
effect on'the way motor power factor re-
spond§ to line voltage dips. The effect
may/lbe to cause a power-factor relay to
operate inadvertently. That is, totrip on
lagging power factor caused by a transient
condition which is not an actual pull out
condition.

A solid-state exciter differs from a ro-
tating exciter in the way it responds to
voltage dips. The rotating inertia of an
MG set may maintain excitation voltage
relatively constant for several seconds,

Motar Does Not Pull
Out PF Approx 1.0

IaXa

3. Motor PF Becomes
Slightly Logging When
Excitotion Drop Equals
Line Orop

IaRa

VLnne

4. Motor PF Goes InRp
Heavily LogQing When

IAXa

[6 (Log)

Line Voltoge Is Restored And

Excitotion Remains Low

Fig. 20.

Eg — Generated EMF

La — Line Amperes

RA - Armature Resistonce
Xp - Arm Reactonce

Erfect or line voltage dip on motor power

factoy (assumiing no line voltage phase shift)
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by field time constant) and the motor will
tend to maintain constant horsepower by
slightly increasing line current. As the
field flux decreases, generated EMF also
decreases, andthe power factor will move
back towards unity, although there may
be a load angle increase to permit motor
torque to be restored to that required to
drive the load. During both these se-
quences the motor power factor has not
become significantly lagging, sothe power
factor relay does not operate.

Finally, when line voltage comes back to
normal, the power factor will momentarily
swing over to lagging and an instantaneous
relay will trip, because the rotor flux
does not respond as rapidly to change as
does the stator, and generated EMF is
low relative to line volts long enough to
operate the relay.

Power
Factor
Lead O.7t
0.8t
0.9[\
— 1.0
0.9}
0.8+
0.7t
Lag o6l
0.5
0.4 : : . =
(0] 0.5 1.0 1.5 20
Time- Seconds
Fig. 21. Motor power-factor vespense to a two-

second line-beliage,dip:
solid-state exeiter

A power-factor device with a 1.0-second
built-in timedelay will remaingunaffeeted
by these changes.

C3.0 Loss of Excitation

Running out of synchrefiism without exci-
tation (running asWan induction motor) will
cause overheatingof the cage winding. This
conditioncanbe deteéted by the power factor
circuit of Fig. @7 if}it is set above the ex-
pected induction metor power factor, which
would be approximately 0.8 lag. Shutdown
will follow loss of excitation within the time
setting of thepower-factor-trip circuit. The
pole slip, detector will also function to shut
thegmotorddown after the motor has slipped
long enough to build up sufficient charge onthe
capaciter Cp based on the curve of Fig. 13.

Power-
Factor
Lead
—1.0 Minimum Trip Time
0.2 Seconds —

o8 Time of First
Lag Negative Induced
05} Current Pulse

Pull-out
0 01 02 03 04

Time - Seconds

Fig. 22. Change in power factor with a 225-
percent impact load application
(velay operates before a complete
slip cycle transpives to produce
torque oscillation)








