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Typical Controller Figure
ASR Relay Operation Figure
ASR Synchrohizing Relay Flgure
Static SLIPSYN Control : Figure
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distribution oyetemes usually used for motors up through

200 horsepower,

There are many lnstallations where larger horsepower
motors are connected to a low voltage systeu; but because
of the associated construction and starting problems faced
in powering large horsepower motors on low voltage systems,
much consideration 1s given in this gederal horsepower
area and beyond to the use of higher v@ltage rated motors.
NEMA has defined the maximum voltage O0f the Industrial
Control scope as S5000v and nemed, the voltage range from
above 600v to 5000v, "Medium(Voltage". It follows that

the controllers used on voltages in this range be
appropriately called '"Medium Véltage Starters". Formerly
this range was known as high voltage. The medium

‘voltage name was initiated to differentiate it from the
voltages above 5000v, which fall outside the Industrlal

Control Scope. .
This lesson: * USE WC #103.300 P

A. TITLE: | Synchronous Motor Control

B. OBJECTIVE: To discuss the function, operation and

mailntenance techniques of Synchronous

Controls.
(1) Synchronous Motor Fundamentals

(2) Control Characteristics
(3) Protection Schemes
(4) Typical Control

(5) Maintenance Techniques



B. Presentation

1.

Sy

{ DISCUSS WITH CLASS}

Synchronous Motor Fundamentals

a,.

USE TD#
103,304

Rotating Fileld

(M

(2)

(3)

(4)

Ohe of the most important things to remember
about an electric motor is that rotary motion
is produced by the interaction of the magnetic
fields of the stator and rotor./JAlthough the
specific detalls are complex,“a fundamental
understanding of the action iuvolved can be
obtalned by recalling the ‘basic phenomenon ._:
of magnetism ... like poles repelAand unlike
Poles attract, '

In a broad senseyl an eiectric motor has a
number of northvand south magnetic poles on
both ite stator &nd rotor. NMotor functions
require{that one set of these magnetic fislds
be caused, to) attract the other set
continuously. To accomplish this, a~c and d=-c
motors{require different methods,

In“an a-c motor, the magnetlc fields of the
stator are created by the A-c current supplied
from the power source. By causing these
stator fields to rotate, the rotor fields will
be "pulled" along and thus cause the rotor to
rotate. ‘

Figure 1 shows how this '"rotating magnetic
field" is accomplished with polyphase power,.

Phase A 18 at greatest intensity, at time 1,
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DISCUSS producing maximum magnetic flux on motor poles

WITH P
CLASS 1 and 4, with pole 1 being the south pole. (At

time 2, phase B is at greatest intensity #ith
maximum flux now at poles 2 and 5, pole

being the south pole. Thus, as each phase of
the a-c current rises and falls, the'magnetic
flux -on the corresponding statorypoles rises and
falis. The result is a rotation,of the

maximum magnetic flux. It,follows that the
magnetlc fields of the roter, interacting with
the stator pglee, will®produce torque, causing
the rotor to rotate with the magnetic field of

the atator.
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USE TD# b (5) Gtandard motor speeds are shown in Figure 2,
103.302 [P

NO. OF 8PEED
POLES 25 CYCLES | 80 CYCLES | 60 CYCLES
2 1800 3000 3600
4 780 1500 1600
. 800 1000 . 1200
s - 780 . 900
10 — €00 720
12 - 800 800
18 -_— - 480

STANDARD MQTORY SPEEDS

Ploure 2 TO i0a202
103302

Thig 18 expressed mathematically asa:

1207
P

+ WRITE ON
CHALKBOARD

} synchronous rpm =

where I = supply frequency in cycloes per
second
P = number of poles

b, /Standard Synchronous Motors

USE TD#{ (1) A simplified drawing of the standard

" 4 103.303 pr
’ synchronous motors ls shown in Figure 3,
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(2)

(3)

(4)

TO 3-PHASE 2A-C

STANDARD SYNCHRONOUS MOTOR
Figures3 TD103.303

The synchronous motorutilizes both a=c and
d-c current. The ‘d=sc Winding i1s normally on
the stator; the{@=c Winding (field) is on the
rotor. In addition®to the d-c field, the rotor
also contains aWwsmall squirrel-cage winding;
(damper)mfor(starting.

During ‘start-up, the squirrel-cage portion of
the rotoxr receives current by induction from
the stator, briaging the rotor to nearly
gjochronous speed., At that point, application
0fd=c current to the field winding 'pulls in"
the rotor to synchronization with the rotating
magnetic field of the stator. Running speed
1s determined by the supply frequency and
number of poles only ... there is no slip.
Bear in mind that the syanchronous motor

requires a source of d=c for excitation.

Synchronous motors cem be supplied with an
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DISCUSS exciter generator mounted on the motor ... or
WITH
. CLASS a separate d=-c source may be used,

(5) Synchronous motors have two advantages:
1. Constant speed -~ no variation in
speed with changes 1in load.

2, Abllity to improve plant powem
factor 1f operated with high
d-c exciﬁation.

(6) If conetant speed is the only requirement,
motors with 100% power factors can be utlilized;
and if it is-deslired teo LImprove the plant power
factor, motors with 80% leading power factors

can be used,

C. _Synchronous ReluctanceyMotors

USE 1D# h£1) In physicél appsarence and construction, the .

103,304
synchronous xreluctance motor is essentially

the same/as a polyphase esqulrrel-cage motor.
The stators are identical ... the dlfference

i@ 2a the rotors, as shown 1in. Figure 4.

TO 3-PHASE A-C

SYNCHRONOUS RELUCTANCE MOTOR

Figure=4 TD103.304
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(2) 1Im the synchronous reluctance motor, 'poles"

are created by milling flats on the rotor,

to give flat sides corresponding to the

oumber of stator poles. The result is that the

magnetic flux crossing the alr gap gathers at

these poles, tending to lock the rotor poles

In synchroanism with the stator field,

(3) The motor starts like a squirrél-cage motor,

but locks in and runs at synchronous speed,

d, Speed Torqhe Curves

4

USE TD¥#
103.305

h£1) Figure 5 shows typicdl /speed-torque curves of
our standard synchronous motor and our

relatively new synchronous reluctance motor,

The standard dyanchronous motor is applicable

to the fullshorsepower range while the synchro-

nous reluctance motor is made only in sizes

belowny, 30 hp.
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SYNCHRONOUS MOTOR CHARACTERISTICS

Pigure O 70103.308

(2) As would be expected, the running portion of a

synchronous speed-torque curve 1s the straight

horizontal line (1) at 100% syanchronous speed.
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(3)

(&)

(5)

(69

«10=
This ie the same for all synechroaoue motors,
It 18 referred to as “synchronous torque'.
The large "S" portion of these speed-topfie
curves indicatee the motor's starting
characteristics. The starting and accelerating
torques of the syachronous reluctan€e motor are
about twice es much as those 0f, the standard
synchronous motor.
"Pull~in torque' and "“pull=eut torque' are two
terms that are unique L0, the’ synchronous motor.
Pull=in torque is the yalue of torque developed
at the transition pelnt from slip speed to
synchronous speed®(zero slip). It is often
referred to ag th® point where the motor pulls
into step (#ith the rotatlug magnetic field).
Pull-out torque is that value of torque
developediat the point where the motor pulls
out of 'synchronization and falls back to the
sllp spewed, This pull-out is causeg by an
overlIoad created by the driven machine.
Therefore, this pull-out £0rque is the maximum
doad that the motor can stand and stlll remadn
in synchronization. However, the motor still
has a breakdown torque in the slip-speed
range, Technlcally, pull-out torque is defined
aes the maximum steady-speed torque buillt up

by the motor for one minute before it pulls

out of etep.
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DISCUSS [(7) Pull-in torque for a given motor is not a fixed

< WITH P

CLASS quantity ... it depends on the wxa of the

connected load. The higher the wKS of fhe

load, the closer to synchronous spsed tH; motor -
must accelerate as an induction motor hefore
field excitation i1s applied. _Standard pull~in
torques are based on specificvalues of load

lnertia established by NEMAs

4 ISE TD# (8) Norma) torque values for standard synchronous
103.306 P

motors are shown in Flgure 6.

%O PULL LOAD TOROUE
e ~
STARTING PULL-IN | PULL-OUT

0% ’owc_n FAOTOR MOYOR

200 8 balow 100 00 180
201 o 1000 %0 [ [ 160
1001,08 ferges 40 e0 180
80% POWER PACTOR MOTOR
180 @ delow 100 100 I8
181 1951000 [ 1} [ [ 1o
10018 lerger €0 ) 178

NORMAL TORQUE VALUES

Figute & TOI03 308

2. ControlNCharacteristics 4 DISCUSS WITH CLASS F

a. ‘Iatroduction
¢ (1) In order to understand the control for a
| ‘synchronous motor, one needs a falrly com=
prehensive understanding of the characteristics
of the motor itself, During start-up, the
synchronous motor functloms much the same as a

conventjonal squirrel-cage motor. Thus, 1t
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(2)

(3

12~
would follow that the control requirements for
this part of starting the motor are the samé€
as those for a single-speed, squirrel-cagé
motor,
The tough part of the control problem cemters
on the task of applying the d=¢ eXcitation
current to the field winding ataexactly the
right instant for two mein reasbns:
(a) To nminimize and keep the motor's "pull-in"
effort within 1its "pull=in'" torque rating
(b) To minimize any Highjwoltage and current
disturbances fed ‘back into the a-c line
a8 the motor 45 locking into step.
To Buccessfully acconmplish the "pull-in"
operation (synchronizing the motor) and meet
criteria’ (a) aBd (b) above, the d=c current
must beyapplied only when the stator poles
and notor poles are in favorable relationship.
To sbe more specific, successful synchronizing
oefya“synchronous motor dictates that the control
a8pply the current to the field winding only
when the following two conditions &are met

slmultaneocusly:

(a) The rotor has accelerated to its maximum
sapeed possible on the squlrrel~cage
winding (usually about 95% synchronous

speed or higher)
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(4)

(5)

WRITE ON
CHALKBOARD
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=13

(b)—-Each rotor pole 1s lagging slightly behind
a stator pole of opposite polarity.

In fulfilling the first requirement, we must

start by measuring the speed of the roto}.

However, from a control standpoint, it is

impractical to make a directqmeasurement of

the speed of the rotor. Instead) we must

utilize some inherent effdect ‘that is produced

in the motor as 1t accelerates to near synchronout

apeed,

From our‘geview of synchronous motora, we know

that . . .

(a) The "sydghromnous speecd" of the motor is
thé speed of the stator's rotating
magnetic vfield., For any . giliven number of
stator poles, this speed 15 established
by the frequency of the a=¢ power supply.
For example, a two-~-pole motor operating on
€0 cycle a-c has a synchronous spesd of

3600 rpm or 60 rps = from the formula:

_ 120 x a~-¢c frequency
epeod (rpm) = G ~5F otor poles

(v) The rotating magnetic field causes a
voltage to be induced in the rotor poles
(conductors being cut by a moving magnetic
field), The resultant magnetic field in
the rotor poles combines with the stator's
rotating magnetic field, causing the rotof

)
to rotate. Because of mechanical 1nertia,

e i S E———— e e — . e ————. 4=, ¢ 48
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(c)

WRITE ON
CHALKBOARD

4

USE TD#
103,307

(d)

=14~
the rotor starts at 2zero speed and
gradually accelerates to a speed whigch
18 8llghtly less than its synchronous
spued, _’

At any glven instant, the difference

between the speed of thefWstator's

rotating magnetic flieldfand the speed of
the rotor determines the ‘frequency of the
induced voltage ingthewrotor poles (field
winding). With _thewzrotor at standstill
(speoq difference 100%), the frequency of
the induced voltage in the field is the
same as the frequency of the rotating
magneticitleld in the stator = 60 cps.
As_the /rotor accelerates, the speed
difference decreases and thus the frequency
ot the induced voltage decreases (rotor
atv50% synchronous speed = 30 cps induced
voltage frequency ... at 95% synchronous
speed = 3 cps).

Frequency rate (cycles per second) can be
converted to a time value per unit (seconds
per cycle). For example, at 60 cps a full
cycle 1s completed 1n .0167 seconds, a
half cycle is completed in half the full-

cycle time or .0084 seconds.
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(s8) Thus, we can determine the gpeed of-the

rotor at any given moment by measuring
the time span of one-half cycle of/the
induced voltage (current) in the rozor
field at that moment, Figure 7?-Agshowa
the waveform of induced rotom yoltage at
time zero and through the,time interval
required for the rotop, to reach a little
less than .95 synchromous speed. The
negative one-halfécycle of Flgure 7-B
displays the conditions which exist when
the l;duced voltags 1s at .95 synchronous
speed andsluce the rotor is accelerating,
the posttive’portion will necessarily be
of a longer time duration.

-a o
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Qs ' INDUCED ROTOR VOLTAGE

Figure-T T008.907

’ WRITE ON (£) Rotor at 95% of synchronous speed =
CTALKBOARD )
speed difference (8lip) = 5%

% of 60 cycles/sec

induced frequency

n

3 cycles/sec
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time of 1 ¢ycle a 1/3 8e¢
time of 1/2 ¢ycle = 1/6 sec or MNER

cec approfimatoely

-

b, Measuring Induced Frequency

DISCUSS |[(1) Another way of stating condition "one'$ for

| WITH
: CLASS proper synchronization is: our{synchronizing

control circult must keep thend=-e excitation
off the field windiang untid such time as the
rotor has accelerated to at least 95% of 1its
synchronous speed., Ifother words, we need a
senelng component that will not produce an
output aiéhal until “the proper induced frequency
has been‘reached. As already stated, this will
be. when the €ime "span of one-half cycle of the
induced voltege and frequency lengthens to

more 4than approximately .167 seconds.

USE TD 2) One 0f the easliest methods to accomplish this

103.30
is/by ‘means of an accurate time-~delay relay.

We ahall use an off-delay relay so constructed
that its armature will open approximately .167
seconds (or some other pre-selected time value
depending on the speed selected where
synchronizing is to be inltlated) after the

L holding coll has been de-ensrglzed. One of
the relay's contacts wll)l be normally closed
(when coll is de~energized) and will provide

the signal for applying the d=-c excitation,
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(3)

(4)

€Ol
ENERGIZED

e KELAY ANMATURE RZUAING CLOBED

“ RELAY ARMATURE CLOSED RELAY ARMATURE OPINK

TIMING OF INOUCED
VOLTAGE FREQUENCY

Mgwre— 8 70i108.308

To make this relay opgrate so that it can "see"
and measu}; the lengthing time~per-~cycle of
induced voltags, ‘we Will feed 1ta holding coil
with only'one Halfyof each cycle of the induced
voltage., ThuB)y the holding coil will be
energized forone-half cycle, de~energized the
next. halficycle, energized the next half cycle,
etc. #It follows that after the relay armature
issclosed (contact open) 1t will remain closed
duriag «ll succeeding OFF Qalf cycles whose
time span i3 less than the time delay setting of
the relay (approximately .167 seconds). But,
when an OFF half cycle 1is reached whose time
span 1s greater than the time-delay setting,
the armature will open,

As shown in Figure 8, after the felay armature
1s closed at time O, the induced voltage 1s fed

to the holding coil. At time 1, the holding

IR L AREN]
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USE TD#
103, 309

(5)

-18-
coil is de~energized, but the armature remains
closed becauee of the time-delay factor,
Before the time-~delay factor can "time out" and
release the armature, time 2 isreached ;nd the -
holding coil 1is energlzed oncenzagadn.
This sequence repeatﬁ itself kesping the

armature closed until time $& 1is reached, Here,

' the time span between S2%and 53 1e long enough

for the relay's residual magnetism to decay to
the point where the armature opemns before
Point 53 is reached (when another holding pulse
would be  available) and signals for the d-¢
axcltationgsto be applied,

Sensing Pole Bolarity

(1)

(2)

Condition number '"two' stated that for proper
synghronlzation, each rotor pele should be
lagging slightly behind a stator pole of

gpposite polarity. When this condition exlsts,
wé know the voltage induced in the field winding

will be in the negative half cycle, hence this

must be the proper time for the d-c¢ excitation
to be applied tO0 the field,

Flgure 9 shows that portion of the synchronizing
control circuit that contains the holding codil
of the time-delay relay and the half-wave
rectifier which allows current to pass in one
direction, but not the other. In Figure 9=a,

the diode 1s positioned so that the positive
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- POSITIVE HALF CYCLE OPERATION

>0 | £9

’ GVCL! I
( . cxcnunu
APPLIRD

NEOATIVE HALF CYCLE OPERATION
HOLDING COfl. OPERATION

Pigure=9 T0I03.309

DISCUSS half cycles%0 S the induced current flow 1n the

< WITH .
CLASS holding /6eil and the negative half cycles are

used for  time-out., Here, whesn the relay arma-
ture would open, the d-¢ would be applied durlng
a positive half cycle, This we do not want,
(3) Figure 9-B shows the diode reversed so that
now the posltive half oycles are used for timé-
out, causing the d=c to be applied during the
negative half cycle, as required.
- (4) Thus, we see that our second requirement for
proper synchronlzation i1s met by the proper
directional positioning of the half-wave

\ ——

rectifier,
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d. Magnetic Controller Operation

WRITE ON {1) The two main parts of the controller that
CHALKEO

satisfies the above requirements are:

(a) a«¢ starting control circuit - applies

. a-¢c power to the stator
(b) d=-c synchronizing control cifcult -

- determines when to apply d=c“to the rotor,
sends the signal to apply it, and madntaln
it.

(2) The basic a-¢ induction control circuit (ome

4 USE TD# > part of the synehronous/ motor coatroller) is
103,310

. v

very eimilar to the'c¢omntrol circuit utilized

for an a-c, siangleémspeed, aquirrel-cage motor

is8 shown in Figure¥io,

@ A-C UMY VOLTAGE

e
L
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] Y
ou o
4 1‘!-—"
[ 44 :
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- [[-,]
. . ®

A-C CONTROL CIRCUIT
Figure 10 70 103310
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(a)

(v)

(e)

(a)

As shown in the diegram,

1) VWhen a momentary input is appliedeby
pushing the "Start'' bdutton, the “CR"

coil is energized ...
2) closing the "CR" contact /Andy,energizing

the "M"™ coil +..

3) which closes "M" conta¢ts in the motor

circuit, starting ‘the motor AND

4) which also closes the '"Ma" contact
(holding interloeck), continuing the
0{%§1nal output after the "Start"
button, dsyreleased,

Note, too, that we have used:

1) overload relays

2) 4 control circuit transformer (optional)

3%, control circuit fuses (optional)

The#e are two noticeable differences:

1) A current transformer has been added in
L> of the motor circuit to power an
ammeter which indic;tea the value of
current (in amperes) the motor 1is
drawing. This combination is standard.

2) A field has been added to the motor
gymbol to indicate a synchronous
motor. . '

Other devices and symbols will be added
later as the scheme 1s completely

developed. Thus far our operation in the






a-¢ control circuit parallels that uged
with a standard squirrel-cage motor.

(3) Tne d=-¢ synchronizing circuit (SLIPSYN) “sfiown

USE TD# in Flgure 11=-A is5 a simple but very acgurate

103.311 P
method to perform synchronizatione

(a) The key component 1s the«ASR, relay,
. which 1ncorporates twe separate

operating colls:

1) 1ASR = the pick-up coll, which closes

the rglay armature

2) 2ASR - the holding coill, energlzed

only during negative half
cycles of 1lnduced voltage,
which appllies d=¢ to the motor
field on timed dropout

(b) “Tn addition, our control also utilizes:

™, T - an inductive timing relay that
controls the sequence of the
field application components.

2) FC - the field éontactor, which connects
the motor field winding to d=c
excitation source, also connects
the field starting and discharge
resistor in series with the motor
field during start-up and also

4 when the field excitation is

removed,

e - IR M wl rwnc Y e e e — e s s e
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3) &M - & d-c ammeter, which shows

ampere value of d-c curreantwflow-
ing in syuchronous motor fleld
when the fleld in energized,
This instrument ie gtandard in the
control scheme. ¥Whil® not shown
as part of the scheme, a way 1is
always available to adjust the
voltage value“ef the d=c supply.
Then the amount of curreat in the

.+ d=-¢ fleld can be adjJusted to the

value shown on the motor nameplate,

At the sawe time, the a-c
ammeter reading can be matched
agalnst the motor nameplate
rating, thus determining 1f tne
motor i1s producing its rated
output,

When the motor is started (Figure 11-B)

an auxiliary contact "Ma" of the a-c motor

circuit contactor closes, permitting d~cC

ourrent to flow ..

1) from "“+" ..,

&) through "Ma" contact (now closed)

(1ine 21) ...

>) tnrough contact "Tuic" (normally

clased) ...






4) Through contact "FCb' (normally

closed) ...
5) energizing pick-up coil "“1aSR™ oftho

tield application relay. This
operating coll provides fhe,main

magnetlizing force to activate all the

ASR contacts,

(d) AT THE SAME TIME, as the rotor starts to
turn, an a-~¢ voltage isyinduced in its fleld,
ceusing an alternating current to flow
thrqqgh contact WFC'" (NC main contact of
field contactor) and the discharge
resistor,| The negative half-wave recti-
fied portion of this curreant flows in the
WZ2ASR! ciIrcult, causing the "2ASR'" holding
cell \to Ve energlzed.

USE TD# ’ (e) /Refer to Figure 12~A. Just as soOn as

103.312
p¥€k-up colil "1ASR" 1s energlzed, its

normally-closed contacts in line 23 open
to block out coil "FC'". Also, its

normally-open contacts in line 22 close
allowing d=¢ current to flow ...

1) from "+" ..,

2) through contact "Ma" (line 21) ...
3) through contact "ASR" (line 22) ...

L) energizing coil "T',

¢ e cem et e . W wEmEme v vvw wme 8 R WP .
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0-C SuP PLYFCVOLTAGE
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11 *

%zm-——ﬁ*

20 Ma Tte FCb
21 |
. ASR
22 : ) - jf'r?)——}
23 i ®—
FCa
.29 A
" T"COIL.ENERGIZED
D-C SUPPLY VOLTAG
Fo FC

(89

DCH. RES.

FIELD COiL. CIRCUIT COMPLETED

“’ OPERATION OF D-C SYNC CIRCUIT

Figure 12 TO 103312

. ——— e ——— D A s e . — 8 e o L L






27

0-C SUPPLY VOLTAGE

FC
S ad
A
FC
{AM]e—fo—

MOTOR, SYNCHRONIZATION
0-C suP PLYF VOLTAGE
C

" “FEC" COIL OPERATION

D-C SYNCHRONIZATION COMPLETE

Figure 13 TD 103313






3

DIscCuss
WITH
CLASS

USE TD¥#¥
103,313

(f)

(g)

w28
Refer to Figure 12-B. The normally-
closed contact "Ttc!" in line 21 opens
and de-~energizes plck-up coll "1ASR",
waking the "ASR" relay solely resp6351VQ
to the rectified field current. AT THE
SAME TIME, contact "Tto" (lian® 23) closes

and sets up the field contactor”coll so0

that "FC" coil will be enefglzed when
"2ASR" coll 1iu line 1Q,releases its arma=-
ture and allows "ASR" centact in line 23
to close and complete the field coll
circgit. |

Refer to Figurew)3-A, When the frequency
time épan of “the induced field current is
long enough for the "“2ASR"™ coll to time
outy theWMASR" relay drops out ...

W), “éloeing contact "ASR" (line 25) ...

20, onerglzing coll "FC" ,,.

5)‘ openling contact "FC" (line 11), cancel-
" ing both the "2ASR" holding coil
(1ine 10) and the' complete field
discharge circuit
4) the "FC" coll also closes its two "FC"
contacte in the motor field circuilt,

applying d-c to the field winding,
causing the motor to synchronize

e ————— e ————r———— " ;=P - cE————
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(b)

(1

29
%) at the same time, contact "FCa" in

line 24 closes maintalning circuit 23

... and contact "FCb" 4in line 21 opens

to keep coil "1ASR" from being ener-
glized again.
Refer to Figure 13-B. When (contact '"Tto"

times out and returns to Ats normelly-

open state, the "FC'" coil ‘remalns energlzed,

allowing its motor field circuit contacts
t0 contlnue to supply d=c to the field
winding of the motor. Simultaneously, as
GOné;;t "ASR'" In 2ine 23 closes, "ASR" in
line 22 opensy, de=-energlizing timer coil
nwpr, After the time setting of coil "I

lapses; MTte" in line 21 closes and “Tto"

ia line &3 opens, All the control circuits

are now reset ready to repeat the synchro-

nlzing cycle as soon as signaled to do so.
The normel state of the overall basic
synchronous motor controller inrcluding

the a~¢ control circuit is shown in
Figure 14, The actual electrical inter-

locking between the &~¢ and d-c control
circuits i8 noteds Only when coll 'M"
(line 4) 18 energlzed can the field be
connected to the d-c source., When "M" 1s

open, the field canaot be energized.
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3, Protection Schemes { DISCUSE WITH CLASS }

a, Introduction

(1) As was the case for other types of controls,
the aynchronous motor coantrol must satis}y the
additional requirement of providing, protection,

(2) Three types of protection must bBe bullt into

this control, and are considered to be standard:

J WRITE ON (a) Overload Protection
CHALKBOARD P
, (b) Pulleout Protection

(c) Damper-winding Protection

b, Overload Protection

(1) A motor overload pratection unit is, in reality,
& device that senses the amount of curreant being
drawan by the_motor. When the current drawn by.
the motormexceeds a predetermined value, this
protectien unit responds and disconnects tus
motor ter the line. Thus, the motor, the
control apparatus, and the assoclated wiree are
all, protected from excessive heating that can

be caused by excessive motor overloads. This
device is commonly called an OVERLOAD RELAY.

RE-USE (2). /It follows that the sensing element of this

TD# 103.314P
overload relay muat be located in the power lines

to the motor, as shown in Figure 14. The
schematic shows sensing elementslin two

conductors of a >-wire, 3-phase ungrounded

supply system.
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(4)

In this particular eircuit, the sensing
element is a thermal type and it operates
through mechanlcal linkage to open the maim
power contacts whea an overload occurs. .
When the motor draws excesslve curreat, ‘the
overload relay causes the toggle mechanism to
trip, which opens the power contdcits and
digcounects the motor from the power supply.
In addition, power is removed /from the control
circuilt by opening the notmally-closed relay
cantacts OL1 and/or OLR2.

Coe Pull-Ou; Prote&tion

(V)

(2)

When load torque beceomés so great that the rotor
can no longer keep up with the slectrical
speed of the magnetic fleld of the stator, the

rotor starts ellpping poles, superimposing an

a=¢ current ‘ed the steady state d=c in the field
windings|, This is called "pull~out', NEFMA

stapdarde call for protection agalnst such be

. provided in a synchronous motor control system,

The.main damage that can be done is to the
insulation of the motor., When the shaft is
loaded beyond pull~out torque (150% to 250% of
rated torque is standard), the rotor starts
alipping poles. If the motor is not immediately
turned off, high over-current will be drawn,

resulting in excesslve heat, which will damage

the 1nsulation of the motor., Comblne this with

h——
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the fact that speed of rotation of the rotox
(which 418 the chlief means of dissipating Heat)
is decreasing, and 1; is fairly obvious  why

pull=out protection 1s required, In short -

MOTOR "HEAT WILL INCREASE BECAUSE OF INCREASED

CURRENT
AND

HEAT DISSIPATING CAPABILITY WILL DECREASE
BECAUSE ROTOR ROTATION ISNSLOWING DOWN

We accomplish pull-out protection by utilizing

a combination pull=out relay and transformer

(legend~PO) apg shown  in Figure 15. The
primary of the pull-out transformer 1s comnected
in series with the d-c field. Obviously, when
only d#c 1s “‘flowing in this circuit, there is
no current induced in the secondary of the
tragsformer, BUT ... when a pull-out conditlon
dévelops ...
(&) the resultant a=-c superimposed on the
éield is fed into the primary of the
tranaformer

(b) current is induced into the secondary

(c) energizing "PO" coil coannected in the "PO"
transformer secondary

(d) opening "PO" comtact 1n a=-c¢ control circuit

(1ine 3) turning the motor off.
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Note, too, that a separate "Tto" contact.
(1ine 4) 45 utilized in the a=c circuit as a
holding interlock around the "PO" contacts
This contact is employed to prevent the ;otor
from beling shut down when both d-c and induced
a~c are present in the fieldewinding (similar
to pull-out conditioans) duringysynchronizing.
Recalling the operation of WTW1in line 22 ...
immediately after "M" closes, "T'" 1s energized,
closing "Tto'" in line 4%, Since the "PO¥
transfo;qar 1s not seeing current during
starting, "PO'sinp line 3 cannot open; but its
operatian, whem "ECY" closes, 1s bypassed by
"Tto'" in 1lineyy, which then opens so "PO" is
affective‘after the delayed drop~out of "T"
following synchrondzing and the field current

ia steady state d-c¢c.

Damper Winding Protection
(12

The 'motor's damper winding, which is utilized

in producing most of the gtarting torque, has

a rather short current-carrying time rating since
it 15 actually 1n operation only during starte-
upe If the motor falls to start and accelerate
in this short time period, the damper-winding
temperature will rise above lts safe-limit and
cause the winding to burn out or progressively
weaken it to the polnt where 1t will eventually

fall, This is an inherent wealness of any

damper winding.
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As shown in Figure 16, the damper winding relay

(legend=DP) provides the required protections
It 18 a thermal-type relay similar to themover-
load relays used for motor OL protection. It
"gees" the induced current in the field during
start-up, which heats its thermalhelement at
approximately the same rate,as(the damper
winding, If the motor hasalt /éynchronized
within a preset time perlod, it opens 1its
contact ('"DP' in a~-c¢ (control circuit, line 3)
ehutting dqwn the moter, This releay 1& rated
such that the metor must accelerate in normal

time, Oor the relay contact will open.

e, Summary

(1)

(2)

So far/in lour”discussion of the control for
synchrenous motors, we have discussed
(a) ( the _basic theory involved
(¥) he overall operation of the;
a-c control circuit
dec aynchroniziné'circuit

(c) the standard protective devices,
The controller as diagramed in Figure 16 is
complete and standard. But as 1s often the

case, certaln additional control features may

be desirabdble,

f+ Modifications = Additional protectlion schemes are

~ow

common to the synchronous motor coniroller. These

modifications can be used singly or in any
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combination. They are; Protection Againct Lécs of
Fleld Current, Protection Againet Loass of Field
/ Current and Voltage, Automatic Fleld Checkinggfon

g

Open Circuit, Dynamic Braklng aand Iancomplete

Sequencing.
(1) Protection Agalnst Loss of Field Current
USE TD# (a) If d=-c voltage is available ‘for the field
ﬂ 103,517 . winding of the motor, but (no current can

flow when the field comtactor closes, the
motor can never syanchronize. And, 1f the
motor continues Fuaning with ano d-¢ field,

[ 4

the already above normal stator currents
¢an overheat“and” dawage the motor,

(b) The damper winding relay cannot be depended
on altoggether to sense this condition,

g . because by the time motor speed approaches
Bynchronous speed its heating rate has
fallen off considerably, since the induced
current in the fleld starting circuit is
8§arply reduced, The. overload relays will
eventually trip under these conditions,
and thelir thermal lag may allow undesirable
motor overheating before they operate. If
the field winding should open abruptly
during runaing, the PO relay may sense the
condition and shut down the motor., If the

field falled slowly, chances are the PO

relay would not operate.
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(d)

(o)

(£)
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One method of providing protection against
loss of field current can be seen by
examining Figure 17, Here a relay called
"FL" with a d=-c current-sensitive cgil is
connected 1n one side of the dec power
supply and its NO contact 1s counnected in
line 3., An on-delay a~c fimdng relay "TD"
is also used. Its coll 1s added in line 6
and its time-opening NC contact is added
in line 4 (around #“FL", contact in line 3).
Note that coll MTDY ds energized when the
"Start" button,is depressed,
Under normalyconditions, the "FL' coil in
tks d=-c edircult will be energized when the
flivldyis appllied, closing "FL" contact in
tlL.a%asc control circult lioe 3,
A yreselected time after the "TD'" coll 1is
energized (time enough to allow the d=-c to
be applied to the fleld winding and the
gotor to synchronize); the "TD" contact
(line 4) opens, traneferring the responsi-
bility for sensing flow of field current
by depending upon "FL'" coil and its now
clcsed contact (which willl atay closed as
long as field current is flowing).
In the event that ﬁhe flow of d=c 1n the
field circuit 1s not present or interrupted

for any reason, the "rL" coil 1is -
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“lie
1) de=-energized
2) open '"FL'" contact in line 3

%) shutting down the motor.

(2) Protection Agalnst Loss of Field Current and

‘ USE TD# Voltage
103,318 P
(a) Here, additional protectiomnis*provided to

-preveni starting the motorn i, the d=-c
supply voltage 1s not preaent. This method
does oot apply when asdirect-connected
exciter is uaed'to proyide synchronous
field .excitation,

(b) .As shown in Fdgure 18, a voltage=-sensitive
coil 1s added to, the "FL" relay and connect-
ed in seriem,with a NO, time-opening "TD"
contagt ‘and)across d-c supply (+ and =) on
the'\line side of "FC" contacts. A NC
intenloek of “"M" is added to line 6 in
series with "TD" coil to provide proper
séguence interlocking during start-up,

(C)NNFL" relay is set so Lhat when "FL
potential coll 18 energlzed from normal
d=c excltation voltege supply, its contact
in line 3 closes, which allows motor to
be started when "Start! button is pushed.
"TDto" contact opens after motor is synchro-

4 nized, allowing "FL' current coll to detect

lose of excitation voltage and/or current

and to shut down the motor,

.
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(d)

“lB=
It is interesting to note that, in bhoth
Figures 17 and 18, the timing relay "TD"
is adjusted to operate after the motor
synchronizes, Because, ln effect, ;ll
the control functiona have had a chance to
perform in their proper sequence to
synchronize the motor befome “TD" relay
operates .., the "TID" relayWis also actling
as an "“incomplete sequence' relay. It is
the last relay to openate in the overall

synchronizing sequence.

e v

(3) Automatic Field Chegking/For Open Circuit

(a)

If a synchronous motor ia atarted without
a complete eircuit to the fleld through
the starting and discharge reasistor, a
highavoltage will be generated in the field
duridg start-up because of the open ~<ircult
condition. The most common poinmt of
vulpnerabvility which can cause an open
¢ircuit is the 8lip-ring brush assembly on
the motor, Maintenance men 1lift the
brushea to clean the rings and sometimes
forget to replace they brushes. If the
button 15 pushed in thie situation, the
motor will start as an induction motor but

the d-c can never be applled, and the fleld

winding will be damaged.
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(b)

(¢)

(d)

(e)

(t)

=4
Our basic requirement then, is to provide
a means of detecting an open field-circuit
automatically.
The protective scheme which solves Ehis

requirement is a Westinghouse exclusive

and is shown in Flgure 19,

When the start pushbuttomyiswdepressed,

current will flow in line 3 =

1) through NC contact, 1Ttc

2) through the prfimary of the ''field-
checking! transformer

Curréét will thea be induced in the

secondary,ofythe transformer located in

the field starting and discharge circuit,

causiog/ansmall current to circulate

through the field and discharge c¢ircult and

). “energlize coll "“2CR" ... |

2), closing contact "2CR" in line 5 (to

act in place of the start button used

in our other applications)
3) energizing coil "iCR" to complete the

starting sequence discussed previously.
In addition, when coll "I1CR" is energized,
contact "ICR" in line 25 also closes =
energizing coil "1T" ... instantaneously
opening contact "1Ttc" in iine 3 to
elimipate field checking voltage, and

closing contacts "1Tto" connected parallel

e vw A m AN i ———— v i = -
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< DISCUSS in the field discharge circuilt to short-out
WITH
CLASS "FC'"' transformer secondary and “2CRY" coil

(aa thelr design does not permit carrying
of currents induced in this circuit'durins"
stopping or starting). ‘'‘2CR" contact in
line 5 then opens, dbut "Ma¥ I line 4 has
'closed by thls time contimubng the circuits
established when "2CR" contact closed
initially. Note, omnmstoppiug line 25, -
“ICR" opens to start™WIT" to time-out,
‘after the tilme\lapee 1s finished (the
tielh.circuit completely discharged) its
contacts returm to the positions shown,

(g) When theresls no open field~circuit, the
motQxr, starts through the process Just
deacribved, BPut what happens if there }a
an open field-circuit?

(h) ‘waen” the start button 1s depressed in
line 3, the induced voltage in the
transformer secondar;.CANNgz c¢ause current
to flow because the circuit path is in~
complete,

(1) As a result, coil "“2CR" i1s NOT -energized
and cannot close contact "2CR'" in line 5,

preventing the motor from starting.

(4) Dynamic Braking

» \USE TD# (a) In many applications, normal motor
€. 103,320

"coasting' to a stop is not acceptable.

— . ST W, ¢ GASOWS.4 .
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DIscCuUss —In—these cases, the usual requiremont is
WITH P
CLASS for special braking. Thias is particularly

true in the Rubber Industry where @ALL
stops are electrically~braked stops,
(b) Most braking requirements are requested

for one of two reasons -

1) for the safety of persconnel (can be
stopped 99.9% faster (than normal
coasting)

2) with bigh inertia load, the motor
can be stopped much faster than by
;;rmal coasting.

(c) Our bvasieaequirement then, 1s to provide
a means 0Of rapldly braking the motor to
a atop.

(d) This'can be accomplished best by dynamic
braking as shown in Filgure 20, The &-c
lines are opened, three connections from
the motor power lines to resistors across
tﬁa stator connectlions are closed. The
d=-c field must be képt on. A8 the motor
is brought to a stop,; it acts as an a~c
generator with power fed from the stator
to, and dissipated 1in, the reslstors.

(e) When the stop button 1s pushed, the entire
a=¢ control circuit is opened, de-energizing

“"M" and "DB'" slimultapeously. Since "N"

and "DB" (spring closed main contacts)

o ——————re — V= e . R Er T I






[P S SR 4

R O SRR VI A L )

D-C SUPPLY VF%LTAGE

2R T 2Mc  To  ASR
3 a H i} 2
- ICR a fCa
¢ N R ) U
Mb 08g
7 s O+ 25 4}
ICR
8 e 26 |

OYNAMIC BRAKING - ‘

Figure 20 _ TD 03320






C-49-

DISCUSE are mechanically intérlocked, "M" motor
WITH P
CLASS circuit contacts must be open before "DB"

main contacts close ... preventing a,shopt
of the a-c power system through the~
braking resistora. Yhen "DB'" main contacts
close, the resistors are conpnected across
the motor terminals. (WhenSZthesmotor was
started "DBa" in line 25(cloped, energizing
timing relay colil "1TY and,its contact
"1Tto" in line 23 closed instantly to set
up "FC" coil cirgudt to perform at its
prop;; time 1in\ ‘the €ynchronizing sequence
and allow the “field to remain enaerglized for
a pre-deterained time after "M" opens).
"DBa" inmaline 25 opens, causing 17" to
time=gut (3 seconds maximum) and disconnect
fiedld from excltation source.

(1) @ther control circultry 1s possible to
accomplish the same result. The particular
circult used here 1s only typical., Where

o field rheostat 18 used, 1t must be
bypassed during the braking period so that
full field current -.& available for fast |
atop.

(5) Pull-Out Without Shutdown of Motor

RE-USE (a) Normally, synchronous motor controllers

d 10¢ 103.315 P

are connected to shut down the motor on

pull-out, as shown in Figure 15. On rare

v o - - o a
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RE-USE
TD# 103,317

applications, it may be required that the

motor not shut down on pull-out, but aute-
matically re-synchronize, This 1s eagily
accomplished as shown in Figure 21.'
Actually the "PO" contact in line 3 1s

SPDT instead of NCST, as shown, By Jumper
arrangement this NC "PO" ¢gntact in line 4
and the paralleling contaCt''"Tto" of line

5 are moved to the d~c¢ ‘synechronizing scheme
and connected in papallel with "FCh'"
contact (line 21)_EXCEPT the NO "PO"
cont;ét 1s useéd Instead of the NC contact,
Now on pull=outithe a-c control circult
stays energlzed., The NO "PO" contact
closes, bypassing "FCb" now open, and
energizes MASR" (line 21) whose now closed

contact in line 23 opens and cuts off the

- field,» and starts the synchroaizing

scheme as though the motor was Just started.
“"Tto" bypassea'"PO" contact during synchro-
nizing and prevents another re-synchroaizing
try until after previous try, fleld current
gettles down to steady state. Care must be
exercised when usling the re-synchronizing
scheme 1f other optional protective

features are used, For example, if the

"FL" feature in Flgure 1?7 were included,

the circuitry illustrated in Figure 21

could not differentlate between a '"loss oOf
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field" and a 'pull-out" s0 as to shut down
on loss of field but re-synchronize on
pull-out,

(b) Just about everything we have discussed
regarding synchronous motor control®has
related to field applicatien ‘and) removal.
.This 15 the only thing tha¥)differentiates
synchronous motor contrél fuom squirrel~
cage induction motor_control,

(¢) All of the same basle, components can be
utilizgg to pexform synchronizing functions
in all types,of\synchronous motor control

whether they Ve, lovw or medium voltage.

(d) Remember,“too, that synchronoﬁs motor
controlsy because of thelr similarity in
theé a~c motor and control circuits tO'phe
squirrel-cage motor controls, can utilize
sindlar reduced voltage starting besldes
the already illustrated full-voltage
sta}ting 0o autotran§fprmer and reactor

types are the most popular.

4. Typlcal Control

a.

USE /TD7
103. 322

Magnetic

(1)

(2)

The schematic diagram for a typlcal Westinghouse
Class 14=-250 Full Voltage Starter 1s shown in

Figure 22,

In summary, the functions of principal devices

are:
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(b)
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The L1ine Contactor operates to connect

the, métor to the a-c line. (This
contactor 1s replaced by starting and
rgnnins contactors ln reduced voltage
starters to connect and short out the
autotransformer or reactor).

The Thermal Overload Relay protects the
synchronous motor from damage due to over-
load, eingle-phase operation, and field
fallure. It operates to trip out the

line contactor,
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(e)

(d)

(o)

(1)

(g)

(h)

_5ye
The Field Contactor connec¢ts the motor
field windings to the source of d-c
excitation, It also connects the gtarting-
field dlacharge resistor in series'with
the motor field during the starting period,
and agailn when flield excitation) is removed.
The Starting-Field DischargezResistor is
used to improve the motol' starting torque
and to limit the indueced field voltage
during starting orfwhen the field excitation
is removed,
The Damper Winding Protection Relay protects
the dampery winding of the synchronous
motor against burn-out in the eveat the
motor(fails to etart and accelerate., It
operates to trip out the line contactor.
The ‘Synchroalzing Relay controls the field
contactor, so that it closes when the motor
has reached a sufficlently high speed and
the poles are in a favorable relationship

for synchroandlzing,.
The Rectox rectifies the'COmponent of the

induced field current thereby polarizing
the bholding circuit of the synchronizing
relay.

The Pull-OQut Relay operates on pull-out
of the syanchronous motor to trip the line

contactor, thus shutting down the motor;
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(1)

(3

- (k)

(a)

(n)

L v mw .,

=55=
Or to energize the synchrounizing relay,
thereby initiating a resynchronizing
sequence, depending upon connection& use€d,
The Auxiliary Sequence Relay controia the
sequence of the field application gquipment
and nullifies the pull=-out relay during
synchronizing.
The Field Rheostat, while(usually supplied
geparately with the motor or exciter,
ordinarily may be mounted on the control
panel., It is usded for adjusting the
curreﬂg flowing %o the synchronous motor
field., Wwith™individual excilters, this 1s
usually accomplished by varylng the
exclter yoltage.
The Master Switch, whether a pushbutton
station, float switch, pressure switch,
oryother device, operates to start and
gtop the motor.
Amﬁeters, both a=c aﬁq d-¢ are supplied
for use 1n adJusting‘the excltation and
to give.an indlcation of the currents

flowing. Additional meters may be supplied
on order.

Current Transformers, where necessary,
supply current in direct ratio to line
current, to the overload relay, and to

the various meters,

R oo ok Kol YRR NEPT} g LTAeTS 4. [ S T
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A Control Transformer is used on all
high-voltage starteres to supply power| at
a low voltage to the various control
devices. Secondary fuses are provided
for this transformer.

An Auxiliary Relay 1s use@ywith/the larger

- ¢ontactors lnterposed between the master

switch and the coantactoryceil, This is
necessary to handlesthe“Yarger coil current,
A similer coantactor,\together with an
Ant14pump1ng felay, /1s provided to energize
the circultpbreeaker aolenoiﬁ, when used,
Instantaneous A~C Undervoltage Trip is
provided on all starters which use contactors
for_the Aine switch. Thls standard feature
is obtalned by action of the line contactor,

or‘auxiliary relay if used,
Time Delay Undervoltage Protectlion may be
provided 1f specified, An auxiliary relay

i8 used with time-opening contacts to
maintain the holding circult for a short

time, ¥ to 1% seconds, after voltage
failure and thus will initiate a new
starting cycle without attention from the
operator, provided voltage returas to
normal within the time delay period of the
scheme, An additional relay is used to
provide permanent shutdown on operation of

the "Stop" pushbutton,

BT 2t
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4 Time Delay Undervoltage Trip Device i@
provided for use with all high~-voltage
starters which are circuit breakergs for the
line switch. This device operates in
conjunction with the regular breaker under-
voltage trip attachment, andwdelays the
tripping action for a perfed ©of approximately
two seconds., This time,delay is odtained
from energy stored im awtondenser which
continues to supplyspower to the trip
attachment for a ghort time after failure
of voltages, Instantaneous tripplng occurs
when the "Stop! control switch or button

le depressed.

(5) Controller (Operation

(a)

(b)

« d——p—
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Referring to the diagram shown in Filgure 22,
clesure of the "Start" pushbutton energizes
the” line contactor and the motor is connected
to the line and 1s accelerated as an
induction motor with tts field connected
acroas a starting and discharge resistor
through a demper winding protection relay.
At the same time the synchronlizing relay
"ASR" and auxiliary sequence relay "T" are
epergized thus nullifying the pull-out
relay, setting up the coil circuit of the
field contactor, and making the dropout of
the eynchronizing relay dependeng upon

1ts holding coll.
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USE TD# (¢) Operation of the synchronizing relay is

103,323
based on the variable frequency of the

motor induced field current during starts
ing. As shown in Figure 23, a rectified
half wave portion of this current is used
as a means of holding the relay.closed
~during starting, the time lntervals of
the no current half of the/wave increasing
as the frequemncy of the motor field current
decreases with acceleration of the motor,
When the time inteérval between rectifled
curyrent half waves exceeds the time delay

of the relay,the relay opsrates to close

—PRESET
ASR RELAY
TIME DELAY

DISTURBANCE
INCIDENT TO
SYNCHRONIZING

TIME

FIELD CONTRACTOR
CLOSES

- v sn RELAY
UNSEALS

— FIELO CURRENT

====ASR HOLOING
COIL CURRENT

ASR RELAY OPERATION
Filgure—23 TD103.323
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the fleld contactor and apply excitation
to the motor., The polarity of the half
wave Rectox rectifier is arranged togsapply
excitation when the motor rotor is in“a
favorable position for good synchronizing
perforumance,

A shown 1n Figure 24, thessynchronizing
relay can be adjusted to, Operate over a
motor induced field current frequency
renge of 1 to 3,5 cycles--corresponding to

98 to 94 per cent(motor speed based on a

-60~cycle machine, % This adjustmeant is

made by vanying the adjusting nut in the
front of the relay. A calibration plate
is providedyto simplify this setting. The
relay should be set to operate at the
lowestyfreauency (highest motor speed) the
#otor will attalin under the most severe
starting condition, s0 that the maximum
usable pull in torque is avallable. This
i8 of speclel 1mportanc; in applications
involving high 1lnertia loads.

Closure of the field contactor places in
the circuit a transformer coupled high
speed, highly sensitlve pulle-out relay for
protection against fallure to synchronize,
or for protection in case the motor pulls

out of syachronism after beilng in step.








