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Equivalent resistance: R;3- Ro,3/(Riz+ Ro3)

Per-unit slip referred to fundamental syn. speed.
Forward and backward slip on triple-pole operation re-
ferred to n;/3.

Forward, backward, and resultant torques on triple-pole
operation.

Sequence torques with asymmetrical connections.
Sequence voltages per phase.

Stator leakage reactance per phase, Ohm.

Referred inner-cage and common leakage reactances on
normal operation.

Referred inner-cage and common-lea
triple-pole operation.

\Iaonct zm<7 reactance on normal operation.

kage reactances on

s

triple-pole operation.
and zero-sequence phase impedan-

" P = ™ I+ P = - I - . N
Angular speeds corresponding to n; and n, /3. mechani-
cal radians/sec
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It may be noted that considerations of safety make it desirable, if not
essential, to fit also a mechanical brake to m s' d istrial drives: such a
brake is usually rated at about 100% of th f i ioad motor torque. Nor-
mally, it is cheap, but requires maintenance and readjustment for satisfac-
tory operation.

motor is effectively
. the equualem circuit

branch remesenting the foruard rotating kla component of the puk ating
air-gap field, and the second bra’lch for the backward- rotating Lompomm
The p.u. sho values of the motor w.r.t. these fields are called sy and (2—s/),
respectively, referred to the triple- po e synchronous speed, n; /3 W here ny
is the fundamental svnchronous speed. If these slip values are expressed
in terms of the slip ‘s™ referred to n;. their values will be (3s — 2} and
(¢t — 3s), respectively. In Figs. 2a and 2b the equivalent circuits of the test
motor are drawn, a 2-cage motor was available on normal 3-ph operation
and on triple-pole I-ph operation (which may also be called zero-sequence
operation). The parameters of the former circuit were experimemaﬂ* de-
termined by a devised method, while those of Fig. 2b were concluded from
the corresponding values [1.2,6] of F7g. 2a; all parameters are given in Ap-
pendix for the test motor. Such derivation of parameters requires a lengthy
separate investigation which is beyond the scope of this paper dedicated
to presentation of the triple-pole braking method. However, the validity of
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constructions

of cage motors (9).
In brief,

such stray loss is the loss remaining after all other known
losses considered. They are mainly iron losses occurring both in the stator
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and roter due to tooth pulsations attributed to the variation of air-gap
permeance caused by slotting and stator mndmo distribution. The general
effect of the stray-loss torque is like that of the fucuon Lorque rne?'ungly it
is subtracted {from the motor de\elopea torque in the motoring region, and
added to it in the braking region.
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The impedance £, can be calculated at any slip from the equivalent circuit
of Fig. 2b. As for the torques, the forward. backward

. and net ‘orgue on
triple-pole operation are given by:

T: = 3- (31
o T A ]21
oyn. Watts rit. —
3

-

- ) R-{: 7 o

Iy = 3-{1;5- + I ) )

- oi (._1: _ 35\‘ 9005 /

_— Ty
Syn. Watts r.t. —
[

T, = (T;-Ty). (5)
It is obvious that the starting torque, s = 1. has a zero value. Also it is noted
that T; is positive and higher than T}, below ny/3, ‘s’ higher than 2/3, i.e.
the triple-pole torque is positive below n;/3, being of small negative value
at exactly this speed. Beyond this speed, T; will be a generating torque,
while T} will still be a braking torque and, therefore, they add up to yield 2
resultant braking torque.

As for the mechanical power developed by the forward- and backward-
rotating fields, they may be expressed as follows:

H

me = Tf'(l"‘sjf\
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= 3-I;-(1-5s) Watts (6)
and similarly:
Pry = =3-Tp-(1-5s), Watts. (7)

Therefore. the resultant mechanical power on triple-pole operation will be:
Prns, = 3-(1-s) (T;-1T5), Watts. (8)
It is obvious that the T/n characteristic on triple-pole operation is a braking

Lorque in the range from normal synchronous speed n; to a speed slightly
less than one—thlrd of this speed. say (n;/3).

2.3. Energy Dissipated in Motor Circuits during Braking

To start with, a formula is derived for the energy dissipated in the rotor
circuit durng acceleration from standstill to Tull speed agsinst an inertia
load. The following dviamic equation is valid:
o dw
T=17 — (9)
di ‘
where: 1 = acceleration torque,

J = moment of inertia of
W= (l - -3'}»;,‘1.; where Wy

mechanical radians/sec.

. 7 D Al P R e s
Since: T'= F,/w;, F, being the air-gap power in

Ny 18
5
f
Fny = —J ws- I osus
J
1
- 2
Eny = 1/2-J-wi watt-sec (11
which is equal tc the kinetic energy at full synchronous speed.
Now considering the triple-pole operation, and referring to Fig. 25,

t
modified to correspond to a szngle cage rotor with referred rotor resi

s
— R, we may assume that X3 is larde compared with rotor impedance,
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then the following expression follows from Eg. (9) for the braking torque
" =T - g
s b A

1/5‘; - 1/(2 - §

T,=3-1'R

7

TBD =Ty = T, -

%)

where wy = angular synchronous speed at ny/3. and I,
Since:

si)w

is modified to:

s =1/ (@2=sp)

=(1~
therefore: dw = —ws - ds; (12)

3

0)

stator current.

ds;

T =3-1* R, —J cwy - —2 (13)

- w3 di ’
Or: ) .
N 5 ds

312 Ry-dt= |-J wi — p— (14)
L sp 7 (@-sod
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The left-hand side multiplied by 2 represents the total copper losses, then
the total energy dissipated in the rotor during the braking period from s,
to sfy is found by integrating the right-hand sxde between these slip values,
and multiplying bv 2, therefore

S,
} si-(2—s5)
2 /(3 I Ry) dt=-2-J-u? / (2= 55 ds;
(2—2s5)
Sjl
Thus
/Wg — oy 1552
= 5 I—S,TZSJT_LD(l—SJ}JSj
2
- ! w3'{(90 S72) = 2(sj1 ~ 552 Lo )
= ; \wf1 T of2) T AL T A2 )
2 L / (1“’571)
Total energy in rotor circuit
Enl [, 9 . (1“5‘7)-} .
= — {87 —5%) — {25/ — 50} + 2 10 = L {15)
9 { R C A Ty ’

Referring to £¢. (14), and noting that the st

Lnerefore, from Fg. (15), the tmal energy both in stator and
during braking between the above h'rms will be:

Total energy in motor circuits

the slips relative tc
TOLaI energy dx.ss

2.4. Braking Time from Full to One-Third Speed

Eq. (9) may be rewritten as follows:

d?f:.]-—;-%.




n10%R.P.M
OO 1 2 3 4 5 6 7 3 9 10
I - R Y
-0.04F §
0081 |
012 z
-016H— N
-0.20— H
"
-0.24 — ; e
- % T
£ -028 | -
T 032 *
Fig. 8 (1/T vs. n) curve for triple-pole braking
nx10% R.P.M
.0 1 2 3 4 5 6 7 8 g 10
- ~008 I B B R m— R E—
E o
= -012
O >
—~ -0.16 |-
v

Fig. 9. (1/T vs. n) curve for pluggin

o
o

Then, in order to calculate the braking period from full-speed n; to one-
third of this speed, the right-hand side is integrated between these speed
limits; therefore:
13} /3 .
T an )
. —, sec. {19
0 T A7)

ny

f
-
‘1\3

D

Since there can be no easy expression for the T/n curve of Fig. 6, the
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required integration of Eqg. (19) is only practicable by graphical integration
of the right-hand side, as in Fig. § The value of J can be determined by
the well-known retardation method.

For the test motor, J was found equal to 3.04 N.m.sec?, and the braking
time to one-third speed. calculated as explained above, was found 3 sec. This
result agreed reasonably with the measured value of 4.6 sec.
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motar is brOught r’owrw 1o n‘,/fﬁ, the AC supply is
meachanical bra 0

around 3% for normal designs. When braking by plugging is required, two
leads feeding the stator Lermmal are interchanged, thus reversing both the
phase sequenc the 3-phase voltage feeding the motor and the direction

of rotation of the stator fleld. The motor will immediately be running at a
slip value near 2. i.e. in the braking region. and the motor slows down 1o

standstill, then reverses as a motor if the suDDl\ is still on.

The induction motor runs normal?\ near its synchronous apeed within a slip
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L
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Energy Dissipated in Motor Circuits
The energy dissipated in the rotor circuit during braking is obtained by
grating the right-hand side of Eg. (10) between the slip values two and
one, mth the mmal slip on normal operation assumed zero. Therefore:

t 1
ne
nie

,_..

1
Energy dissipated in rotor circuit = —J - w? [5 ds

:BETLI (

Including also the stator losses, the expression will be as follows:

b
<
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Energy dissipated in motor circuits =3 - En; - | 14+ — (21)
v Ry

and in 2-cage motors. R» is replaced by R.q in Fq. (18).

3.2. Braking Time

This time is obtained by g
FEq. (19) applving the {1/T Vs, 7} curve. veen ;
between s = ¥ and s = 1. The torques in this range are those on normal

operation between the given slip limits and the curve of {1/7 vs. n} can
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easily be drawn as in Fig. 9.

The calculated stopping time was found equal to 3.84 sec., and the
measured value, found by getting the average of a good deal stoppings,
was 3.5 sec.

4. BDC Dynamic Braking

This tvoe of braking has received much attention in practice since it removes
the danger of reversal. To start braking when the motor is running at full
speed near synchronous speed, the 3-phase AC supply is disconnected, and
the stator terminals are then connected to a source of DC =uoph' Many
ways are used practically for this purpose, one of which is shown in Fig. 10.

The DC excitation results in a stationary air-gap field which affects
the rotor in a way similar to that of a rotating fleld frozen at a certain
instant. On dynamic braking at a speed ‘n’. the voltage and current of the
rotor are identical to those on normal operation at a speed of (n; —n). The
torque 1s a generator torque, i.e. a braking one, with the stator DC current
representing the excitation.

}
i

4.1, Equivalent Circuit and Performance
T‘ne equivalent AC current, /,., is defined as the polyphase current whi

il produce in the air gap the same fundamental compmem of mmf as
p;oduc d by the DC excitation on dynamic braking.

1 . N —

For the connection shown in Fig. 70, the relation between the two

currents will be as follows:

Derivations from the equivalent circuit will then be similar to those on 3-
phase operation.

A factor that may considerably affect the accuracy of calcuiations in
DC dynamic braking is the wide change in the magnetizing reactance, X,
with speed since, unhke the case of normal operation, the stator current ]Ap
and its AC equnalem I, are constant, and in consequence [, and X,, must

keep changing [4]. A new computer programme is designed for performance




calculation with saturation properly considered. The computed T'/n curve
with a DC excitation current of 12 amp. {equal to normal current of the
motor) is shown in Fig. 1] after being correc ted for stray loss torque. It

should be noted that the braking torque is low almost in the full speed range
from synchronous to standstill except in a small region near zero speed. The
shape of the T/n curve could be changed if the motor were a slip-ting one
by ¢ d ling rotor resistances.

Aoain vine & 1040 for the < ed range T Lt N — D ]
tgain, applving Eg. (15} for the speed range from n: ton = 0, corresponding
to sy = 1 “md 0, respectively

w 14 . 7, .2
Energy dissipated in rotor circuit = —Jwy - [ s - ds
i
j Fey AN
= £ny \2{»}

(25)

As mentioned before, with 2-cage motor 3 in the above two equations
e v Req, £q (18) It is to be noted that Eq. (23) gives
vhich may be considerably less than the actual value with such

4.3. Braking Time

Applying graphical integration as previously explained. the calculated brak-
ing time with Iy = 12 amp. was found 40 sec., the measured value was
24 sec. This discrepancy is attributed to the fact that the braking torque is

very low, and comparable with the neglected friction torque. It should be
noted that the braking period is too long to be tolerated. However, with
slip-ring motors, the 7/n curve and the braking period can be adjusted by
adding rotor resistances. DC dynamic braking is clearly unsuitable with
cage motors.

5. Siemens’ Braking Connection

This asymmetrical connection shown in Fig. /2 is one of many asymmetrical
connections applied for braking induction motors. Calculations were carried
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out applying the method of symmetrical components, and the following
results were obtained, with phase ‘a’ considered the reference phase:

V. = 0, (26

R 7]

» no 3 <)

and for the sequence currents:

I. =0 (28)
V

I, = = (29
327, (29)
v

I, = . 30

T T sz, (30)

From the above, the positive and negative sequence torques at any slip *s’
have magnitudes equal to one-third of the torques developed at slip »alu es
of ‘s’ and {2 — s) on normal operation, respectively.

In ng. 13 the phase currents of the test motor are shown against

speed; it can b bﬂelxed that the current [,, which is also equal to the
suppl} current, is much higher than the current on normal operation and,
in consequence, phase ‘a’ may be overheated. Also, the T'/n curve show n in

Frg. 14 yieldS zero torque at standstill, thersfore rev
not arise.

rml of rotation does

S
T, =
’ R
and
_ o (2=s
jW = Vo . ) {311
) v = 4
Iz
The copper losses in
(32)

From the dvnamic equation

. . de ,
‘LD—Iﬁ:J‘d,:—J'(}Jl-—]- {
i ai X
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we obtain:

[ 2
o Ry s [2—3s Ro 1 ds
3 -3 : = =J
Pos s 2—5| wi dr
- 1 2-5s) ds
3ICRy- | = — — — =] wy =
‘ s 8¢ W dt
‘ ds
PRy - dt =~
3._9 Hq - dat J LT 5 <
e <2
o} o
P2 2
- 5 1Y Qe T
2 (s —1)
Referring to Eg. (32), it can be seen that the total rotor copper loss is
obtained by multiplying both sides of Eq. (34) by
5
gt — 254+
S Lo T &
2. >
54
Therefor
Energy dissipated in rotor circuit
R g0 <2 2 5.
_ —J\,ul ) S 25 ““2.:1—2 d5
L2 (s-1) st

The right-hand side gives the energy when braking is performed between
the slip limits sy and s;. Carrying out this integration:

Energy in rotor circuit
2 LA
2
= —Juwj s—1+——1ds
s—1

J(:Ji? 2 ¢ ¢ / R o
= "—2-' - S“——ZS—{*—.EIH\S—U
52
(Energy dissipated in rotor circuit)
1—
= Eny|(s? —s3)+2(sy—s1)+2In (—-———§—Q] (35)
(1 - s2)

It follows that:
Energy dissipated in motor circuits, (stater and rotor)

‘(s§~s§)-{—‘2(52——-u y+2ln ——F

L

:Eﬂl'
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As previously explained, for the 2-cage motor R is replaced by Req, Eq. (18).

In this asymmetrical braking connection, it is evident from Egs. (35)
and (36) that the energy dissipated in the motor circuits increases indef-
initely as the speed approaches zero, l.e. s2 = 1, because of the assumed
fictitious case of zero friction-torque. However, it can be reasonably assumed
that the AC supply to the motor is disconnected and instantly the mechan-
ical brake applied when the speed has fallen to, say, 10% of the synchronous
speed. Then from FEq. (35):

Energy dissipated in rotor circuit (from ny to n;/10) = 5.605En,. (37

P

But for fair comparison with the triple-pole braking, this energy is
once more calculated assuming the mechanical brake applied at one-third of
the synchronous speed:

Energy dissipated in rotor circuit (from ny to ny/3) = 3.09En;. (38)

Braking Time

OQ‘

v graDhical integration, the braking time for the test motor was calculated
and found to be 62 sec., the measured value was 40 sec. Again here as with
bC d\ namic braking, the discrepancy is atiributed to neglecting the friction
torque which is corr‘parab]n with the low resultant breking torque with this
asymmetrical connection.

It should be noted that the braki g time is too high to be accepted
when cage motors are dealt with. However, the method is suitable for appli-
cation with slip-ring induction motors since the shape of the T/n curves can
be modified, and the braking time reduced. by adding ext ernal resistances
in the rotor circuit.

+

L )
ho da presently in use

re now to see where the pxeam
the others.

1) The most important consideration is probably the ener
in the rotor and motor circuits during the process of brakin
summarizes the previously obtained results.

Obviously, the second and fourth methods are associated with the lar-
gest consumption of electrical energy, and the presented triple-pole method
is the most economical. With this methoq the speed will be brought down
to (n;/3), then the AC supply is switched off, and instantly the mechanical

The presented triple-pole braking
T t




Table 1.
Braking method Energy dissipated %  Notes
in rotor circuit
1) Triple-pole 0.64 Eny 100 From ny to &
2) Plugging 3.0 Em 469 Itom ny ton =20
3) DC Dynamic 1.0 Eny 156 From n; ton =10
4) Siemens’ connection 3.09 Eny 483  From ny to &

Table 2.

Braking method Time. seconds
1) Triple-pol 5.0

2 PiuAggiﬁg 3.84

33 DC Dynamic (0.0

1) Siemens’ connection 32.0

Obviously, the quickest method is plugging, but the time is too short and
makes it extremely difficult to apply the mechanical brake at the proper
instant by using a “plugging switch”. to avoid reversal of rotation. In
consequence, in most cases full-voltage plugging is not practicable, and a
transformer will then be necessary to apply reduced voltage plugging. But
still then top care is required to adjust the plugging switch, besides, the
mechanical brake will require the closest maintenance and adjustment, and
suffer from rapid w It follows that braking by plugs

extravagant.

3) Regarding the method of DC dynamic braking. clearly it removes
the danger of reversal of rotation. But the method 1s unsuitable for cage
motors since the braking torque is very low almost in the whole speed range

from synchronous speed to standstill. The stopping period is generally toc

ng is costiv and
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ong, and there may be danger of rebounding with high DC braking currents
7], causing danger to mechanical parts and commodities. The performance
with this method may be improved with slip-ring motors by adding appro-
priate rotor resistances. which, of course, is not possible with cage motors.
Furthermore, a special DC source is necessary which is usually obtained by
power electronic devices. This adds up to the cost and space requirements,
and causes complexity in switching; besides, it brings about harmonics and
other problems associated with such devices (3.8].

4) As for Siemens’ braking connection. it is noted that the energy
dissipated in the rotor circuit from full speed to one-third of this speed, is
almost five times the energy necessary with triple-pole braking. Besides,
the braking time with this connection is too long to be accepted. In fact,
this asymmetrical braking method is suitable only for slip-ring motors for
which both the T'/n curves and the braking period can be adjusted by rotor
resistances added externally.

5) As menmoned m =ecmcm (2.1) Lhe avai abl test motor h appenea to
mt

oy bt

a3 he view pomL of
triple-pole braking, bn ohromn lt may be uti 117ea to meet special starting
regulaticms or load requirements. Other tvpes of cage motors expeuedh
vield favourable conclusions which are in essence similar to the above ones.
This is confirmed by the triple-pole T/a curve QhO\ viiin fig. 15 for a deep-
bar motor of the same ratings as the 2- -cage test motor; it is observed that

curve is quite similar to Fig. § of the test motor. ] is also recollected
ere thal the comparizson of the major point of energy dissipation during
raking by the methods considered, Table 1, is based on generalized formulae
erived in this paper.

All facts pointed out in the above investigation are in favour of the
presented triple-pole braking method characterized by security, simplicity,
gconomy, and \ea st consumption of electric energ‘\:. Besides, it provides a
good and applicable braking method for cage m i hi t
ods like DC dynamic of Siemsns’ asymmetricai cozmection are not practica-

1

ble.

B
e
[eg)

U
jasv

Q.

O
C
%
-
O
b
e
-
@]
O
(@]
t o
D
-
-
=]
[}
et
T

References

] ALGeR, P. L.: The Nature of Polyphase Induction Motors, Wiley, 1971, USA.
! ABDEL-Hamm, M. N.: Magneto-Motive-Forces of Three- Phase Cag Induction Mo-
tors, Acta Technica Hungarzca, Vol. 58, Hungary.




449

{3] EmanueL, A. E.: Survey of Harmonic Voltages and Currents at Customers’Bus, JEEE
Trans. (Power Delivery), 1993, USA.

{4] Harmrisox, D.: The Dynamic Braking of Induction Motors, Proc. [EE, (103 4) Lon-
don.

5} Hsu, J.: Possible Errors in Measuring of Torques of Induction Motors, /EEE Trans.
{Energy Conversion), 1992, USA.

(6] RogEers, G.: Demystifving Induction Motor Behavior, JEEE {Computer Appl.j. 1994,

The Impact of Dynamic Braking on Shaft Torques, JEEE Trans(PAS),
- Crikxc \or“ and Vibration from Induction Machines Fed f
, [EEE Trans /Enﬂ'(,u C'oﬂwrszon , USAL 1995,

ttec hmon \(ra} - s _\Leasx_rcmem in Inductlon Machines.
tions {Power, .-praram: and 5; j, April 1659, USA.

Tom

foniat
[\

rs

F‘J

Ratings
Type = 3-phase, 2-cage
Kilowatt = 5 kW
Voltage, sta = 380 Volt
Ceren = 12 Ampere
Frequency = 50 Hz
Number of poles = 6
Speed = 065 rpm
Parameters of Equivalent Circuiis on Normal and Triple-Fole
Operations {per phase, r.t. stator)
Normal Triple-Pole
Stator resistance, Ohm Ry = 08 Ry =038
Stator leakage reactance X, = 1.8 X =18
Magnetizing reactance X = 52 Xy = 2.79
Rotor common reactance Xoe= 1.8 Xosz = 1.2
Resistance of outer cage R, = 249 R, = 1.201
Resistance of inner cage R; = 0613 R;3 =0.295
Reactance of inner cage X; = 292 X, =1.409
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