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SYNOPS IS

The scope of this dissertation extends only to the dynamic
"braking of induction motors by d.c. injection. The various methods
of an;lysis of the problem have been critically reviewed., A simpli-
fied method along with the associated set of equations, based on
Cochran's method for the calculation of the d.c., braking performance
of an induction motor is presented. This method is shown to give
reasonable accuracy comparable with the existing methods of analysis.
The most accurate existing method of analysis has been discussed
first, The other methods are presented later with a discussion of
their relative merits and drawbacks in the subsequent chapters.

All the methods of analysis have been reduced to a standard form

of equations for effective analytical comparison. Practical utility
of the methods has been analysed and comparison with actual test
results have been made by calculating the d.c. braking charaéter-
istics of two induction motors (one slip-ring and the other a
squirrel-cage) by using all the methods., The test details of the

motors concerned have been compiled from published works.
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NOMENCLA TURE

Induced voltage per phase per r.p.m.

Induced rotor voltage per phase, volts, of unit angular
frequency Wi«

Voltage drop across rotor resistance, volts, of unit
angular frequency We e

Voltage drop across rotor resistance, volts, of slip
frequency.

Voltage drop across rotor reactance, volts, of unit
angular frequency wg .

Voltage drop across rotor reactance, volts, of slip
frequency.

Stator current, amps, of unit angular frequency Wwg.
Rotor. current, amps, of unit angular fredquency g,
Stator direct current, amps.

Moment of inertia of the rotating masses at motor shaft,
pound- feet?,

000462 J .

Number of phases,

Bynchronous speed corresponding to unit angular frequency

We 5 Tep.m.
Rotor speed r.p.m.

Ssynchronous reactance per r.p.m, ohms/r.p.m.
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Stator resistance, ohus.

Rotor resistance, ohms.,
Ws= 2z
Slip under normal motoring operation ( s = ws )
. . . . _ Wi
Fractional slip under dynamic braking operation (s = EJ;)

Torque, synchronous watts,

Stator supply voltage per phase, volts,

Rotor e.m.f. per phase at angular frequency Ws , volts,
Kinetic energy of drive at speed of Ng, joules.

Energy loss in primary winding, Jjoules.

Energy loss in secondary circuit, joules.

otator winding leakage reactance per phase, ohms
(frequency ws ).

Rotor winding leakage reactance per phase, ohms
(frequency g ).

Magnetizing reactance per phase, ohms (frequency wyg),

Synchronous reactance of rotor circuit per phase, ohms
(frequency wg).

Unit angular frequency or synchronous speed, electrical
radians/second,

Stator supply angular: frequency, electrical radians/
second,



W, = Rotor speed, electrical radians per second.

( Il: 12’ Rl: R2) Vl, Vg, E2R, E2x, Xl’ Xz, Xm are all

referred to the same winding)

The abbreviations, not mentioned above are individually

explained as and when necessary,



INTRODUCTION

Retarding electrical machines either to a lower speed or
to standstill is a normal requirement in their wvarious applications._
In some cases reversals of speed may also be warranted. Retardation
of electric motors can be effected either by friction brakes or

electrical braking.

A friction brake may consist of a brake shoe with friction
lining, pressed on to a drum fixed on to the shaft of the machine,
thereby‘converting the kinetic energy of the rotating masses into
heat at the drum and this is the only reliable brake to hold the
machine against any disturbing force though the shock produced in
the system may be detrimental unless properly designed. The friction

shoes can be controlled electromagnetically by means of a solenoid.

In contrast to the friction brake electrical braking has
a distinct advantage of a smooth shockless operation. Blectrical

braking of induction motors can be broadly classified as

(1) D.C. braking
(2) Aoc . brak-'ing

The second method can be further subdivided as

(a) Braking with excitation by capacitors
(b) Regenerative braking

(¢) Plugging

(d) Braking by unbalanced operation,



In d.c. braking, the stator is switched off from the
a,c. supply and connected across a source of direct current. This
creates alternate north and south poles in\the stator and the result-
ing flux induces an e.m.f. in the short-circuited rotor windings
thereby circulating a current in them. A braking torque is thus obt-
ained from these currents and the machine decelerates. Thus, the
machine is acting as a generator of varying speed connected to a
high power factor load. The braking characteristic is such that the
braking action is not effective at very low speeds and consequently
in the case of such loads as crane hoists ete., friction brake must
be applied to hold the load stationary. This form of braking is
widely used in various industrial applications such as 1lifts, mine-

winders, machine tools, strip mills ete.

In the first mentioned method of A.C. braking schemes,

sui tably rated capacitors are connected across the stator terminals
and when the machine is disconnected from the supply the capacitors
exclte the stator winding, and induction generator action is achieved.,
Also sometimes external resistances are connected to the stator wind-
ing to receive and dissipate the energy evolved, thereby reducing

the stator heating. Practical applications of this rather expensive
form of braking are limited because no braking torque is produced

below about 1/3 of the synchronous speed,

Regenerative braking is the method of retarding the motor
by making the motor function as a generator pumping the generated
power back to the supply line. Lowering the applied frequency or
increasing the number of poles results in the machine to run as a

generator and feeds back the power to the supply. It may be noted



that complete stopping of the motor by means of this method is not
possible. Application of low frequency briigng has been investigated
for use in mine winders by Dixon and Tiley.

Plugging is the method of retarding the motor speed
an¢ stopping or reversing the drive by the application of the
electric power such that the motor develops torque in the opposite
direction to that in which it is revolving. In the case of three
phase induction motors this is simply achieved by interchanging
two of the supply leads. The phase rotation of the stator magnetic
flux is then reversed so that the motor is running at a negative
speed with respect to the revolving stator field and the motor
decelerates. Though a fast braking performance is achieved by a
simple arrangement and installation this method of braking results
in high energy consumption and consequent heating of the machine.
Also a zero-speed switch or consistent timing relay im required

if reversing is to be prevented.

Unbalanced operation of an induction motor can be perf-
ormed by applying an unbalanced voltage to the stator winding, or by
asymmetrical connection of the stator winding or introducing unbal-
anced external impedences in the rotor circuit. Any unsymmetrical
3-phase system can be transformed into three balanced systems by the
application of the principle of symmetrical components, the positive
sequence component providing a driving torque and the negative seg-
uence component giving a retarding torque and the zero sequence comp-
onent either or neither depending on the type of connection and the
speed of the motor. By adjusting the extent of unbalance these torg-

ues can be:- varied for getting different torque-speed characteristics.



This type of speed control has been widely used in a number of

industrial applications.

Having briefly mentioned the various electrical braking
methods, it will now be appropriate to look into the aspect of
defining "Dynamic braking".An exact definition of the term "Dynamic
braking" as applied to induction motors is by itself a problem
involving many controversial opinions. Apparently this term was
originally used for d.c. shunt motors where the armature is switched
off from the supply and a resistance connected across the same for

braking.

In describing dynamic braking of Induction motors P.L.Alger82
mentions that the term "dynamic braking" is applied to that mode
of operation in which direet current is injected into the stator
for braking. M.G. Sa§4 also viewsthe problem in the same way and
specifies “dynamic braking" of an induction motor is achieved by
exciting the stator winding from a d.c. source, and classifies
"dynamic braking' as one of the methods of " electric braking ".
Many authors including Karapetof?stake dynamic braking of induction
motors as one in which d.c. excitation is used. Also there are
quite a few authors like Butle%l, Srinivasag6and Ahmaglwho imply
and include plugging, regenerative braking capacitor braking and
braking by unbalanced operation under the term "Dynamic braking",

but a clear-cut definition has not been given.,

Literally analysing the term “"Dynamic" hardly leads us
to support or oppose either opinion. Though a broader definition

of the term "dynamic braking" to include all electrical braking



5 1s appealing, it would have been more so if the term

ro=-dynamic braking" were used, meaning that the hraking is

3d by electro-dynamic action.

The scope of this dissertation extends only to the

» braking of induction motors by d.c. injection.



CHAPTER I

A RESUME OF PUBLISHED WORK ON D.C.
BRAKING OF INDUCTION MOTORS

1,1, Principle of d.c, dynamic braking of induction
motors,.

1.2, A resume of published work on d.c. braking of
induction motors.



CHAPTER I

A RESUME OF PUBLISHED WORK ON D.C.BRAKING
OF INDUGTION MOTORS

1,1, Principle of d.c.dynamic braking
of induction motors,

In this method of braking, the stator of the motor is
disconnected from the a.c.source, and a source of direct current
is connected to it as shown in figure 1.1, the type of connection
depending on the control and design features of the system,The
direct current flowing through the stator winding will produce
adjacent poles of alternate polarity, and a stationary magnetic
field in space is established., As the rotor is revolving)an e.m,f.
is induced in the rotor conductors and currents are circulated in
the short-circuited rotor windings., The torque produced by the
interaction of these rotor currents on the stator field, is in a
direction opposite to the direction of rotation giving a braking
action. Thus, the kinetic energy of the rotating masses is conv-
erted into electrical energy and dissipated as heat in the rotor

winding. The machine decelerates to standstill,

1.2. Resumé of published work on d.c. dynamic braking,

The first published article on the use of direct current
for dynamic braking of induction motors was put forward by Hellmond
in 1910, The idea of converting direct stator current into equivalent

alternating value depending on the type of stator connection to the
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d.c. source was suggested in order to extend the transformer theory
to this problem. Also a vector diagram of the theory of operation
based on m.m.f. and flux considerations, taking saturation into
account, was evolved from which the various performmance character-
istics were obtained making use of the design data. The approach

is on sound theoretical basis, bBut very many cumbersome calculations
are involved though the performance predlctions can approach accuracy
except for the fact that the harmonic effects are not considered,
and the secondary reactance is neglected, In those days neglecting
the secondary reactance was justified becaﬁse of the fact that this
type of braking was mainly used for slip-ring motors with external
control resistance in the secondary and as such the secondary react-

ance was not much of a practical significance.

In the same year Rosenberg and Peck® commercialised this

application and registered their patent in Britain,

There was a rather wide gap for more interest to be evinced
on the subjec t which was mainly due to its restricted applications
in practice. The momentum of industrial expansion invoked the latent
interest in the problem in the 1930's when this form of braking
found its place in steel industry and mines. Wei ssheimmer® put
forward a method to find out the maximum torque value, and Harrel

and Hough'4 presented a paper on the subject in 1935, The authors?

gave empirical curves which were based on test results conducted

on a wide range of squirrel cage motors. These curves were to help

the designer for approximately calculating the direct current and
wattage required for braking a given load in a glven time, Hellmond5
in a discussion of the above paper pointed out that all the characters

istics obtained by the authors based on test results could be calculat



from design data as well, and@ further extended the scope of his
earlier publication to include the effect of secondary reactance

in the performance. This was a complete and reasonably accurate
prediction of the performance from deslgn data but again involved
laborious calculations., &s a matter of fact the electrical aspect
involved in the problem was completely solved and it was a question
of finding an easier graphical or mathematical solution of the

problem.

Bendz7, in his paper in 1938 compared the various methods
of braking an induction motor inclusive of d.c. dynamic braking.
He also gave empirical cﬁrves based on test results for evaluating
the direct current and wattage for stopping a particular drive in
a given time, knowing the starting torque and rated current of

the machine.

In the same year the applicdtion of d.c. dynamic braking
for mine winders was described by'Norrels giving the typical

characteristics.

13

LaPierre and Metaxas ™~ approached the problem with the

alternator #theory considering the machine under d.c. braking as a
short circuited alternator supplying a high power factor load, and
evolved‘approximate torque/speed curves by the adjusted synchronous
reactance method. But the discrepancies of the calculated and actual
torques in the maximum torque region was explained off as that
produced by todbh harmonics and an equation was given for the same.

Definitely a harmonic induction torque is produced due to the



presence of slots in the stator and rotor but not th the extent
expressed. The very application of the Synchrqnous Impedence
method as applied to alternators for solving the problems of
dynamic braking of an induction motor is questionable because:
this method has never given consistent results and cannot properly
take into account the excessive peaks of saturation reached

in the motor under braking conditions along with a confinuous
change of frequency of the rotor circuit current. Thus, it is

not surprising that the test resulbs did not agree with those

calculated on the basis of this method.

Cochran15, in presenting his method applied'té wound
rotor induction motors also viewed the problem ih the same way but
used the zero power factor characteristic method for calculations
which was based on design data. His method has not been compared
with test results for an existing machine. Apparently the way in
which the paper was presented has not attracted subsequent workers
on the subject to utilise the method préposed. Anyway calculations
made in this dissertation based on a modified form of Cochran's

method, have shown that the method is reasonably'accurate.

An equivalent circuit for dynamic braking operation and
1ts application to find out the approximate torque value neglecting
secondary reactance, along with a detailed description of a mine

winder scheme, incorporating a slip fing motor was presented by

Friedlander® in 1949,

Mulliganlﬁ gave a simple method of reasonablg accuracy

based on the standard circle diagram of the induction motor. But



Harrisonll had given a simple graphical solution on the basis

of a simplified equivalent circuit for dynamic braking conditions,
for a slip ring motor neglecting secondary reactance. In 1955,

in extending the scope of his earlier paper Harrisongo publi shed

a reasonably accurate and simple graphical solution of the problem
with the effect of secondary reactance taken fully into cohsider-
ation. But this again could not be directly applied to all types
of motors because the iron and stray losses and losses caused

by space harmonic m.m.f's have not been taken into account. He
also pointed out how inaccurate it is to take the average value

of the torque over a speed range for calcula%ing the running

down time and made it clear that it is the average of the inverse
of torque that affects the time; which can be quite different

from that based on average torque especially for the nature of the

characteristic obtained for dynamic braking.

Butlerce

showed that a mathematical rather than a
graphical solution of the equations presenfed by Harrison, is
possible and the various effects of saturation on the dynamic
braking characteristics were analysed in detail. He also extended
the method to include a wide range of calculations to evolve maxi-

4

2
mum torque, stopping time and energy losses” ~ etc. The same theory

was applied to double cage motors by Butler and Abdel-Hamig25.

The authors point out that the speed/torque characteristic of

a double cage motor under braking conditions is not similar to the
slip/torque characteristic when motoring, as is the case for an
ordinary induction motor, with normal value of rotor resistance
and reactance., As the saving in the running down time will be

as high as 50% in the case of the double cage motors, it was



suggested that this can be taken advantage of, in frequent start-
stop drives. Also, it was established that stray losses play
an lmportant role in contributing towards the braking torque

in the case of double cage motors,

This method of braking of the induction motors has
captured 1ts place in a very wide range of industrial applications
and is being increasingly used in various industries such as

machine tools, steel mills, mines, paper mills etc.
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CHAPTER 2

MACHINE PERFORMANCE UNDER D,C., DYNAMIC BRAKING CONDITIONS
INDUCT ION MOTOR APPROACH OF ANALYSIS

2.1, An analogy of the Induction Motor under normal motoring
operation, and the machine under d.c.braking,

The motor supplied from its normal a.c. source, at stand
sti1l, has a rotating field having the synchronous speed Ng,
with respect to the roter at that instant. This can be viewed
as similar to a condition when the stator fleld is at standstill
excited by a direct current, to produce the same intensity of
the field, and the rotor revolving at synchronous speed Ng, thus
having the same relative speed. In the same way the rotor revolve
ing at (almost) the synchronous speed from the a.c. supply 1is
similar to the condition of a d.c, excited stator winding with
the rotor at rest, Thus the conditions with the slip s wunder
normal motoring is similar to the slip ( 1 - s) for the braking
operation. Thig 1s the first analogy that helps to view the
d.c. braking operation of an induction motor. Thus the stator
direct current can be transfﬁrmed into an equivalent alternate-
ing current and the performance can be analysed as for normal
motoring operation provided the effect on the various parameters
under this changed condition of operation is given due consider~
ation in the various calculations, Hence, an induction motor
under d.c, braking conditions can be suitably represented as
one under motoring and the various factors developed for normal
operation can be modified to meet the dynamic braking performance,
This methgﬁ’az has been successfully applied to get valid results

under braking conditions.



2.2. Equivalent Circul t.

The performance calculations of an induction motor can
be usually based on an equivalent circuit, which can be developed
step by step for the normal running of the motor. One phase of a
polyphase induction motor can be represented as shown in figure 2,1
assuming a balanced symmetrical opesration and neglecting the effect

of the space harmonic magnetomotive forces and iron and stray losses.

AN T —

o
FIG. 2

. THE. EQUIVALENT C/RCUIT OF ONE PHASE OF 4 POLYPHASE.
INDUCTION MOTOR Trz STATOR VOLTAGE FREQUENCY IS &, AND
THE ROTOR FREQUENCY 15 (1 —®32), THE QUANTITIES Vi, X X2
AND X ARE ALL REFERRED 70 ANGULAR FREQUAENCY s,

It may be noted that in the equivalent eircuit shown in
the figure 2.1, the quantities Vg, X1, X2 and X, are all based
on a unlt angular frequency @ g electrical radians/second, which
1s the frequency for normal operation and normal synchronous speed.
The stator applied voltage is V3 vVolts and is having a frequency
of W1 electrical radians/second, The stator winding which is
known as the primary of the induction motor, is shown as an ideal

primary winding AB in seriew with a resistance R; and a constant

tJ
leakage reactance X ...(A.J..:!-.. and the induced e.m.f. in the primary
8



Wy
is Vg —=— volts,
g
The rotor winding is assumed to be perfectly coupled with
that of the stator and the magnetizing and core loss componemts of
the current are represented by the parallel paths X; and Rg,
across the terminals (A, B) of the i1deal primary winding, The

rotor can be represented as a perfect winding CD assumed to have

W, _w
a 1:1 turn ratio with the primary, and having a voltage Vo Cwl ~-72)
s

induced at its terminals CD by the mutual flux and having the

W
resistance Rg and reactance, X2 (023 = 2 ) external to the ideal
s

winding.

Fig. 2.1 cannot be directly dealt with like a simple
electrical clrcuit because the i1deal primary and secondary windings
are not electrically interconnected, even though they are magnetic-
ally coupled. In order to interconnect them electrically, the ter-
minal voltages across the ideal primary and secondary windings are
to be made equal, and they should be at the same unit angular freq-
uency %“g ; and this is to be accomplished without changing the magn-
itudes and phase angles of the respective currents. This is achieved
by dividing the voltages, resistances and reactances of the primary

w w w
side by _!;.; and those on the secondary side by =2, The
Wg Ws

primary side and secondary side can now be combined as shown in

fig. 2.2 in which the angular freguency throughout is Wy,

Analysing the circuit under the conditions of d.c. dynamic
braking, the stator applied voltage is direct and hence Qﬁ_= 0.
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Thus, the stator applied voltage and stator resistance become
infinite which exactly corresponds to the conditions assumed

in the application of Thevenin's theorem for a constant current
to the circuit. Thus the stator resistance and applied voltage
need not be shown in the equivalent circuit for the d.c. braking

operation. It should be kept in mind that I 1is an alternating

current of angular frequency %5 electrical radians per second,




which is electromagnetically equivalent to the direct current
injected into the stator winding. The equivalent alternating current
corresponding to a given d.c. value, will depend on the type
of connection envisaged for exciting the winding, shown in
figure 1.1, Nearly sinusoidal wave shape of the field, will

be obtained by all the connections mentioned, as the poles are
of non-salient type with distributed winding. The currents
flowing in each of the four connections can be considered to
rapresent different instants of time on a 3-phase input
current wave. Thus in figure 1l.,la current in phase A is
having the peak-value, whereas currents in phases B and C

are at half the values. Thus equating the currents, we get,

m—

Ip = Ljax = _// 2 I3

- where Ip 1s the direct current, Ip,y the maximum value of

the equivalent alternating current and I its effective

value. Thus I = al_ in the first case.
/2

Similarly it can be shown that I is equal to

/2 )
— Ip, :—/—,EID and —t— Ip respectively for the
/3 3 /6

connections b, ¢ and 4 shown in fig. 1.1.

Now fbr‘*ﬁ = 0, the rotor resistance becomes

- W -
R = 'JTS‘ Ro = - _gg where S is the fractional speed given
by s = w2

e =Ng |, The negative sign shows that a braking
Ng '



torque 1s produced. It can be seen that S = 1 - s, where, s 1s the

slip for normal operation as a motor given by s = Ns - Nz |
Ng
I, E;_ oy
T
Sy
K S
~
FIG 2.3

EQUIVALENT CI/RCUIT OF ONE PMHASE OF A POLYPHASE
INOUCTION MOTOR UNDER D.C. DYNAMIC BRAKING I, 1S THE

EQU/IVALENT ALTERNATING CURRENT CORRESPONDI NG TO
THE DIRECT CURRENT.

Having determin&d to inject a controlled value of direct
current of required magnitude, the stator reactance need not be
shown. Also the core loss cémponent Rc disappears which is fully
justified because actually a direct current is flowing in the wind-
ing. Thus the equivalent circuit can be further simplified as shown
in fig. 2.3.

At this stage it is necessary to make it perfectly clear

that analysis of motor operation, through the equivalent circuit
is a matter of convenience. All the performance equations can be

directly derived from energy considerations. Even if an equivalent
circuit was desired it could have been derived directly for dynamic

braking conditions without viewing it first as an ordinary induction

motor, But as it is felt that a common approach to both the problems



will much better, this procedure?® is preferred.

2.3. Performance equations.

The performance equations can now be derived from the

equivalent circuit as follows, Referring to figure 2.3,
I, =1, * I : 2.1

Vo =InJ Xp = Ip (g_a +sz) "2.2

From equations 2.1 and 2.2,

R
12[‘5‘?— + 3 (Xp +xin;}

I =
1 2 2.3
J Xn
Equation 2,2 gives
2 - 2 2 = 2 R 2 X ;{
v, I, Xp Ip [( R )+ Xy ) 2.2a
from which
4
/) = -X 2.4
/ T2
Equation 2,3 gives:
| ) 2 R e ' o
.2 . i, [(.gl)z +(x2+x,m)]
1 - 2,3a
xmz
Substituting equation 2.4 in the above and solving we get
—
/ 2.5



Substituting equation 2,5 in 2.4 we get,

"22" =/ W (X x?-0f X2
4 112 ..Im2

2.6

But we know 8 = g from which the speed N can be calculated.
s

The torque in synchronous watts will be

2 x? (R,

T =, I3 gz_ = m, _1 S 2.7
| B2 .2 o
(S ) +(x2 + Xy)

where m is&ihi number of phases in the machine,

In deriving the equivalent circuit and hence the above
equations, it has been made clear that the effects of iron and
stray losses and those due to the space harmonic mem,f !s have
not been taken into account, But they are usually negligible for
an ordinary induction motor. Also the friction and windage losses
cannot be considered in the equivalent circuit. Subject to these
limitations all the equations 2.1 %o 2.7 hold good provided
proper values of the parameters Rg, X2 and Xy are substituted
keeping In view the changed conditions of operation under dynémic
braking.

2.4.1, D.LC. Dynamic Braking Conditlons- the
inevitable presence of saturation,

Normally the design of an induction motor is such that
the magnetizing current is as small as possible, and for normal
motoring operation of the machine, saturation of the magnetic

circuit doss not set in., This will be evident from a comparison



between the magnetizing current and the rated current giving rated
torque, for normal machines. The value of the magnetizing current
will be found to be only of the order of about one third of the

rated stator current for a normal motor.

But the conditions under d.c. dynamic braking are very
different. As the machine decelerates during braking, from the
speed at which it was running towards standstill, the magnitude
of the rotor current is decreased from a maximum value to zero
towards standstill. The value of the stator current is constant
because a constant direct current is injected into the stator. Thus
from equation 2.5 1t follows that the magnetizing current is

increased as the speed decreases and equals the stator current I3

at standstill. The above statement can also be elaborated, from the
physical reactions taking place in the machine, At higher values of
speed, as the rotor current is high, the demagnetizing effect of
the rotor current on the' stator flux is quite high and the machine
will be operqting under unsatureted megnetic conditions, for normal
values of the rotor resistance. As the méchine slows down the
demagnetizing effect is progressively decreased and is zero at
standstill.Thus even if the direct current injected is that corres-
ponding to the normal rated current, values of magnetizing current

three times that for the normal conditions of operation will result.

Unfortunately the application of the rated values of
the direct current does: not provide the necessary braking torgue
required in majority of the practical applications. A direct curr-
ent equivalent to-the rated alternating value gives a maximum
torque of only about 70 to 90% of the full load torque for normal

machines, and the average torque will be very much less (which



will be evident from the shape of the torque/speed curve Fig.2.7).
This.seldom meets the minimum requirements of the braking performance,
It is evident from equation 2.7 subject to the absence of saturation
(1,e., X constant) that the torque is proportional to the square

of the stator éurrent I1 for a particular value of speed 1.e,
doubling the value of exciting current will yield a ftorque four times
the previous value, But if saturation is present, such a proportional

increase in the torque cannot be achieved (beSause the value of Xy

in equation 2.7 will then decrease). Thus it becomes all the more
necessary, to increase the excitation further, to get an increased
torque value. In normal practice one to four times the rated value
has to be used in many applications. Thus we see that the magneti zing
current as high as 3 to 12 times that required for normal opera=
tion can result, if the injected direct current is kept constant

all through the speed range. Hence excessive peaks of saturation in

certain regions of the torque/speed characteristic are bound to occur,

2.4.2 Treatment of Saturation in the analysls.

As per the equivalent circuit shown in fig.2,3, the magnet-
1zing current is assumed to be determined by the resultant air gap

flux inducing the air gap voltage Vg, As such the value of magnet-
izing current corresponding to a specified value of air gap voltage
Vo 1is assumed to be the same for all operating conditions. This
assumption is undoubtedly valid for unsaturated magnetic conditions
and is equally applicable for saturated conditions as well, if the
effects of the various leakage fluxes on the saturation of stator
and rotor iron are neglected, Omission of these effects, which

are comparatively small is justified, Thus, the representation of

the induction motor performance through the equivalent circuit



shown in figure 2.3, makes the handling of saturation which 1is
largely a complex magnetic circuit problem, into a comparatively
simple engineering proposition. Evidently the magnetigation curve
forms the connecting~1ink between the electric and magnetic clrec.
ulit aspects. In the case of an induction motor the magnetization
curve is in the form of an open circuit characteristic which can
be interpreted as the relationship between the magnetizing current
I, and the alr gap voltage Vo. Thus, the magnetizing reactance
X, vhich is a fictitious reactance introduced into the equivalent
ecircuit, is directly defined by the open circuit curve, as the

ratio '2 at any point. Under unsaturated conditions X, will be
In

a constant Xpy equal to the 1nltial slope of the open circuit
characteristic, In the presence of saturation depending on the
value of Vg, corresponding values of Xy as determined bj the open

circuit curve are to be used in solving the equations 2,1 to 2.7,

2.4.3. Determination of the open circuit characteristic,

As applied to the alternator the open circuit character-
istic is the curve showing the relationship between the d.c. excit-
ing current and the terminal voltage per phase of the open circuited
armature, the machine being driven at the normal synchronous speed.
As applied to the induction motor, it can be defined as the relation-
ship of the magnetizing current I, and the alr gap voltage Vg.

The induction motor can be coupled to a d.c. motor and can be
driven at the synchronous speed. An a.,c. variable voltage normal
frequency 3-phase supply is then switched on to the induction motor
The speed of the machine is then adjusted slightly if required such

that the a,c. current input is a minimum. The voltage and current



supplied are then noted down. By varying the applied voltage a set

of readings can be taken,

As the power factor will be very low the airgap voltage
can be found by directly subtracting the stator leakage reactance
drop from the applied voltage giving

Vo = V1 -1I7%;

As the machine is driven at the synchronous speed the rotor
currents will vanish and hence I7 1s the magnetizing current, indu-
cing the air gap voltage Vo

It may be noted that results of reasonable accuracy can be
obtalned even without driving the induction motor by external means.
The motor running freely from the‘a.c. supply, on no load, will have

only very small rotor current which can be neglected.

Also the open circuit curve can bhe predicted15 from design
data as well, which is exactly similar to that applied in alternator
calculations,

2,5. The nature of parameters Ro and X2
involved in equations 2.1 to 2.7

Secondary Resistance Rg

Under de.c. braking conditions, the frequency of the rotor
current varies continuously from almost the line frequency near
the synchronous speed to a very low value towards standstill., In
fact zero frequency of rotor currents never exists as the rotor
currents will then be zero. A variation in the effective rotor

resistance Ro can be expected during the braking operation. A
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curve showing thé& variation of the secondary resistance with freqe
uency can be plotted and can be used along with equations 2,1 to 2,7
for the performance prediection, which will invariably involve a
trial and error procedurs. Such a curv%SShowing the resistance
variation with frequency, for a normal 1ndu¢tion motor 1s shown

in figure 2.4 and the curVe§3for motors of special construction

such as deep bar and double cage motors are shown in figure 2,5,

It can be readily seen that for the latter case the variation is
mich pronounced and as such this complex variation of the effective
resi stance with speed has to be suitably accounted for. But in case
of an ordinary induction motor the variation 1s not so wide and most
of the authors?°?22 have taken the effective resistance Rg at the
normal frequency and have used the same for performance calculations

getting results of reasonable accuracy.

Secondary Reactance X2

It should be stressed that according to the equivalent
circult fig. 2.3 the secondary reactance is always based on the
unit angular frequency Wg. The secondary inductance can vary with
the varying frequency and the changed magnetic conditions, when
the speed of the machine decreases. Usually the variation of the
secondary inductance of an ordinary induction motor is negligible.
In the case of a wound rotor induction motor with external secondary
resistance the effect of even secondary reactance itself is not
prominent as compared to the large secondary resistance. Under
d.c. braking conditions as the machine slows down,the effect of

) )
the secondary reactance on the characteristics is further reduced

for decreasing values of speed. Thus, only for motors of speclal

construction such as deep bar and double cage motors, the rotor



reactance has to be considered as a complex function of speed and

has to be suitably accounted for.

2.6, Conditions for maximum torque,

If there were no saturation a simple solution to compute
the value of the maximum torque can be readily arrived at, because

under unsaturated conditions Xp 1s constant at a value Xpg,, which

is the initial slope of the open circult characteristic.

Thus for unsaturated conditions equation 2,7 gives

2 2 '
T = nm, - rm (_?.) 2478
()2 +(Xp +ZXm )2

Differentiating the gbove expression with respect to

R
0151-) and equating the derivative to gero, we get the condition

for the maximum torque. This will reduce to the form

R
...s.&. =X +Xm 2.8
and the value of the maximum torque will be
2
I 2
Tpax = E_%.f_!;m__ 2.9
2 + Xpy)

Thus, it can be seen that the value of the maximum torque

is independent of Ry if saturation is absent,

But the effect of saturation is considerably pronounced
(Ref, article 2.4) under dynamic braking conditions and as such

cannot be neglected, The maximum torque under these ¢ onditions



cannot be directly expressed in a mathematical form due to the
involvement of the magnetization curve which has no linear
equation. The best solution under these conditions 1s graphical
and the maximum value of the torque has to be obtained after

plotting the torque/speed characteristic. Cumbersome calculationg®?
involving the slope of the magnetization curve (which is a variable)

have been presented, which 1s more laborious then plotting the torque/
speed curve, because a cut and try procedure is invariably involved

in effecting a calculation,

An approximate location of the region of the maximum
torque will aid in choosing different points to draw the torque/
speed curve in the region where the maximum torque occurs, from which
the accurate value of the maximum torque and speed at which this

occurs can be found out.

In order to approximately determine the maximum torque
and the speed at which this occurs, let us neglect Xo. Then the

equation for torque can be written as

T =m, Vg Iz (+,* the secondary power factor
is unity)

By differentiating the above with respect to I and equating to

gero , we get the condition for maximum torque.

dT - + de :
i m (Vg i a-i:—z- ) =0
Hence av. = Vo
dIz I2
2 ‘
But I =1%; .2 (From equation 2,5 )

because Xg =0



Differentiating both sides of the above equation with respect to

Io we get

= 251 b

From equations (a) and (b) it follows that the maximum

torque occurs at a point P on the open circuit characteristic

such that
av = ¢ V2p Imp
( ) = ( ) 2.10

where Vgp and Ip, are the values of Vo and I, at the point
P on the open circuit curve, and ( %TZZ_ ) is the slope of the

- m
open circuit curve at point P.

The point P is located by a trial and error procedure,
Then values of I, close to Iy, are chosen to draw the torque/
speed curve (as described in sectim 2.7) from which the correct
value of the maximum torque and the speed at which this occurs

can be found out.

It may be noted from equations 2.8 and 2,9, that an
increase in the secondary reactance is only going to decrease
the maximum torque and 1s going to increase the speed at which
this occurs, Keeping this in view values of I, Iless . than

Imp can be chosen to draw the torque/speed curve in the region
of the maximum tordue, for an accurate determination of the max-
imum torque value,

2.7e1le Prediction of eed characteristics for a rm
3-phase induction motor undergoing d,c, dynamic braking,

As discussed already the secondary resistance Rg and



reactance Xg , will be assumed to be non-varying parameters
independent of fredquency. A particular value of the direct current

Ip is chosen. The corresponding equivalent alternating current I3

can be immediately found out depending on the type of connection
of the stator winding to the direct current souwrce as explained
in article 2.2. Assuming any value of Iy (which should be naturally
less than 11) the induced voltage Vy 1s found out from the open
circuit characteristic of the machine at synchronous speed. The

value of X, for that particular value of I, 1is then given by

In < ;E_ . Substituting the values of I3, In and X, in equations
2,5 to 2.7, the values of the secondary current, the torque and the
speed can be determined, From the values obtainéd the torque/speed
curve can be plotted.'l'ne results can be tabulated as shown in Table
No.2.1,
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2.7.2. Prediction of the torque/speed curves for
different values of Ip,

As before, the torque/speed curves for different values
of the stator direct current Ip can be determined and the tabhla-

tion extended as shown in Table No.2,1,

2.7.3, Prediction of the torque/speed curves for different
values of the secondary resistance,

The stator direct current is taken to be fixed at a part-
icular value Ip. Hence, I 1s also fixed, Now for any assumed
value of Iy, equation 2.5 shows that the value of the secondary
current Ig 1is independent of Ro. Hence from equation 2,7 we
can obviously conclude that for particular values of Iy and Iy,
the torque is directly proportional to gﬁ o Thus once the torque/
speed curve for a set of particular values of I;, X5 and Rp
have been derived, the characteristic keeping I; and Xg same
as before, and Rg 1ncreased to say Rz can be obtained by shifte
ing the former curve parallel to the speed axis by the ratio _R3 ,
Or the same curve can be used by multiplying the scale of the "2

speed axis by §§,.
Rg

2.7.4, Determination of the torque/resistance curves,

In certain applications such as automatic mine winders
using slip ring motors the préblem of keeping stable braking opera-
tion is better investigated by a set of torque/resistance curves

at fixed values of the speed and excitation.,

For determining the torque/resistance characteristics
the quantities Ip and hence I3, No and Xp are assumed to be



fixed. The calculations are exactly the same as before except

that the speed 1s assumed to be constant along with the fixed

values of I1 and Xp. Then for different assumed values of Ip,

the values of the torque T and the secondary resistance Rg are
determined., The results can be tabulated as before, except that, the
fixed value of N, 1is entered. in the first column, and the values
of Ro are noted down in the last column.

8.7.5. Prediction ofthe torque/resistance curves
Tor different values of speed,

Equation 2.5 shows that for particular values of I and
Iy , the secondary current Ig5 is independent of the speed. Hence
for fixed values of Iy and I, the torque is directly proportional
to R2_, Therefore, once the torque/resistance curve for particular
valugs of Ng, I, and X3 are determined, the curve for the same
values of 11 and Xp and a different value of speed say N3 is
readily obtained by shifting the former curve along the resistance
axis by the ratio ;ﬁ_ o Alternatively the same curve can be used

2
by multiplying the resistance scale by _§§_ .
2

2.8 Graphical determination of the characteristics,

In the previous article, the performance characteristics
have been evolved mathematically by using the equations 2,1 to 2.7
along with the open circuit curve of the machine., The same results can

20
be obtained grephlcally as well, though subject to graphical error.

Referring to figure 2.6 ,OM 1s the open circuit character-
istic of the machine.Suppose it is required to determine the braking
characteristics for a particular value of I, an arc is drawn

as shown, with 0 as centre, and I3 as the radius. The scale of
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I, should be the same as that used for drawing the curve OM. A
value of I, = OA is now assumed (In< Ij)s The point P 1is loca-
ted on the line OAP such that AP = EZ%E « From the edquivalent
circuit as shown in figure 2.3, it is evident that the locus of

I, is a semi-circle with P as centre and a radius equal to

Vv
2 X2
of I, and I, the point of intersection B of the two circles,

, as shown in figure 2.6, As I1 should be the resultant

should give the value of Iz DYoth in magnitude and direction, Thus
AB =1, . AC 4is the value of Vg for a magnetizing current equal
to OA, and the CAB = g5 , which is the phase angle between the

voltage and current of the secondary circuit,

Drop a perpendicular BF to the line AC. Also erect a
perpendicualr at B on the line AB to cut AC at D, Then the

torque
T=me Vo I cos gy
=mx AC x AF
where AC 1s measured in volts and AF is measured on the ampere

scale.

AC
Also, = = Bs 1;1_ from which the speed N is

obtained,

The above construction 1s repeated for various values of

In and the torque/speed characteristic can be readily plotted,

In an exactly similar way the torque/speed curves for
various values of I3, as well as torque/resistance characteristics

can be obtalned.

It is worthwhile point out, that in this particular



method a direct mathematical analysis by using equations 2.1 to
2.7 1s possible to get the braking characteristics, without
involving any trial and error procedure. Hence the mathematical ’
analysis is definitely preferable to the graphical method, because
the latter method is always subject to graphical error.

2.9.1. The nature of the tordue/speed characteristics
under d,c. dynamic braking conditions,

The type of torque/speed characteristic obtained under
d.c. dynamic braking conditions, of an induction motor is shown
in fig. 2.8 curve A, for a short circuited rotor (i.e. without
any external secondary resistance), The curve B shows the charac-
teristic for normal motoring operation without any external second-
ary resistance. These curves have been compiled from the test data
presented by Harrison®? and Butler?4. The details of the motor
tested are given in Table 2.2, and the magnetization curve of the

motor is shown in figure 2,7,

— — : — 4
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The braking curve shown has been obtained for a stator
excitation current equal to twice the rated current of the motor.
It can be noticed that there is a striking similarity between the
braking and motoring curves, the reason for which has been mentioned
in article 2.1, But this similarity cannot be carried too far for a
direct comparison bescause of the enéirely different conditions under
which the curves are obtained. But at least the curves indicate a

reversal in the operation.

Both the curves have stable and unstable regions of oper-

ation, the dotted portions showing unstable operation, and the thick
lines showing the stable regions. Also there 1s an optimum braking torqu
at some value of the ratio of Resistance Ro and the speed, in

both the cases,

Taking the braking characteristic into consideration, it
can be seen that any decrease in speed in the dotted portion of the
curve, results in an increase in the braking torque and the machine
decelerates further, giving an unstable operation. This unstable
region continues upto the maximum torque point after which the
performance 1s stable. Any decrease in speed in the stable region
is followed by a decreased torque, and the torque reduces to zero
at_standstill. Thus, the speed at which the maximum torque occurs:
can be termed as critical braking speedzz for the particular value

of the secondary resistance Ro « The shape of the braking curve 1is
evidently not satisfactory giving only a very low torque at higher
speeds. Alsc at speeds close to standstill very low torque values

are obtained,.

Ags discussed in article 2.8 the same torque/speed curve A
can be used for any other value of rotor resistance Rz by multip-

lying the speed scale by _R3 where R, 1s the former value of the
2 .



rotor resistance, Evidently the speed at which the maximum torque
occurs 1s proportionately increased with an increase in the value

of the secondary resistance. Thus the behaviour of the characteristic
with the'secondary resistance at once suggests that better effective
braking is obtained in case of slip-ring induction motors, by suitably
decreasing the value of Rg from a top value at top speed to lower
values at lower speeds, But as the speed/torque characteristic is
unstable beyond the maximum tordue value, with a pronounced steepness
of the curve 1n that region, an attempt to effect a proportional
decrease in resistance with decreasing speeds to get the maximum
braking torque at all speeds, can result in unstable operation and
subsequent loss of control in case of an overhauling load unless
properly manoevered. Hence the incorporation of this principle depends

on a closed loop control system being adopted in such cases.

In practice the maximum torque obtainable with an exciting
current equivalent to the rated current is insufficient to meet the
braking duty 1n many applications, even after suitable adjustment of
the rotor resistance in the required speed range. Hence the only
other alternative i1s to increase the exciting current I; to higher

values,

A set of torque/speed characteristics compiled from test
results published by HarrisonZ® and Butler®> for different values:
of the stator exciting current are shown in fig. 2.9.

Curve A. 1is the torque/speed characteristic with an excit-
ing current I; equal to the rated motor current. It can be clearly
seen ‘that that the maximum braking torque for this curve is only
about 80% of the rated full load torque of the machine which seldom
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satisfies the braking requirements in practice,. The torque at higher
values of the speed is pretty low amounting hardly to 10% of the rated
torque which def;nitely cannot give any satisfactory performance.
Curves B and C are the characteristics when the exciting currents

are twice and four times the value of the rated current respectivelye

From equation 2.7 it is clear that the torque is directly
proportional to the square of the exciting current I; if there
were no saturation, It is clear from Fig, 2.9 that such a propor-
tionate increase in torque is not obtained in the regions of the
maximum torque and all through the stable portions of the charactere
istics. Also it can be noticed that, as the excitation is increased
the maximum torque occurs at a higher value of the speed, for the
same value of rotor resistance, Hence there is an increase in the

critical braking speed due to the effect of saturation,

In order to have a clearer conception of the effect of satu-~
ration on the torque/speed characteristics, the figure 2,10 is drawnzz.
The ideal characteristic shown in the figure 2,10 i1s that obtained
for the condition of no magnetic saturation with an excitation current
equal to rated current of the motor. Curve A shows the actual torque/
speed characteristic with an excitation equal to rated current, and

the torque values are expressed in per unit of the ideal maximum value,

The curves B and C are for values of excitation twice
and four times the rated current respectively, and the torque values
for these curves are expressed in per unit of the corresponding ideal
maximum values. Thus the actual torque scale for curves B and C

will be four times and 16 times the scale $hown in the figure., The

Tregions in which the corresponding curves are coincident with the
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ideal characteristic shown in the figure, indicatfes that saturation
is absent ln those regions for that particular value of rotbr resis-
tance. Thus saturation sets in at 20% of the speed for curve C, at

104 for curve B and 6% for curve A, for Rz = 27 L , When the
resistance Rg 18 increased the region of saturation effect will

proportionately increase. Also it is evident that saturation distorts
the stable portiohs of the characteristics severely, which is incre-

asingly pronounced with higher values of excitation.

2.9.2. The nature of the torque/resistance characteristies;

The torque/resistance <:1‘xau.'au':t'.er:lst::i.cs22 obtgined for a
particular value of speed and three different values of the stator
exciting current are shown in fig. 2,11, These curves are, for the

same machine mentioned for obtaining the torque/speed curves,

As explalned in article 2.8 the same curves can be used
to represent the torque/resistance characteristics of the machine
for a different value of speed N3 , by multiplying the resistance
scale by .%g.- where No 1s the previous value of the speed.

In fig. 2,11 the bottom scale for the resistance is for the charace

teristic at synchronous speed and the top scale is for a speed %5
the synchronous speed.

The curves A, B, C are for the values of the excitation
current, edqual to one, two and four times the normal rated current
of the motor. Starting from a high value of the rotor resistance
when the resistance is decreased, the value of the torque increases:
for the particular value of speed showing stable operation. This

action continues until the resistance at which the maximum torque

occurs, Beyond this point a decrease in resistance results in a:
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‘decreased torque and consequent instability in the traking operation.
The value of the resistance at which the maximum torque occurs can
be termed as the critical braking resistance22 for the particular

value of speed.

In order to more clearly concelve the effect of saturation
on the torque resistance characteristic, curves are drawnzz as shown
in figure 2,12. The ideal curve shown in the figure is that obtained
for the hypothetical condition of no magnetic saturation with an
excitation current equal to the rated current of the motor.Also the
curve A 1s the actual characteristic with I3 equal to the rated
current, The curves B. and C afe for values of the excitation
current equal to twice and four times the rated current respectively
and it should be noted that the torque values for these curves are
expressed in per unit values of the corresponding ideal curves, It
is evident from fig. 2,12 that there is a pronounced effect of
saturation on the stable portion of the characteristics; Also it can
be noticedhthat there is a decrease in the critical resistance value

with an increased excitation due to the effect of saturation,

Referring to figure 2.9 and 2,11 it can be seen that the
shapes of the ftorque/speed and torque/resistance characteristics
are not identical. In fact equation 2,8 shows that the torque/speed
characteristlc can be made to represent the torque/resistance curves,
by multiplying the per unit speed scale by the value ( Xp + Xy) ohms.,

in the absence of saturation. Thus, saturation makes this impossible.

2.9,3.8umnary of the nature of braking characteristics,

1. For normal values of rotor resistance low torques are

obtained at higher speeds and very low torques at valuesg



of speed close to standstill,

2, By varying the resistance (Rg) more effective braking

torque can be obtained in a wider speed range,

3, An increase in torque all over the speed range can be obta-
ined by increasing the exciting current well above the rated
value for normal applications subject to the restriction of

thermal capacity,

In practice a variation of the exciting current is auto-
matically effected, depending on the rotor current, so that a cont-
inuous injection of a high current is avoided, by incorporating a
closed loop control system for important applications such as mine

winders,

2,10, Stopping Time,

The knowledge of the running down time from a higher speed
to lower values or standstill under braking is primarily necessary

for the selection of the braking scheme,

The torque obtained by equation 2.7 1s only the braking
torque produced electrically in the machine by the dynamic braking
scheme, There are the other torques which have not been considered,
vwhich contribute towards deceleration such as those produced by
windage, friction, iron and stray losses and the losses due to space-

harmonies m.m,f.'s etc, If the dynamic braking torque as calculated
from equation 2,7 is Ty at a particular speed and the loss torques
which are not included in Tp 1s taken as TL, at the same speed,

then the total torque Tp producing deceleration i1s given by

Tp=1Tp * T, at a particular speed, all the torque values being

expressed in synchronous watts. Now the kinetic energy of a rotating



mass is given by
KE., = 4 Jw? £t. 1bs,

where J 1is the moment of inertlia expressed in
1bs.ft.2 and & is the angular velocity of the drive in radians/

second.

Torque will be sequal to rate of change of kinetic energy.

= I aw = J x28x
T1bs. £t. 32 It 32.2 60 dt

where torque is in 1bs. feet and N is the speed in r.p.m.

.

o o Torque 1is synchfonous watts will be given by

= 2 Ng& J 77 AN 550
7 = 21Ng/ 2 580
0 *TB X 5 *at * 726

= ,000462 Ng J 4N

dt
= aN

2
where K = ,000462 J =2xkinetic energy in joules per r.p.m,

Hence for deceleratioh

T = -KNS-%-:-I:- | 2,11

If t =t; at N =n; and t =ty at N =n,

then + Mg
2

— aN 1
fat = - KN = 2,12

{l 7',I
and hence the time to decelerate from ny and no is




t2 - tl = K Ns -T-." 020-13

Ny
Unless ng 1s taken as a small quantity instead of

zero an analytical solution of the above equation is not possible.

The right hand side of the equation is equal to the area
under the curve E%ﬁ plotted against N as abslssa between speeds

n1 and ng, where T is the total torque Ty + Tpe Usually Ty

versus speed characteristic is a straight line, and Tp 1s directly
proportional to speed and can be determined experimentally., Once we:
know the relationship between Ty, and N, this can be superimposed

on the dynamic braking torque/speed characteristic to get the curve

Tp versus speed,From this curve mi- versus speed can be drawn. The

Tp
area of this curve between nj and ng mltiplied by the constant
KNg for that particular drive will give the value of time to decelerate

from nj to ng.

The method described above 1s rather tedious. But this
has to be resorted to, in case an accurate prediction of the time
for deceleration 1s necessary as in the case of automatic mine

winders.

Altefnatively in many applications, the loss torque is
a small percentage of the total ®raking torque especially when the
motor 1s driving a load of large moment of inertia. In such cases
Ty, can be neglected. Also in order to facilitate a mathematical solu-
tion to be obtained the dynamic braking torque/speed characteristic

can be represented by two discontinuous curves., This has been evolved
by Butler?* and is given below,

Referring to fig. 2.13,0ED 1s the true torque/speed.’



characteristie calculated using equations 2,1 to 2.7 for particular

values of I3, R1 and Xp.
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O AD. THE CURVE IF SATURAT _n
ISABSENT FOR THE s a47.
ALUE DFER .

OCK - TwE CLRVE S SAT R 47 -
IS ABSENT BUT FOR 7+ .

VALUE OF Ry INCKEAN:ET TS .

TORQAUE.

D
O € D= APPROXIMATE TORDu:

SPEED CuRVE. |

_—

(AL. THE CURVES ARE roR
THE SAME VALUE OF I )

A

o) Na No N, .NAK’
- ~> SPEED
/L—/G 2':3

FIGURE SHOWING THE APRROX/MATION IOF TORJUE.
SPEED CrRARACTER / STIC UNDER D.c. DyANAplC BRAKING
OF AN INOUCTION MOTOR .

Ll — . - —— ——

Suppose X, 1s assumed to be constant at its unsaturated
value Xpy, curve OACD will be obtalned for the same value of I3,

R2 and Xo . Curve OCK can be drawn again keeping X at its unsatur-
ated value Xpy, but increasing Ry to R3 ( keeping I3 and Xp same)
such that

R =p Rg 2,14

where p = ..%fu_ » Xms teing the saturated value of the magneti-
8
zlng reactance obtained from the open circuit characteristic of the

machine corresponding to a current of I. C 1is the point of



intersection of curves OCK and Q&CD,

It can be shown that the two discontinuous curves O0C
and CD together can approximately represent OBD, for the purpose

of the calculation of the running down time.

We know that the saturation affects the performance at
low values of speed due to reduced opposition of the secondary
current to the primary flux, and for normal values of rotor resis-
tance saturation is virtually absent at higher values of speed.
Hence, the portion CD of the curve OACD, calculated based on the
assumption of no magnetic saturation can approximately represent
BD, Now at speeds close to standstill (X, * Xp) is small compared
to ( gg ) and hence equation 2.7 can be re-written as below keeping

in mind that at these low speeds Xy = Xpg »

. 1.2 2s
T = m, 1% Xms
Rg

Therefore the initial slope of the curve OMD is

aT =N 4T
(o =0 Ns( &= g0
= m, I1.2 2&“52 NS
Rz

As far as th® curve OCK 1is concerned Xy = Xy, end the
secondary resistance 1is pR2 , Hence the initlial slope of curve OCK

will be
dT 2 2
Ng ('a'g)s:o m I32 Xm©Ns
PRo
m 112 Xng®Ne X
— because p = -igﬁ——

il

]




Thus the initial slopes of the curves OCK and OBD
are the same, The portion 0C can be approximétely taken to repre-
sent 0D,

Hence, the curves O0C and CD approximately represent
OBD, It can be noticed that the area of the portion between the
curve OCD énd OBD is not going to affect the value of the stopp-
ing time appreciably because it is the unstable portion BD, that
egssentially contributes most to the stopping time for the normal
values of Rg. This approximation will give slightly lower value
of stopping time because thq area under OCD ié greater than that
under OBD; but after all the loss torques have been neglected and
errors tend to cancel rather than being cumulative. Also it may
be noted that there is a sharp cut off, of speed when the speed has
reached below about 1/10th of the synchronous speed due to the pres-
ence of locking torquez4 arising from minimum magnetic reluctance
positions of the rotor with respect to the stator. It may be noticed
that in order to facilitate to evolve the solution of equation 2,13
a small value of the speed ng has to be chosen instead of zero.
In the light of the loss tbrques having been neglected this can also

be justified to a certain extent.

Now suppose T, 1s the maximum value of torque for curves
OAD and OCK from equation 2.9.We get
T, = m. -%%;r—fgggf— 2.9a‘
2t Xny)
The equation for the curve OAD can be written from equatbons 2.7

and 2,9a which gives
. p= 2Ta®k _ 2T, My
-~ 2
Sg< *+ 82 Nk2 + y2 2.14




where 8y is the value of the fractional slip at the point K
in fig, 2.13 and Ny 1s value of speed at the point K,

Simllarly the equation for curve OCK 1is given by
- 2Ta S S - &Ig NN 2.15
T._.________ﬁ = __T__ﬁ .
Sa2 + 82 NaZ * N2
where Na and Sa are the values of the speed and the fractional

speed at point A in Fig. 2,13.

From equations 2,14 and 2,15 the point of intersection

C can be obtained giving

Ne = Ng _/p 2.16
Te = 2.1Ia 2,17

Thus equations 2,14 to 2,17 define the curve OCK,

Hence the time taken to decelerate from a speed n; %o

speed ng can be obtained from equations 2.13 to 2.17,

UT] NC

- w2y w2 2 4 w2

- - KNg Ng© + N KN N + N
t= to -« t1 = 2 4N + —= an

2= " " 31, T, 2Tq Ty
2 2
_ KN§ No =-n , 2 N2 n
R 2+ Ny log ey - B . Ng log—t 2, 18

a1 2 N ng 2 Ng Ne

The minimum stopping timefrom synchronous speed Ng to a

speed ng , for a fixed value of Rg will occur when AL =0 ang

dNq
can be shown to be
KNS o N @
= S - n : a
tmin. 2Ta Na 1 _._g.—_ - ( p - 1 ) 2. 12a

pNg2 Ns2



This occurs when Na satisfies the following equation

| 2
1 - ng2 =NZ (p-1) (F2logle ). 2 %&2 log 2. 2.19b
p N2 {2 ® s 8
S

Thus for a particular value of I; and X, the minimum
stopping time will occur if Ro 1s adjusted to the value defined
by equation 2,19 b, This is the optimum value of fixed rotor resis-

tance for a particular value of excitation Ije

Ideal Minimum stopping time.

If in case of a slip-ring motor Ry is continuouslyAadj-
usted to méintain the braking torque at its maximum value Tp given
by curve OBED, throughout the speed range, then we get the ideal
minimum stopping time which can be straightawéy obtained from

equation 2,13 as Ng
2
= an KNg
tim, “®gf 75— = - 2,20
o

After calculating ti.m., it can be found out as to how
much less time is obtained by this control arrangement, than the
time obtained by keeping Ro as constant at its optimum value
defined by equation 2.19 b.This is a significant clue in deciding
whether the initial and maintenance cost of the control arrangement

1s worthwhile for the sske of the reduction in the stopping time.

24

Experimental results show that usually only a reduction of about

25% 1s attained in practice.

If magnetic saturation were absent the ideal minimum
. 2 ’
stopping time would have been X N§ and thus we can see that the

T
stopping time +ti,y, would have bfen reduced to _%b timeg)and hence
a .



the energy losses in the primary circuit also could have been

reduced by the same percentage.

The method descrited above for finding out the stopping
time will evolve reasonably accurate results and can be used in

applications where such accuracy is warranted.

But there are many small applications in which a desired
stopping time i1s mentioned and the corresponding value of the direct
current excitation has to be found out. In their paper, Harrel and
Hough? have given empirical curves showing the relationship bet=
ween d.c. watts per pound of effective braking torque required
versus the number of poles. They are based on a wide range of test
results on squirrel-cage motors having the same physical frame
size tut wound for 4,8 and 12 poles each with 3 different rotor
resistance, In many applications where squirrel cage motors below
10 h.p. are used it may be required to stop a particular load in
a given time and in such cases these curves could be used to find
the required d.c. value of stator current, But this entirely depends
on Qhether the type of motor used is comparable in size with the
motors tested by the authors. Thus, each manufacturer may have his
own type of design and as such it is impossible to generalise this
method, For example in America 60"™/sec. is the industrial supply
freduency and the motors tested are designed for normal operation

at 60 ~ /sec. whereas in many other countries like ours 50 ~ /sec.

1s the standard frequency.

7

Bendz‘ has also given an empirical curve of D.C.

amps
on percentage of full load motor rating versus Average braking Tordue
Motor starting torque



Knowing the motor starting torque and the stopping time
allowed, and the moment of inertia of the load the direct current
required to be injected can be evaluated using the curves given.
The author7 claim that this will give sufficlently good results
for motors from —4l- to 10 h.p. As mentioned before such empirical

curves have their sphere of restricted use.

2,11 Energy losses during braking.

The total energy losses during dynamic braking 1s the

sum of the secondary circuit loss and the primary circuit loss.

In the secondary circuit the energy losses during an

interval of time €1 to t2 seconds in Joules is given by

2%
- 2
Wo = J' m Io Rg dt 2.21
£
From equations 2.7 and 2.21 we get
t,
Wy = f-g-;— T dt 2,22
. +,

Substituting equation 2,11 in 2,22 we get

M,

2 _ no2)
W, = .ijm-- K(nlz n27) 2,23
N
If n1 =Ng and ng =0 we get
= KNg2 -
Wg = = =W 2,24

= kinetic energy of rotating masses at speed Ng



Hence all the kinetic energy is dissipated as heat in
'the rotor circuit. Because of the effect of windage and friction
llosses, the actual value of W, will be slightly less. The losses:
in the primary circuit is given by

W =mI;° Ryt 2.25

Equation 2.24 shows that theoretically the energy losses
in the rotor circuit is independent of the magnitude of excitation
applied, neglecting other losses. Evidently there i1s no flow
of power from the rotor to the stator or vice-versa, and the stator
field is just sn agent in the transfer of power from the rotating

masses to the rotor circuit,

The primary circuit energy losses evidently depends on
the time for stopping the drive for a fixed value of excitation,
The time taken is defined by the equation 2.18 substituting
suitable limits for nj and ng. Also it is evident that magn-
etic saturation will affect the total energy losses of the primary
winding because the time to stop the drive would have been less

if magnetic saturation were absent.



CHAPTER - 3

MACHINE PERFORMANCE UNDER D,C ,DYNAMIC
BRAKING CONDITIONS-HELLMOND'S ANALYSIS

3.1, Hellmond's analysis.

3.2, Comparison of Hellmond's analysis and
the induction motor approach of analysis.,



CHAPTER - 3

MACHINE PERFORMANCE UNDER DYNAMIC BRAKING
CONDITIONS-HELLMOND 'S ANALYSIS

3,1, Hellmond's AnalysisS

Hellmond in his contribution to this field directly based

his approach on fuﬁdamental flux considerations.

Considering a 3 phaée induction motor with a balanced
winding let it be assumed that the machine is running almost at
synchronous speed when the a.c¢. supply is switched off and a suit-
able stable d.c. voltage is applied across two of the terminals

of the stator winding,

Referring to figure 3.1,the rotor current Io, will cause
voltage drops Io Rg = Eg and Ig X, = Ex’ across the resistance
and reactance of the rotor, the sum of these two being equal to the

rotor induced e.,m.f. E2.

In order to induce an e.m.f. component ER there should
be a field ¢R leading the same by 90° and a field @, 1is required
for inducing the component Ey . The resultant field gg required
for inducing the voltage Eg, 1s the sum of ¢gr and gx . From
the magnetization curve, we can then find out the magnetizing
current Iy required to establish a field gge Hence the total
excitation I; required at the particular speed Ng ( as we have
assumed that the machine is at speed Ng at this instant) is the
sun of Iy and Ip., The conversion of the alternating ecurrent

into equivalent direct current and vice-versa is explained in
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article 2.2, As the machine 1s undergoing braking the speed
decreases. 4t any other speed N ( N-(_Ns) the value of Eg
remains unchanged but the frequency of Ep has changed to -%;
times the original value, as the machine has decelerated to

speed N, Hence in order to induce the same magnitude BR , the
flux should increase by the ratio _%ﬁ_ y So that the new value of

field required will be

#RN =¢$RX-§-§-



Considering the reactance drop Ex, the frequency of

Ex has changed to -%— times its original value, But for the

s
same current Iz , the magnitude of By at the speed N has

also changed.to Ex _%_.= Exjy , because the reactance will change
| s

proportional to the frequency. Hence the flux required to induce
the e.m.f. Egy remains the same because both the magnitude of
the e.m.f. and its frequency have changed in the same proportion,

Thus @y Tremains the same at all speeds. The resultant of #py

and @, will now give ¢y and from the magnetization curve

I;, and hence the excitation I7, can be found out as before.

Thus for a particular value of Ig and at various
values of the Speéd N, a set of calculations are made to get
the corresponding values of I3 and a graph I, versus speed
is plotted, Similarly for various other assumed values of Ig,
graphs are obtained showing the relationship between I; and N,
From this set of curves?values of the speed and the rotor current

are obtained for a particular desired value of Ij.

The braking torque‘in synchronous watts at a particular
speed N 1is evidently equal to the power dissipated in the rotor
circuit i,e.miEgy Io= ﬂnIzz Rg ( %é_ ) from which the torque/
speed chafacteristics are evolved for a particular value of Ije

3.2, Hellmond's analysis and Induction Motor
approach of Analysis - a comparison,

It can be readily seen that Hellmond's method of analysis
will lead to exactly identical results as that obtained by the
induction motor approach as described in Chapter 2, The difference



lies in the procedure adopted, which is not reduced to a mathe-
matical form in the analysis by Hellmond, thereby involving tedious
and cumbersome calculations of individual values. Thus even though
the results will be identical by both the methods, practical util-
ity of Hellmond's method is rather limited. It is worthwhile
pointing out that the method has been described in this dissertation
only from the point of view of academic interest because Hellmond's
method. is the oldest analysis of the problem of dynamic braking

of an induction motor by d.c. inJection.



CHAPTER -4

MACHINE PERFORMANCE UNDER D.C. DYNAMIC BRAKING CONDITIONS
~—- THE SYNCHRONOUS IMPEDENCE METHOD OF ANALYSIS

Viewing the induction motor under d.c, braking
as an alternator.

The synchronous impedence method as adopted to
d.c, braking of induction motors.



CHAPIER - 4

MACHINE PERFORMANCE UNDER BRAKING CONDITIONS
THE SYNCHRONOUS IMPEDENCE METHOD13 OF ANALYSIS

4.1, Viewigg_the induction motor under_d.c.brak{gg
a8 an alternator

The induction motor undergoing d.c. dynamic braking
can be viewed as an alternator with a continuocusly varying speed.
The stator winding in which the direct current is injected, esta-
blishes a magnetic field in space which is comparable to that
produced by the field winding of a eylindrieal rotor alternator.
The rotor of the induction motor under dynamic braking conditions
ig -analogous to the armature of an alternator. In the case of
squirrel-cage motors the rotor winding is invariably short-circul ted
and therefore it is similar to a shorte-circuited armature of an
alternator. In the case of slip ring motors there is the provision
for introducing external secondary resi stances which are eqﬁivalent’
to the load resistances of an alternator., Also, whereas in a normal
alternator the speed is kept constant, the induction motor under
d.,c. braking is having the speed continuously varied from almost
the synchronous speed to zero, though in cases where overhauling
loads are present as in the case of crane hoists etc., the machine
" may be operated at constant value of speed under braking conditions

subject to stable operation. Thus the methods of calculating the
alternator performance csn also be suitably adopted to effect an
analysis of the braking characteristics of an induction motor, In
this chapter the synchronous impedence method as applied to the
dynamic braking of an induction motor is described,



4,2, The Synchronous impedence method as adopted
to the d.c. braking of induction motors.

LaPierre and l!lei:a::as]‘8 have adopted the synchronous
impedence method with slight modifications for calculating the
braling characteristics of a squirrel-cage induction motor, the

method being equally applicable to slip-ring motors as well,

The effect of the reaction of the rotor current Io

on the rotor induced voltage is exactly similar to that of the
leakage reactance drop of the rotor winding, and they act in the
same direction, At a particular speed, the voltage drop produced
by the rotor leakage reactance 18 proportional to the rotor curr-
ent I ., Similarly if saturation 1s absent the effect of the
rotor m.,m.f. on the voltage induced is also proportional to the
rotor current at the same speed. For a particular value of rotor
current, both of these effects vary in the same proportion, and
are directly proportional to the speed, Because of the similarity
in effects that they produce they can be combined and expressed

in terms of a total rqaetance Xg, known as synchronous reactance
which is made up of the leakage reactance Xo and a fictitious

reactance Xpe The fictlitious reactance X, then camses a voltage
drop with a current I2 which is that produced by the effect of

the rotor current on the stator flux. It may be noted that all
the quantities X4, X, and X5 are referred to the same angular
frequency Wg, Evidently when saturation is present Xg will
vary. In the synchronous impedence method X, 1s assumed to be

a constant at a compromised value.

The synchronous impedence 24 1s the total impedence
of the closed rotor circuit which 1s made up of the effective

resistance Rp, and the synchronous reactance :xg which gives:
Zg =Ry + jXg 4,1



For a particular value of the stator current I, the
eqnivalent'alternating current I3 13 determined depending on
the type of connection as described in article 2.2, Corresponding
to this 'value of the exciting current the open circuit voltage
Eg’ of the rotor is determined from the open circuit characteristic
at the synchronous speed. It should be noted that E, 1is the valie
of rotor induced c.m.f, 1f the effect of the rotor current on the
stator flux is not present for that particular value of excitation.
At any other speed N2, the open circult voltage for the same
value of exciting current is equal to Eg .2 Also the synchronous

impedence of the closed rotor circuit at any speed No will be
given by

(Zg)no = Rz * (""""' ) Xg 4.2

Hence the rotor current at any speed No will be given
by No

B2 Eo S
/ .= _
/B2 + 1.2 (ga)z _/R2 + g2 x 2
-]

H

I, =

C Np
, 2 3
~/ R® +P N3

4 0!3

where C =,-%§- = Induwced voltage per r.p.m. for a particular

value of excitation I1 4 and P = Xs = the synchronous reactance
Ng

per r.p.m,

The torque 18 synchronous watts
N" = ﬂ E2 -2..

N2
(‘-gz-)z + x

T = mIg’ Ro



c2 Np Ng

4.4
B

2 m

Det ation of C and

LaPlerre and Metaxasm have suggested the following
method to determine C and P,

The value of Bg 18 obtained from the open circuit
characteristic of the machine (Ref. article 2.,4.3), This is the
value of voltage obtained from the open circuit curve at a value
of the current equal to the equivalent alternating current of the
stator excitation. Knowing By , the value of C can be calculated,

The value of Xg is obtained from the open circuit and
short circuit characteristics. As applied to synchronous machines
we ¥now that the short circuit characteristic is the relationship
between the field current and the armature current, with the arma-
ture shorte-circuited and driven at synchronous speed. Under these
conditions the armature m.m.f. strongly reacts with the field
m.m.f, and the magnetic saturation of the machine will be absent.
Hence the short circuit characteristic will be a straight line
except at very high currents. When applied to an induction metor,
the short circult characteristic caﬁ be determined by applying a
reduced 3 phase voltage at normal frequency to the stator with the
rotor kept at standstill; and measuring the stator current, In case
of slip-ring induction motors the rotor short circuit current can
be measured. In case of squirrel-cage motors the mtor current
is calculated using the equivalént circuit under standstill condi-

tions, as shown in figure 4.1, The value of Xpmy 18 readily
obtained from the air gap line of the open circuit curve.



Xmy

FIG 4

EQUIVALENT C/IRCU!'T 0OF ONE P~ASL. 0T AN
INDUCTION MOTOR WITH THE ROTIR xEALT A7 STANIS T L.

Then the short ecircult characteristic is the relationship
between the stator current along the X-axis and the rotor current
referred to the stator along the Y-axis, Now at a value of the
current, equal to the equivalent a.c.value of the direct current
applied, the induced e.m.f, E2 1is obtained from the open circuit
curve and the value of rotor current Ip from the short-circuit
line. The synchronous impedence is then equal to %g_ and ean be

taken as equal to the synchronous reactance Xg, because Xg 1is
quite high as compared to Ro.

The resistance Rg can be taken as a constant at the
effective resistance value determined at normal frequency as expl=
ained in article 2.4. Alternatively a curve showing the relatione
ship between the effective resistance and the frequency can be
plotted which can bs used for the performance calculations,

Having determined the values of the parameters the per-
formance calculations can be carried out using equation 4.4 and

the braking characteristics of the machine can be obtained,



CHAPTER - .5

DISCUSSION AND COMPARISON OF THE SYNCHRONOUS
IMPEDENCE METHOD AND THE INDUCTION MOTOR
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CHAPTER -5

DISCUSSION AND COMPARISON OF THE SYNCHRONOUS IMPEDENCE

METHOD AND THE INDUCTION MOTOR APPROACH OF ANALYSIS

Before comparing the relative merits of the above
two methods of ahalysis of an induction motor under d.c. dynamic
braking, it 1s worthwhile pointing out, that basically analysing
the problem either as an induction motor or as an alternator
should give 1dentical results, It is the adaptation of the para-
meters to suit the changed conditions of operation that decides
the validity of the results. As a matter of fact, the analysis of
the problem by Héllmond5 being from fundamental flux considerations
naturally incorporates Woth the alternator and induction motor

theories in it,

Comparing equations 2.7 and 4.4, we can evidently conec-
lude that they will be exactly identical provided the following
relationships are satisfied,

Xg * Xy = X4 (a) -
I Xa =B (b)

By the very definitions of the parameters both the
above conditions are satisfied, if saturation is absent with a
value of magnetizing current equal to the exciting current I5.
Thus both the synchronous impedence method and the induction
motor method will give identical results under unsaturated

conditions.

But under saturated conditions of operation the prop-

osition becomes very different. When magnetic saturation is present

Ly is a variable according to the induetion motor method, whereas



as per the synchronous impedence method both By and X, are
kept as constant values for a particular value of excitation. Thus
under saturated conditions, the relations a and b cannot be

satisfied individually.

In order to effect a better comparison of the equations
under conditions of magnetic saturation we can modify the presen-
tation of equation 4.4 as follows, For a value of I; from the
open circuit characteristic let the value of the magnetizing react-

ance be ZXpge Then
Ez .= Il Xms : 5.1

Also by definition if there is no saturation the value

of unsaturated synchronous reactance will be given by
Xsu = Xmu * X2 6.2

Under saturated conditions, a compromised value of
X, has been arrived at, from the open circuit and short circuit
characteristics of the machine. Under short circuit conditions
obtained by blocking the rotor at standstill and applying a red-
uced 3 phase voltage, unsaturated operating conditions prevail
and hence neglecting the resistance R2 y the ratio of the rotor
current (referred to stator) to the stator current will be almost

equal to X (Refer figure 4.1).'Hence the short cirecuit
Xmy + X2

characteristic as applied to an induction motor has a slope of

-1 Xy

m = Tan 50 3
Xmu *+ Xg




and the minimim value of X, for the particular excitation I

will be Xpg. Hence the first term of the denominator of equation
5.6 will be always less than the corresponding term in equation
5.5, Also the latter term of the denominator of equation 5,6
will be always greater than the corresponding term in equation 5.5
When Xo = 0, as compared to the synchronous impedence method, the
induction motor method will always give greater values of torque
all through the speed range. Also in the region of the speed where
saturation is absent, torque values as obtained from equation 5,6
will be greater than those obtained.from the equation 5.5.We can
also expect that fbr normal values of X2, the synchronous imped-
ence method will give lesser torque values all through the speed

range.

It can bs shown from equation 5.5 that the maximum value

of. the torque is obtained when
_E&_ = __m..._x S +

The value of the maximum torque will be

= 11? m  Xps

2 Ky, *+Xp)

Comparing equations 2.9 and 5.7 and keeping in mind
that xms can be as low as __%?B_ or _%mg_ for usual values

Thmax

S.7

ofiexcitétion, we can conclude that the maximum torque values es-

timated by the synchronous impedence method will be very



It is interesting to note that the short circuit charac-
teristic proposed to be obtained by a test by LaPierre and Metaxas

seems unwarranted in the 1light of the equation 5.3,

Now the value of Xy wused in equation 4.4, for the

particular value of Ij will be

Xg = Bg = %2
S | (I5) short circuit I Xy
1 e
Xm + Xg
- Xps | |
= ———— (Xmy t , 5.4
Xm m " X2)

it can be seen that equation 5.4 reduces to equation

5.2 when ZXpe = Xpy i.eandercunsaturated magnetic conditions,

Using equations 5.1 and 5.4, the equation 4.4 can now

be written as

T = 7 -Fé S¢5
<) (Xmut X2)2
X2 + 2
ms Em§
The equation 2.7 can be written as
12 (B2
1 5=
T = R 5.6
(22
) Gt Xp)?
szn sz

Now the maximum value of Xp will be equal to Xy



pessimistic. It can be noticed that the critical speed is directly
defined by equation 5.6 1in the case of synchronous impedence

me thod.

A study of the equations 5.6 and 5.5, thus makes it
abundently clear that under saturated conditions a drastic disparity
of the results by the two methods can be expected in -the region
of the maximum torque, and inherently deviating results in the other
speed ranges. Then the question arises as to which of the methods
is correct or whether both are inaccurate. Definitely and undoubtedly
the induction motor method is a convincing analysis of the problem
and has given the due consideration for the complex magnetic.satur-
ation with judicially chosen simplified assumptions, the validity
of the results of which have been fully supported by wide range

18,20,22,24

of test results by many authors . Only LaPierre and

Metaxasl3 have used the synchronous impedence method but only to

meet with inaccurate results.

Actually in the machine the resultant air gap flux
established after taking into account the reaction of the rotor
currents on the stator flux, can reasonably determine the extent
of saturation. In the induction motor method it is the value of
the air gap flux in terms of the airgap voltage V2, that deter-
mines the condition of magnetic saturation‘and the value of the
magneti zing réactance i1s defined accordingly‘and proper values
of Xm as defined by the alrgap voltage Vo and the open circuit
characteristic are used in the equations 2.1 to 2.7, in order

to convincingly justify the effects of saturation.



In the synchronous impedence method the effect of the
rotor m.m.f, '1s taken as a voltage drop stralghtway through the
parameter Xg and assumed to be directly proportional to the
rotor current,Similarly the effect of the stator m.m.f. taken sep-
arately, is determined as an induced voltage. Then the resultant
performance conditions are determined without the knowledge of
the airgap voltage. Thus in the presence of saturation the method

becomes basically incorrect.

In order to effect a direct comparison of the results
by the induction motor method and the synchronous impedence method

adopted by LaPierre and Metaxasl®

s the torque/speed characteristics
of the slip-ring motor mehtioned in table 2.2-hawe been calculated
by both the methods, from the test data published by Butlerce,
Referring to figure 5.1, curve & 1is that for an excitation
current I7 = 4 per unit, calculated by using the former method.
Curve B shows the characterlstic for the same value of excitation
calculated by the synchronous impedence method. Similarly the
curves C and D are for an excitation Ij = 2 per unit, by
using the former and latter methods respectively., All the calcu-
lated values of the torques and speeds are tabulated ih Tables 5.1a
and 5,1 b, It can be readily seen that there is a drastic deviation
of the results obtained by the two methods. It is worthwhile
pointing out that the results obtained by the induction motor
method on the machine under conslideration, have been experimentally
verified to be within reasonable accuracy., Thus the synchrdnous
impedence method gives results which are very much inaccurate and

the nature of the deviation is almost to our expectation with the
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form of equation 5.5 specially derived to effect a direct compar=
ison. LaPferre and Metaxas have presented the method with a reference
to squirrel-cage motors, but if their method is theoretically sound
it should not result in such a pronounced deviation from the actual
values, if applied to a slip-ring induction motor as well, It must
be pointed out that LaPierre and Metaxas themselves have obtained
very much inaccurate‘results by using the synchronous impedencse

13
method on a squirrel-cage motor tested by the authors .

The value of the synchronous impedence Xg wused by
LaPierre and Metaxasl3 corresponds to an excitation of the full
stator exciting current I; which is the most severe condition
of magnetic saturation for the particular stator current chosen.
This at once suggests whether any compromised situation of the sat-
urated conditions can be chosen to evaluate Xg. But analysing the
equation 4.4 it can be noticed that in case Xg 1is increased wikh=-
out changing the value of Eg, decreased torque values will result
all through the speed range. In case E5 1s changed the co-relation
between the value of stator exciting current and the torque values
may be lost. Thus equation 5,5 is better sulted to analyse the
possibilities of taking a compromised value of xms' An empirical
estimate of taking the value of Xpg at 70% of the exciting current
has been mrrived at, which will give closer agreement between the
calculated values and test results. Fig. 5.2 shows the curves as
calculated by the induction motor method and the modified synchr-
onous impedence method for an axcitation current I; = 4 P.U., as
well as for a value of I3 = 2 P.U. for the same motor mentioned in

Table 2.2. The calculated values of torques and speeds are given in
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Tables 5.1a and 5.1 b. Bven so, it can be seen that disparity in
the results still persist appreciably. The stable portion is dis-
torted to give higher values of torque, though the unstable portion
is in closer agreement. But as the area under the unstable bortion
is mainly the criterion for determining the stopping time for
normal values of rotor resistances, the method perhaps could be

used to ®valuate the stopping time approximately.

But whether a compromised value of ZXps 1is chosen or
not, it can anyway be clearly cdncluded that the synchronous
impedence method cannot give due consideration for the effects of
saturation, Having used a constant value of "adjusted synchronous
reactance" over the whole of the speed range, for a particular
reactance" over the whole of the speed range, for a particular
value of excitation, inaccuracy has been introduced not only in
the region in which saturation is present but also in the unsatura=-
ted regions of operation. There is evidently a continuous variation
of the extent of saturation under normal braking conditions and as
such 1t is impossible to express the value of the torque in terms
of the speed with constant values of parameters as has been done
in equation 4.4, without introducing considerable inaccuracy in the
results. This amounts to the representation of the magnetization
curve by a linear equation which is impossible for normal values

of stator excitation.

In order to further investigate the validity of the
induction motor method as compared to the synchronous impedence
method of analysis for calculating the d.c. braking performance
of an induction motor, the torque/speed characteristics have been

calculated using both the methods for the squirrel-cage motor



tested by LaPlerre and Metaxasla. The details of the motor are
given in Table 5.2 and the magnetization curve of the motor is

shown in figure S.3.

TABLE 5,2

SQUIRRE], CAGE MOTOR

5 h.p.; 220 volts; 3 phase; 60
Synchronous speed: 1200 R.p.m.

Rated current:- 15 amps
Rated Torque :- 22.5 1bs.ft.
Ro = ,6 ohms/phase

X5 = .9 ohms per phase

Open circuit characteristic:-Refer
figure 5,3

Motor data compiled from the paper
by LaPierre and Metaxasl3

Figure 5.4 shows the torqe/speed characteristics
calculated by both the methods for the motor whose details are
given in Table 5.2, Curves A are for an exciting current
I, = 1.635 per unit and curves B are for I3 = 1,085 per unit.
The experimental curves as obtained by LaPierre and Metaxas are
also clearly indicated by dotted lines in the figure. The calce-
ulated values of the torques and speeds are tabulated in tabular
forms &.3a and 5.3b for the two values of excitation. It is
immediately clear that the induction motor method is much more
accurate than the synchronous impedence method. The slight devia-
tion of the results obtained by the induction motor method and

the experimental values, in the region of maximum torque, can be
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CHAPTER -6

MACHINE PERFORMANCE UNDER D,C,. DYNAMIC
BRAKING CONDITIONS -~ THE POTIER

TRIANGLE METHOD OF ANALYSIS




due to the effect of slot harmonics. As compared to the induction
motor method the torque values calculated by the synchronous imped-
ence method are considerably deviating from the test values. LaPierre
and Metaxasl3 have tried to explain off all the discripencies in
the results by using their method, to be that due to the harmoniec
induction torques. Normally for an induction motor the effect of
slot harmonics is small and cannot alone account for the pronounced
deviation of the results obtained by the synchronous impedence
method from the actual torque produced. As explained before such

a pronounced deviétion is only due to the inadequate and improper
treatment of the saturation effects in the synchronous impedence

method,

In contrast to the synchronous impedence method, the
induction motor method of analysis, is theoretically sound, having
given a justified treatment for the effects of saturation. The
experimental results obtained agree very closely with the latter
method and has been verified by many authorsla’zo’zz' Even in
conventional alternator calculations the synchronous impedence
method has never given accurate results and applying the method
for an induction motor under d.,c., braking with a continuous change
in speed, frequency and the extent of saturation, is far from satis~-
factory. It is interesting to point out that the induction motor
approach suits more admirably the dynamic braking performance of
the machine than the motoring performance itself, having given
consistently accurate results for d.c. braking. Thus the induction
more method is more suitable, adaptable and accurate for calculation
of the d.c. braking performance of an induction motor, than the

synchronous impedence method,



CHAPTER - 6

MACHINE PERFORMANCE UNDER D,C, DYNAMIC CONDITIONS .
THE POTIER TRIANGLE METHOD OF ANALYSIS

CochranlS® has given a method to calculate the dynamic
braking characteristics of a wound rotor induction motor using
a modified sero power factor saturation curve method as applied
to alternator calculations.A8 presented by Cochran the ecalculations
are based on design data and so far the method has not been
supported by published test results on an existing machine.
Commenting on Cochran's method, Butler24 states that "the method
has not been compared with test results and cannot be expected

to provide extreme accuracy". Harrison®0 states that the method
is tedious to apply, which statement is absolutely correct., The

method as put forward by Cochran is extremely laborious and cumber-

some for effecting the calculations of the d.c. braking performance

of an induction motors.

Here, it is proposed to present Cochran's method in a
modified form and simplified equations are evolved to make the

analysis an easier proposition.

The open circult characteristic of the machine is first
of all determined at the synchronous speed, as explained in
article 2,4.3.

The next step i1s to determine the Potier triangle which
can be obtained as follows. Referring to figure 6.1, OM is the
open circult characteristic of the machine and ABC. 1is the Potier
triangle. The side BC of the triangle, is the stator excitation

current required to overcome the demagnetising effect of the
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rotor current under the zero power factor conditions. This will

be exactly equal to the rotor current Ig (referred to the stator)
because the open circuit characteristic (in the case of an induct-
ion motor) shows the relationship between the air gap voltage Vg
and the equivalent alternating current of the stator direct aurrent
excitation. The altitude AB of/the triangle is the rotor leakage
reactance drop I, Ko, keeping in mind that Xg 1is also referred

to the stator, Thus the Potier triangle can be evolved for a part-
icular value of I, the assumption being that the sides of the
Potier triaﬁgle are proportional to the current Ig, Hence it is
assumed that saturation does not gffect the size of the Potier

triangle, which is a reasonable assumption.,

By moving the Potier triangle such that the point A!
traces the path along the open circuit curve, with the base always
horizontal, the zero power factor characteristic for a particﬁlar
value of I, 1s obtained which is the path traced by the point
C!. of the triangls.

For a particular value of stator excitgtion I = OP
(Refer figure 6.1), the vertical intercept RC between the open
circuit curve and the zero power factor characteristic for a part-
lcular value of Ig, will give the combined voltage drop due to
‘the leakage reactance Xp and the effect of the rotor current
on the stator flux. Thus the intercept RC is equal to I, Xg
where Xg 1s the synchronous reactance at point C, The synchr-
onous reactance Xy causes the induced voltage RP to be reduced

to CP at the zero power factor conditions,



Comparing the rotor of the induction motor under braking
to the armatufé of an alternator, it is assumed that the rotor
resistance Rg 1s acting as the load and the terminal voltage
is Egp which is the drop across the resistance Rge Thus as far
as the voltage Eop 1s concerned the current Ip 1s always
at unity power factor independent of the relative magnitude of
R, and X . Now an important assumption is made, which takes the
synchronous impedence drop Ig Xg to be the same in magnitude
for zero as well as unity power factor conditions, for the same
magnitude of Is. Thus the change in the extent of saturation
for the same magnitude of Io but at different power factors,
is neglected., It must be noted that the resistance of the rotor
circuit has been separated out as a load and the zero power factor
curve is purely imaginary. If the current were al unity power
factor the terminal voltage E,g (which is the drop across Ro),
added at right angles to the synchronous impedence drop Is X4
should give the induced voltage Eo = RP, Hence for a particﬁlar
value of current Io, with the stator excitation I7 = OP we getl

/ 2 2
E2R = / E2 - ( 12 Xs)
~/

6.1

Choosing different points on the zero power factor curve,

the corresponding points on the unity power factor curve can be
obtained. Thus the unity power factor curve for a particular value

of I,, is computed,

Now the entire procedure is repeatad for getting the

unity power factor curves for different values of I, . Then for



. a particular chosen value of stator excitation the equations for

torque/speed relations are obtained as follows.

For the value of excitation I chosen, the rotor
resistance drop EZR at the synchronous speed, for an assumed

value of rotor current I2 1is obtained from the unity power

factor curve for current 12.

Hence at any other speed N the rotor resistance drop

will be
s
But the actual voltage drop epR at speed N is also
given by |

Hence from equations 6,2 and 6.3 the value of speed
N can be determined., Then the torque is synchronous watts will
be
=m.1.> R N
TosmIz T2 (e | 6.4

The torque speed characteristic can then be plotted for
the particular value of I3, by repeating the above procedure for

various values of 12.

So far the method has been described so as to have the
theoretical aspects involved in the procedure. In practice it is
not necessary to draw the zero power factor and unity power factor

curves, and the method can be further simplified as below,



The open clrcuit curve is first obtained as shown 1in
figuré 6.1, Suppose the dynamic braking characteristics are to be
determined at a particular value of stator excitation I, = 0P,
then the induced voltage Eg = RP, is obtalned from the open
circuit curve for the excitation Iy = OP. Choose any point A
on the open circuit curve as shown. The values Vg and I which
are the voltage and current at the point A of the open circuit

curve are noted down. Then the value of I can be obtained from
Io = I7 - Iz (because Iz = BC) 6.5

The rotor resistance drop at synchronous speed is'given

by

"R T /B - (Bp - Vg + I Xp)2

/
=/ (Vg - IzXp) (22 - Va * I2 Xp) 6.6

Hence the speed 1s given by (from equations 6.2 and 6.3)

N - IR
- I2R3 .
Eor
and the torque in synchronous watts will be
2 N ,
T = 1 12 R2 EE—: o’ EzR 12 6.8

Choosing various points & on the open circuit curve,
the torque/speed characteristic can be readily computed by using
the equations 6.5 to 6.8, It can be seen that the equations 6.5

to 6.8 are simple as compared to equations 2,1 to 2.7,



CHAPTER - 7

DISCUSSION AND COMPARISON OF THE POTIER TRIANGLE
METHOD AND THE INDUCTION MOTOR METHOD AS

APPLIED TO THE D,.C, BRAKING
OF INDUCTION MOTORS

7.1, Discussion and comparison of the Potier Triangle
Method and the Induction Motor Method.

7e 26 Conclusion.



CHAPTER=-7

DISCUSSION AND COMPARISON OF THE POTIER TRIANGLE

METHOD AND THE INDUCTION MOTOR MBETHOD AS APPLIED
TO THE D.C. BRAKING OF INDUCTION MOTORS

7.1, Discussion and comparison of the Potier Triangle
Method and the Induction Motor Method,

In order to effect a direct comparison of the Potier
triangle method and induction method, as applied for calculating
the d.c, dynamic braking performance of an induction motor, 1t will
be advisable to modify the equations 6.5 to 6.8 of the Potier tria-
ngle method, so that the equations are reduced to similar form in

both the methods.

Taking the value of the magnetiging reactance at the point
A on the open circuit curve (Figure 6.1) as Xpg , and the value
corresponding to I = OP as ZXms, the equations 6.6 and 6.7 can be
solved to get the value of I, in terms of Iy, X;g, Xpgy B2 and S,

The quadratic equation thus obtained is:
1,2 (B2)2 + (Xp, + Xo)2 - 2 I7 I
2 ‘5= a 2)< - 1 I2 (X2 + Xpa) (Xms - Xma)

2
+ 112 Xpa - 2 Xns Xna = 0 7.1

Solving the above quadratic equation we get

[ x;][x,;; X'mg 4 X;s (Kot x,n,;l+ 85%@ Ko Ko x%@

B Gt k)

;QL: I,



It may be noted that the positive root has been chosen

because according to our assumption Iz 1s positive.

. . -~ 1.2 Rg
Then the torque value will be given by T=1I9 g__.x m

as before,

Equation 2,3a obtained by the induction motor method is

written down below for convenience.

Xm
I = Il 2. 3a

< F° @y + Xy)®
where X, is the value of the magnetizing reactance at a point

on the open circuit curve corresponding to a value of I assumed.

The equations 7.2 and 2.3a, are strikingly similar. But
1t should be noted that X; and X,, can values corresponding
to different points on the open circuit curvé. Suppose Xp 1s also
taken at point A, even so, it can be seen that the current values
obtained and hence the torque values calculated by both the methods
can be differont, But if there is no saturation upto a value of

current equal to I1 in the open circuit curve, we get

Zns = Xma = Xmu

Thus under unsaturated magnetic conditions, it can be
readily seen that the equations 7.2 and 2.3a become exactly ident-
ical., Hence the main difference of the Potier triangle method and the
Induction Motor Method, lles in the manner in which saturation is
accounted for, This depends on the assumptions based on which the
procedures are adopted, In the Potier triangle method it has

been assumed that the extent of saturation, varying with the power



factor of Ig 1s negligible, in order to easily compube the unity
power factor curve. Also the effect of saturation on the size of

the Potier triangle has not been considered. Usually both the
effects are small and negligible error is introduced by the assump-
tions involved. In the Induction motor method, the air gap flux

is assumed to determine the extent of saturation which, as explained
in Chapter 5, 1s a reasonable assumption. Hence as such, it can be
expected that somewhat close agreement of the fesults can be forthe
coming for ordinary induction motors by these two methods. For
evaluating the torque and speed, points on the open circuit curve
for different values of I, are chosen in the case of the induct-
ion motor method, whereas points corresponding to a value of (11-12)
are chosen in the Potier triangle methods As such an identical result
may not be obtained in the presence of magnetic saturation., A direct
comparison of equations 7.2 and 2.3a, is not feasible under condi-
tions of magnetic saturation, due to the involvement of a non-linear
saturation curve and as such only the calculated results shall be

the proper resort for an effective comparison.

Using the test data on the slip ring motor whose details
are given in table 2.2, the torque/speed characteristics have been
computed using the Potier triangle method.

Figure 7.1 shows the torque/speed characteristics obtained
by using both the methods, for two values of the ex¢iting current
curve A for I; = 4 per unit and curve B for I1 = 2 per unit.
The results obtained by both the methods are so very close, that
the same curve can represent the characteristic, Points calculated
by each of the method are individually marked on the curve, Also
the calculated values of the torques and speeds are tabulated in
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Tables 7.laand 7.1b, It is evident from the results obtained that
the Potier triangle method also gives as accurate results as the

induction motor method of analysis.

- In order to further investigate the reliability of the
Potier triangle method and the associated equations 6.5 to 6,8
presented in this dissertation, calculations have been made by the
above method on the squirrel cage motor whose test data are given
in table 5.2. The results obtained by using each of the two methods,
are presented in graphical form in figure 7.2. The calculated values

of the torquesand speeds are tabulated in table 7.2a and 7.2b.

Referfing to figure 7.2, curve A shows the relationship
between torque and speed for a value of Ig = 1.635 per unit; and
curve B is for a valus of I7 = 1,085 per unit. The points obtained
by the Potier triangle method and the induction motor method are
marked clearly on the figure. The results obtained by both the
methods are so very close that the same curve can be used to represent
both the results. The dotted lines are the experimental curves as
determined by LaPlerre and Metaxas on the motor under consideration.
It can be seen that both the Potier triangle method and the induce
tion motor method give almost identical results. But both the
methods give maximum errors of 13% and 8% for curves A and B
respectively in the region of maximum torque.As explained in
Chapter 5, this can be due to the slot harmonics whose effects
are not considered in either of the methods. Thus considering the
assumptions involved in the methods, the results obtained are Qquite
satisfactory. Also it 1s clear from figure 5.4, that the results
obtained on the same motor by using the synchronous impedence method

are in error to the extent of 31% and 23% for curves obtained for
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the two values of exciting currents I = 1.635 and I7 = 1,085
per unit, respectively. This makes 1t abundently clear that the
Potier triangle method and the induction motor method are by far
the most accurate and simple methods to predict the torque/speed

curves under d.c. dynamic braking of an induction motor,

,7,0 2 W—Q‘g‘

In spite of introducing more assumptions for accounting
for the effects of saturation, accurgcy of the results obtained
by the Potier triangle method, only adds to the justification of
the assumptions., As compared to the Potier triangle method and the
induction motor method, the synchronous impedence method is far
from-satisfactory both from the point of view of the theoretical
basis as well as the practical results. Hellmond's method of
analysis can be evidently seen to be out of date as compared to
the later simplified solutions of the problem. In all the methods
di scussed we have been able to present the equations in a strikingly
similar form. Under unsaturated magnetic conditions all the methods
become exactly identical, which is only a natural and justified
expectation. In all the methods of analysis of the problem, it can
be seen that a procedure 1s adopted based on certain assumptions.
The ability of the engineer lies in the interpretation of an appar-
ently complex problem, into a comparatively simple analysis, by
Judiciously chosen assumptions. Final assurance of the legitimacy
of the approach should be undoubtedly the pragmatic one given by
close experimental checks. In the field of attack on the problem
of d.c. dynamic braking of induction motors it is the way in whieh

the saturation effects are treated, that makes the various methods



of analysis differ from one another. The other assumptions such

as negligible effects due to space harmonic m.m.f's and those
produced by iron and stray losses, are common for all the methods,
Also in all the methods, the variation of secondary resistance™

and reactance with the speed 1s neglected. The induction motor
method 1s simple, straightforward and aecurate from both theore-
tical and practical aspects of an ordinary induction motor under
d.c. braking, The Potier triangle method can also compete with the
Induction motor method of analysis though it involves a little more
of simplifying assumptions. Both the methods are devoid of laborious

calculations and as such convenient for uss.



APPENDIX-T

DYNAMIC BRAKING OF DOUBLE CAGE MOTORS

In the double squirrel cage motor the rotor winding
consists of two layers of bars short circuited by end rings. The
upper bars are -of small’cross sectional area than the lower baré
and consequently have higher iesistance. The bottom eage which
consists of deep bars, has relatively high indubtance which is
aeffected by properly proportioning the constriction in the slot
between two bars. When the rotor current frequency is high, there
is relatively little current in the lower bars because of their
high reactance and hence the effective resistance of the rotor
at high;r frequencies approximates that of the high resistance
upper cage. At low rotor current frequencies, however, reactance
becomes unimportant and the rotor resistance, then approaches that
of the two layers in parallel, Such a construction is adopted to
achieve higher starting torques at the sacrifice of the efficiency

for normal running.

In order to sult its special construction the treatment
of the double cage motors for performance prediction25, requires
further modifications of the assumptions employed in the perfor-
mance analysis of the ordinary induction motor. This is true both
for motoring and dynawmic-braking performance of the double cage
motors, and 1s due to the fact that the various approximations
incorporated in the development of the performance equations for
ordinary induction motor will cause greater error in the case of
these special motors for which the rotor resistance #nd leakage
reactance vary appreciably with ffequency. It is possible25 however

to adopt and extend the induction motor approach with suitable



modifications,

Equivalent Circuit for normal operation,

"I'he equivalent circuit of the double cage motors is

| arrived at, as in the case of single cage ones, except that in the
present case the secondary part of the same has to be modified.
Provided both the cages completely link the main flux they may be
considered as parallel windings. Then the equivalent circuit can
be represented as shown in fig. 1 where R3, X1 , are the stator
resistance and reactance, Rg represents the core loss, Xm the
magnetizing reactance, ZXoo and x,'zi being the resistance and

reactance of the imner cage referred to the stator and Rgg, Xig

being the corresponding values for the outer cage.

—_1, R X, —I; Xic

FiG. |
EQUIVALENT CIRCUIT FOR NORMAL OPERATION OF A
DOUBLE CAGE INDUCT/ION MOTOR. |

It may again be noted that the friction, windage, and

the iron and stray losses are not taken into account along with



those caused by the space harmonics,

—-———-—a—l‘, R X, .._I_& ]
AV T it
A
'QZ
v' Ec } Z)
FIG. 2

EQUIVALENT CIRCULIT OF A DOUBLE CAGE MOTOR
MOID'FIEL FROM THAT SHOWN IN FiG.

-

The equivalent circuit for normal operation can be further

modified as shown in fig. 2. The reactance Xog = X'g9 = Xogy 1s
negligible and is omitted, becamse the very construetion is such .

that this is inherentlv a low value, The values of Ro and X

can be easily deriveé and shown to be

- 4
Rz, i RZO la 1
1+ g2 g2
- X ne
Xo = Xge + 21 &% 2
1+ g2 g2
where A = Roo
Roo + Roy
3
and B = Xo1

Rgg + RQi



Under dynamic braking conditions the equivalent circuit
may be modified further as shown in fig.. 2.3, &s for the ordinary
induction motors 1t is assumed that the primary current is the
alternating current equivalent of the‘stator direct current elec~
tromagnetically, and having the normal frequency of operation .g4.
Also the various reactances referred to are based on this frequency-
Ry , X3 and Re need not be considered as before and are omi tted.

Saturation has to be accounted for, and hence adjusted values of

X

m have to be used. Also the fractional or per unit frequency

of the rotor induced e.m.f. being 8 = gs y this replaces s
which is the per unit frequency of rotor e.m.f., for normal operation.
Hence for dynamic braking operation the equations 1 and 2 can

be written down as

.——] .
32 = 320 [: 1 - A _ 4

1 +g2 Biﬂ
. X a2
X2 = xgc + 212 5
1+ 8% B2

Substituting these values of Rg and Xz 1in equations 1.5 to 1.7,
the dynamic braking torque/speed characteristics may be obtained,
It may be noted that the complex variation of Roo and RZi with
thé frequency cannot be taken into account in the calculations
based on the equivalent circuit. The stray load losses become |
pronounced25 in the double cage motors under dynamic braking-
Hence it 1s necessary to determine the stray loss torques versus
speed separately by the standard reversed rotational te;%Qand

superimpose the same on the torque-speed characteristic as calculated



using equations l.l to 1.7 and equations 4 and 5,

Determination of the parameters of the
equivalent circuit from test dataZ2d, O

Tests can be conducted with the rotor kept at standstill
and applying a variable Vvoltage, variable frequency 3 phase supply
to the stator. Then with the supply to the stator at normal freq-
uency with the rotor kept at standstill, we have the value of

§§ given by equation 1 where s = 1

Rog = Rgy (D +B2) 6
1 + B¢

where D = 32;, "
R0 + Rgy

Also with the rotor at standstill and applying a voltagé

of r times the normal frequency we get

- (D + r2 B2)
R2 r = R’éX) 8

1+ r2 B2

Neglecting the magnetigzing and core loss components of
the equivalent circuit and taking the value of Ry at its d.c,
Value, the value of Rop can be determined at different.values of
r o and hence the values of D and B can be determined and an
average value can be taken for calculations. Knowing D and B,

Rogs B2y and Xp4 can be evaluated,

Also in a similar way the rotor reactance at a voltage

of r times the normal frequency we get



1+ pé B

Xgp = TXge 7

Now the total reactance measured with a voltage of

r times the normal frequency 1s given by

X = r |X3 ¢t XQ;] + T3 4 10
tr [ 1 T 5 57

It can be assumed that Xj = Xpey and hence the value
of Xge¢ can be determined. The value of the magnetizing reactance

X, can now be found out by the no load test on the motor,

Nature of torque/speed characteristics of a double cage motor.

Typical torque/speed characteristics®® of a double cage
motor for both motoring and braking operation are shown in fig. 4.
Curve A 1s for motoring operation, with normal supply voltage,
and curve B shows the total torque inclusive of the stray loss
torques, vs., speed for dynamic braking operation with per unit
excitation I7 = 2,87, The dotted lines en curve B shows the
deviation if the stray loss torques are not considered. As compared
to an ordinary induction motor (fig. 2,9) it is immediately clear
that there is not much of a similarity of the motoring curve and
breking curve for the double cage motors. It can be seen that the
braking characteristic of a double cage motor is similar to that of
a normal induction motor. But it may be doted that the rotor resis-
tance of the double cage motor being 2 to 3 times more than that

of a corresponding single cage motor at higher Speeds)the torque
will be higher in this speed range as compared to°the normal inde

uction motor,






It is evident from the torque/speed curve that it is
the area under unstable speed range that will considerably affect
the stopping time and as such a reasonable decrease in the stopping
time can be expected from the double cage motors. A decrease to
the extent of 50% is forecast25 for a standard double cage motor.
Hence with the already good starting characteristie, the double
~ cage motors have a comparatively better brakihg performance and as
such will be the most suitable for frequent start-stop drives

as compared to the single cage machines.



APPENDIX « 2

REQUIREMENTS OF THE D.C, SOURCE AND THE DESIGN
ASPECTS OF THE MOTOR FOR D,.C. BRAKING

Obviously the d.c. supply should be a statle, low voltage,
high current source., Many a time this is one of the disadvantages
that induce the industrialists to adopt a different method of brake
ing. But the evolution of well designed metal rectifiers with
very satisfactory characteristics, has accelerated the adoption of

d.c, braking schemes in many small size industrial applications,

The insulation of the direct current source should be
able to withstand the residual a.c. voltage on the stator at almost
S0  frequency, and sufficient care should be excercised to see
that the residual voltage is not too high by giving a time lag
from switching off the a.c. supply and injecting the direct current.
For example for an 11-KV motor the d.c. voltage should not be
switched on till the a.c. voltage has decayed to safe limits,
This can be done by incorporating a suitable timer in the control

system.

Also the regulation of the supply source should be capable
of meeting the sudden rise of the logd current to the stator

winding, the rate of rise of which will be fast because of the short

circuited rotor,

With regards to the design aspects it should be seen that
the magnitude of the direct current and the connection used (Refer
flgure 1.1) ahould be such that overheating is avoided, at the

same time meeting the requirements of the braking performance.



Referring to figure 1,1 connection(b) is preferred for starw
connected stator winding even though the heating is non-uniform,
because only two contacts are required for injecting d.c. whereas
'in connection (a) , 3 contacts are required., But in cases where the
magnitude of direct current required may cause overheating, connec-
tion (a) is invariably used. Also it may be noticed that in connec=
tion (b) a higher voltage direct current source can be used. For
delta =connected stator windings connection (¢) is invariably used
because it gives more uniform heatihg of the windings with a simpler

control scheme,

Regarding motor itself, all the mechanical parts subject
to reversing stresses are to be liberally dimensioned to safely
withstand the reversed peak torque during braking. The rotor design
should be mechanically sound and special attention is to be paid for
cage rotor bars and end rings. The insulation of the rotor winding
should be able to withstand the high induced e.m.f. obtained with
values of excitation 3 to 4 times Phe rated current. The stator
winding has also to be well braged.‘All the above requirements are

dependent upon the type of application and therefore cannot be str-

ietly generalised,
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