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In this thesis, a systematic and detailed analysis
of the behaviour of a Schrage motor under the following
abnormal conditions of operation is described:

(i) Supply voltage sinusoidal but unbalanced,

(ii) Single phase supply,

(iii) Supply balanced but injected voltage to
secondary unbalanced, and

(iv) Non-sinusoidal but periodic supply.

As a prelude to subsequent analysis, the steady
state operation of the motor under balanced conditions
has been investigated using quaderature component
approach (Two axis method). Through the use of appro
priate connection matrices and a few derived parameters
of time constant nature, comprehensive expressions for
performance equations have been obtained. The resultant
expressions are explicit functions of slip, brush separa
tion and brush axis shift, and brings out easily, the
dependence of a desired quantity on any operational
adjustment. Methods are given to determine experimen-
tally all the machine parameters.

The method of symmetrical components is used to
analyse the performance with unbalanced supply voltages.
The nature and variation of positive, negative and zero
sequence impedances for various mode of operations have
been discussed. The technique of power flow concept has
been used to provide physical interpretation of the
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behaviour of the motor under different operating condi
tions. It is found that the negative sequence operation
is characterized with many abnormalities compared to an

induction motor and depends upon the brush adjustment.

In the light of the aforesaid investigations, a criterion
has been suggested to predetermine the allowable output

of aSchrage motor under unbalanced supply voltage condi
tions. The approach is based on the concept of conduction

coefficient for thermal considerations. The commutation

aspect is also explored to find its possible contribution
to limit the output of the motor. It has been shown that

the commutation of a Schrage motor deteriorates under

voltage unbalance but it is the heating of the secondary
winding which restricts the output. It is found that this
motor is capable of sustaining more severe unbalances

with normal brushes than with crossed brushes.

The generalized performance equations of a Schrage

motor reveal an interesting quality of the motor, i.e.

it may develop starting torque with single phase supply
under favourable operational adjustment of brush separa

tion and axis shift. A detailed mathematical analysis

is carried out for single phase operation. The speed and

direction of motor rotation with single phase supply or

on occurrence of single phasing while running with 3-phase

supply, depends upon the combination of brush separation,

axis shift and load torque. The starting behaviour is

similar to that of a single phase repulsion motor but
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running characteristics conform to shunt nature. The
experimental results corroborate the theoretical

deductions.

If the voltages injected to three phases of secon

dary through commutator are unequal due to faulty brush
gear settings, the secondary circuit becomes a source

of negative and zero-sequence voltages. A method to
analyse secondary unbalance has been outlined. The equa
tions obtained are, however, not amenable to usual method

of solution and physical interpretation.

It is shown that the behaviour of a Schrage motor

supplied with non-sinusoidal voltages may be predicted
with the help of performance equations deduced earlier.

The machine with normal brush settings behave similar to

an induction motor, but the effect of harmonics on torque

in this operating condition/ expressed as percentage of
fundamental voltage torque, increases with increase of
brush separation. For crossed brush setting, the effect
is more pronounced but once more it is a function of
brush separation. The copper losses with non-sinusoidal
supply are less than with purely sinusoidal supply of
the same r.m.s. value but it is shown that there is little

difference in overall heating.

The entire analysis is general, and the induction

motor performance under the above stipulated conditions

may be deduced as a boundary value case.
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CHAPTER I

Introduction

Soonafter the development of polyphase induction

motor, efforts were made to improve its powerfactor and

to vary the speed. One of the most effective methods in

that direction for a slip ring induction motor comprises

of an injection of a voltage into the secondary circuit.

This injected e.m.f. must be of slip frequency. The nece

ssary frequency conversion may either be accomplished by

a separate auxiliary machine or by incorporating suitable

commutator arrangement as a part of induction motor itself.

The latter approach led to the development of various

three phase a.c commutator motors. These motors are,

in fact, modifications of an ordinary induction motor

so that either both speed and powerfactor control or

only one of them is available by suitable adjustments.

The Schrage motor was proposed in 1914 as a modi

fication of the Osmos motor and goes with the name of

its inventor. It is basically an inverted induction

motor with a frequency changer and phase modifier built

into it. It is a versatile motor and is one of the most

popular amongst commutator motors in industrial applica

tion. The Schrage motor, although limited to about 500 h.p.

rating only, is remarkably suited to any drive requiring

variable speed.

-1-
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It is strange that inspite of so many desirable

qualities, so ingeniously incorporated in this machine,
studies on this motor are limited to only its steady

state balanced operation. Arnold2 carried out a compre
hensive analysis from circle diagram point of view.

Same approach was followed by Rudra3'4, Conard, Clark
and Zewig5, Franklin8 and De and Ray12, Gibbs7 adopted
tensorial approach and obtained the equations to circle
diagram in terms of self and mutual inductances of the
machine windings. There is a large deviation in theoretical
and experimental circles and this deviation is attributed
to the varying nature of brush contact resistance with

current. The equivalent circuit approach was pursued

by Coultherd6, Shang14, Kron73, Taylor75, Mainer23 and
Ogino24. The purpose of Coultherd's paper is to lay a
common foundation to the theory of all polyphase commu

tator motors. He developed an equivalent circuit for

only speed control of a Schrage motor. He did not consi
der the variation of the angle between the axes of

secondary and commutator windings ana Its effect on

speed and power factor. Shang's derivation is convent
ional and is an extension of an induction motor equi

valent circuit. The secondary and adjustable windings

are combined into a single equivalent impedance. The

effect of mutual leakage reactance of primary and

tertiary windings has not been clearly brought out by

most of these authors.Taylor has obtained an equivalent

circuit from the flux linkage considerations but individual
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fluxes associated with primary and tertiary have been

9 13
assumed to be negligible. Bauman and Charlton did

incorporate the effect of various leakages in their

theories but failed to obtain satisfactory results.

It is surprising that none of these authors have given

any experimental method of determining the equivalent

circuit constants or method of predetermining the

performance of the machine otherwise.

The analysis of a Schrage motor is more complex

compared to an induction motor, as this machine has three

electrical circuits in addition to a commutator inter

posed between secondary and tertiary windings. At the

outset, balanced operation of the motor has been pre

sented in this thesis on a more sound footing than hitherto

available in technical literature. The resulting per

formance equations are considerably simpler and amenable

to further manipulation and interpretation. The para

meters involved can all be determined experimentally.

Theoretical predictions on the basis of these experi

mentally determined constants are found to be in close

agreement with test records.

The unbalance operation of a Schrage motor is

almost completely unexplored. In spite of wide applica

tion of the Schrage motor, there is no record of

systematic attempt to analyse its behaviour under un-
-1 Q

balance conditions.Though, Arnold, Thomas and Tayloi

have indicated that due to the asymmetry in secondary
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circuit of a Schrage motor, a time varying torque with

double the slip.frequency is responsible for a phenomenon

similar to hunting in synchronous motor, but none of

them have analysed the reasons for the presence of such

a pulsating torque at synchronous speed. Recently

Panda35 made an attempt to study some of the aspects of

unbalance operation. His analysis is based on approxi

mate equivalent circuit and suffers from lack of experi

mental corroboration.

For analysis of unbalanced conditions in which the

impedances of rotating machine play an important part,

the method of symmetrical components is almost indis-

pensible.Therefore, for successful application of this

method, a knowledge of the sequence impedances of the

machine is essential.

The study of performance of even an induction motor

fed with non-sinusoidal supply voltages is rather limi

ted in scope71'7 , because non-sinusoidal voltage wave
form is uncommon if supply source is conventional. But

due to growing use of static frequency converter as

source of power supply systems which are rich in titta

harmonics, analysis of induction class a.c machines

subjected to non-sinusoidal voltages has gained added

importance.

In this thesis, the general theory of a Schrage

motor operation under unbalanced supply voltages is
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CHAPTER II

Analysis under Balanced Conditions

2.1 Geji^xali

A Schrage motor is a rotor fed three phase

commutator machine. It has three sets of windings:

primary and tertiary windings housed in rotor slots,

secondary winding in the stator slots. The primary is

fed from supply through slip rings at one end of the

shaft. The tertiary, which is a commutated winding, Is

located above the primary conductors. Line frequency

voltage is induced in the tertiary winding due to curr

ent in primary but slip frequency voltage appears across

brushes mounted on commutator and is injected into the

secondary circuit. The magnitude of the voltage picked

up from commutator depends upon the separation of the

brush halves of a phase, and the relative time phase

angle of this voltage with respect to secondary induced

voltage depends upon the position of the axis of the

brush pairs relative to corresponding secondary winding

axis. The schematic arrangement is shown in Fig. 2.1.

The analysis of a machine using two axes method

depends only on the relative motion of different sets

of windings, and makes no distinction between the

stationary and the rotating member so long as the effect
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discussed. The method of analysis has been extended

to the cases of single phase operation, secondary circuit

unbalance and the calculation of performance in the pre

sence of time harmonics. The analysis is based on symmet

rical component theory and method has been developed for

predicting motor torque, current etc. A criterion has

been suggested to predetermine the allowable output of

the motor fed with unbalanced voltages. Recommendations

are also made regarding the feasibility of single phase

starting of the motor as well as the limitations of its

operation on non-sinusoidal voltages.
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of rotation and flux linkages is correctly reproduced.

Therefore, for this analysis, it is assumed that the

reference frame is attached to rotor and is stationary.

The direct axis is arbitrarily choosen coincident with

the axis of one primary phase winding. Consequently,

the tertiary winding is equivalent to a set of quasi-

stationary coils.

Thus, the roles of stator and rotor are inter

changed. If the direction of rotation of the field pro

duced by primary excitation is presumed to be forward,

then in accordance with the aforesaid simulation, secon

dary would run steadily along the flux direction, alth

ough in actual Schrage motor, the direction of primary

flux rotation and that of rotor are opposite to each

other.

2. 2 The ideal machine:

The circuit representation of a rotating machine

is accomplished conveniently only by idealizing it. The

following assumptions are inherent with such an ideali

zed model..

(i) Both the stator and rotor are having symmetri

cal three phase sinusoidally distributed

windings.

(ii) The effects of magnetic saturation, hysteresis

and eddy currents are negligible. Therefore,

the superposition of magnetic fields is

permissible and inductances of various windings



-8-

may be considered to be independent of the

currents. Further, the air gap flux produced

by either the rotor or stator currents is

sinusoid-ally distributed in space.

(iii) Since both the stator and rotor of a Schrage

motor are cylindrical, air gap is uniform

all around the periphery. The effect of slot

openings is negligible. Also, the self induct
ances of the windings and mutual inductances

of the phase windings on the same member are

independent of rotor position.

(iv) The effects of interturn capacitances are of

little consequence.

The primitive arrangement of an idealized model of

a Schrage motor is shown in Fig. 2.2(a). Since, a symmet

rical three phase winding can be represented by two identi

cal coils in space quadrature, the primitive machine has

six coils corresponding to three windings of the actual

machine. The positive or forward direction of rotation is

assumed to be from d-axis to q-axis, the quadrature axis

being ahead of direct axis in the direction of rotation by

90°. If "D is the angular speed of rotation, the following

relations of the variables for the arrangement of Fig. 2.2(a)

are obtained.
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1Rl+Llp M13p M12t

M13p E3p+L3sin2Pp Mg3sinpp^

M1J? 1Mg3sinPp Ro+L2P 13M21 M23sin|3 » L2Y)

VLip M13p Ml2p

M13p R3p+L3sin2Pp Mg3sinpp

--d Ml2 -i) Mg3sinP -»Lg M12p |M23sinpp VL2*>

4dl

"d3

lie

"ql
.. (2.1)

-q3

l*8

In these equations, 2p is the angle of brush separation

in electrical degrees. The self and mutual inductances

between primary and secondary windings are independent of

brush separation. But the self as well as mutual inductance

of tertiary with respect to primary and secondary is funct

ion of brush separation. The effective turns of the tertiary
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winding for a brush separation of 2(3 is T„sinP where,

75T3 is the number of turns per phase . Therefore, for

a given brush separation, the self inductance of tertiary

2<
is L, sin p, L, being the total self inductance per

phase- Similarly, the mutual inductances are M.^sinp and

M23 sinP. The effective resistance of tertiary is also

effected by (3. If r3 is the total resistance of the

tertiary winding per phase, then R3o = r-(P/-180).

The effective resistance of secondary circuit comp

rises of the resistance of brushes along with that of

secondary winding. Thus, ft =(R2+R, ).

2.2.1 Fffect of Brush Axis Shift:

The m.m.f's of coils 2 and 3 are in addition in

Fig. 2.2(a) and correspond to crossed brushes without

any brush axis shift in actual machine. To represent the

operation with normal brushes, the m.m.f. of coil 3 should

be in opposition to that of coil 2. In general, let r be

the angle of brush axis shift againsl the direction of

flux rotation, as shown in Fig. 2. 2(b) (corresponding to

crossed brushes). In order to obtain power factor improve

ment, a component of the voltage across coil 3 to be

injected to coil 2 should lead the voltage of coil 2 by

90 . With normal brushes, this is achieved by shifting the

brush axis suitably along the direction of flux rotation

in an actual machine. Thus, if P, is the effective angle
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to account for the relative phase of the e-m.f. obtain

ed from commutator for injection into secondary circuit,

with respect to secondary induced e.m.f., r^ is either

zero or * corresponding to crossed and normal brush

separations in a neutral set machine. But with axis shift

of P > I3 is equal to (* + P ) for normal brush settings

and pior crossed brushes. The brush axis shift may be

accounted for by modifying the impedance matrix Z' of

eqn. (2.1) to [ z" J in accordance with

2" ] = [C* ][ 2' ][C ] .. (2.2)

such that the G1 is a connection matrix given by

"dl

*dB

[ C ] = idd2

4i

l*

q2

.. (2.3)

Cl* ] is the transpose of the conjugate of [C J .

In eqn.(2.3) , the effective angle of axis shift

v' is taken to be negative. Since in actual machine the

\il Xd3 Xd2 Xql Lq3 V

1

e'^ •

1

1

iiP>

1
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brush axis is shifted against the direction of rota

tion but along that of air gap flux while the primitive

arrangement of Fig. 2.2(b), shows the axes of coils d3

and q3 shifted through an angle P against the direct

ion of flux.

2.2.2 Steady State Analysis:

During steady polyphase operation of the machine,

each pair of axes currents form 3 two phase system, the

only difference between the currents in phase d and

q being that of time- The axes d and q are in space

quadrature, the d and q phase quantities would differ

in time phase by 90 . Therefore, the operator j may be

used to represent phase relation between d and q axes

quantities.

In the model simulated the resultant air gap flux

rotates in the same direction as the rotor. Therefore,

quadrature axis current lags behind the direct axis curr

ent by 90°. Accordingly,

*di = h V = "j Xl

*d2 ~ 12 V = -J h
.. (2.4)

xd3 I3 \z = "j h

and the connection matrix is



[ CV] =

Ml

ld3

^2

lql

lq3

iq2
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1

1

1

-j

-j

-j

.. (2.5)

.The new impedance matrix Z is obtained as

[ Z"« ] = I [ C[* ][ Z" ][ C" ] • .. (2.6)

Under steady conditions, the operator p may be

replaced by jco and ii by (I-s)oj in impedance matrix Z'".

Further, the tertiary and secondary windings are connected

together to obtain speed and powerfactor control of the

machine. Thus, the final impedance matrix Z is given by

where,

[2 ] = [ C",#]t I" ][<?• ]

Qcf-J = 3

' 1

1

1

(2.7)

(2.8)
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With appropriate substitutions in eqn. (2.7), the impedance

[ Z ~] reduces to the following form

UJ-

1 2

Rl + j xl j(xl2+x13sinp e M

j(sX12 + X13sinp 6 x ) Ro+R3P+^ sX22+X33sin^+
X23sinB(e^Wse-jPM]

.. (2.9)

2.2.3 Torque-slip Relationship

The instantaneous electric power in a three phase
machine in terms of two axis voltages and currents is

given by

P =1 e^ »„in e„i„'dM cq--q o o
.. (2.10)

The quantities e , i are non-existant when phase volt

ages are balanced.

Therefore,

Pe =Real part of |<-{ [ i*J [ G] [ i "J }. . (2.11)

where tGJ is torque matrix and is obtained from motional

impedance matrix (Appendix 2.1), The resulting expression

for power is, therefore,

-A .
Pe = 3ijRe^ I2("j M12} Xl + I2(-j M23sinp S )X1 -'

.. (2.12)
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The electromagnetic torque developed by machine

corresponds to power due to speed voltages. Thus, the

steady torque per phase in synchronous watts is given

by Pp. (*73U ), or

T = R I|(-jXl2)I1+I|(-jX23sinBG-^ )IX
j

.. (2.13)

The torque T is considered positive if it is in

the direction of rotation of the machine- For normal

motoring under balanced operating conditions, T is

positive.

2.3 Power Flow in Schrage Motor

The following equations for steady operation of

the motor are obtained with the help of impedance matrix

in eqn. (2.9).

V
Rc-jr*.1 = W^lP + M^+JXisiinPe )

0 = jI1(sX12 +X13sinpe3/3' ) +

LR0+R3p+j(sX22+X33sin2B +

sX23sinBG"JS" + jX23sin6ej^ )
J

.. (2.14)

It may be recognised that two voltages are injected

by tertiary into the secondary circuit: I-jX^sinpG i

and I2sX23sinpe~ '̂ . The former is dependent on primary
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current and therefore is equivalent to a voltage approx

imately proportional to secondary induced voltage £g

(as the leakage between tertiary and secondary is small),

while the latter is proportional to secondary current Ig.

Thus, the injected voltages proportional to secondary

induced e.m. f and current are simultaneously present.

Both of them are affected by brush separation and brush

axis shift. Substantial power factor variation is possi

ble even with small values of P since the resulting

quadrature component of injected voltage is appreciable.

On the other hand there is no significant change in

inphase component of injected voltage for these values

of P thereby unaltering the speed adjustment. Therefore,

as far as speed control is concerned, only brush separation

is important with limiting values of P -, i.e. * and zero.

For an ideal machine, I« is zero at no load. Thus, the

no load speed is governed by +I.,X,„sin(B (- + k,EgSin§)

only. On load, additional injected voltage sIgXg„sinp

(=kglgsinp) is available to influence the speed as well

as power factor.

It has been shown by Teogo that the e.m.f's across

the brushes and stator terminals are always of identical

polarity and hence, oppose each other except in a narrow

zone when brushes just cross over but speed of the machine

still remains eubsynchronous or when the machine with

crossed brush setting is so loaded as to run at subsynch-

ronous speed. In this region, two e.m.f's add each other
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instantaneously. At subsynchronous speeds, i.e. with

normal brushes, secondary e.m.f. exceeds k,FgSinB while

at supersynchronous speeds with crossed brushes (leaving

aside the zone in which two voltages are of same polarity)

brush e.m.f. is more than sEg (Appendix 2.2). For both

speed ranges the difference increases with an increase in

S. However, for the same speed variation with two settings

of brushes, p* required with normal brush setting is less

than with crossed brushes. This follows from the fact

that for a certain slip s, secondary voltage is same

whether the machine is running at subsynchronous or super-

synchronous speed. But as the injected voltage is to

exceed sFg at supersynchronous speed while it is to

be less at subsynchronous speed, P should be comparatively

more with crossed brushes. Conversely, for a given brush

separation, speed variation with normal brush setting is

more as compared with that on crossed brush setting.

As there is an electric connection between tertiary

and secondary windings, energy transfer can occur from and

to the secondary through the brushes because the voltages

at stator terminals as well as at brushes are of same

slip frequency. When the spoed is subsynchronous, this

power transfer is from secondary to tertiary as

SFg > k-,F2sinp\ The tertiary winding, in turn, dissipates

a part as copper loss and returns the rest to primary

through magnetic coupling. Larger the brush separation

more is the difference between S Hg and k. E« sinp and
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consequently increased backward power flow and reduced

speed.

In case of speed* control of an ordinary induction

motor by secondary circuit rheostat, some of the energy

transferred to rotor is consumed by this additional

resistance. This decreases the energy available to shaft

and thereby causes a reduction in speed. In case of

Schrage motor with normal brushes, the energy which is

otherwise wasted in the control rheostat is returned

to the source through tertiary and primary windings,

rendering speed reduction without lowering efficiency.

As far as the secondary circuit of Schrage motor is

concerned, this concept brings in an effect of increased

resistance for torque production. Larger the brush sep

aration more pronounced is this effect of increased

secondary resistance. This explains as to why Schrage

motor develops high starting torque without excessive

primary current on low speed brush settings.

Rheostatic method of speed control of an induct

ion motor is incapable of increasing its speed above

synchronism, for, that would call for a negative resis

tance, which is equivalent to a source. Comparing a

Schrage motor with crossed brushes, same situation

exists as additional power to secondary is available

through tertiary to raise the speed. An increase in 8

represents large flow of energy from supply circuit which

results in increased speeds. Therefore, the secondary
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circuit of a Schrage motor is similar to that of an

induction motor with reduced resistance. It is shown

later that this concept renders the necessary explan

ation to the shifting of the maxima of the torque-slip

curves to higher speeds as "8 is increased with crossed

brush settings.

To verify experimentally the foregoing concept of

conductive power flow in a Schrage motor, a wattmeter

was connected between secondary and tertiary winding

of one phase with a dead load on the shaft. The record

of wattmeter reading confirmed that the power is transf

erred to and from tertiary as brush separation is changed

from normal to cross and that power transfer increases

as 8 is increased. (Details in Appendix 2.2).

The injected voltage kglgSinB on load, transfers

energy to the secondary through induction but does not

contribute to the energy transfer through conduction

between tertiary and secondary. This leads to modific

ation of characteristics as discussed in Chapter 4.

2.4 Fxpprjmental determination of the parameters

To advance experimental evidence in support of

any theoretical findings on a machine, a prior knowledge

of its parameters involved, is essential. Therefore, in

this section tests are described to determine experi

mentally all the parameters used in the impedance matrix

of the machine.
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Usually the brush gear of commercially available

Schrage motors is calibrated in terms of full load speed

instead of brush separation in degrees. This calibration

may be done by recording voltage F3 across the brushes

120° electrical apart on the same rocker with secondary

open and primary fed with balanced rated voltages.

If F, is the voltage across the brushes of a phase

for a separation 28, the angle is given by

6 = sin~i( ~ sin 60°) .. (2.15)
fc3

2.4.1 Primary and secondary resistances

The resistance measurement may be carried out

using voltmeter-ammeter method or Kelvin's double bridge.

For primary resistance, the voltage may be applied to

brush leads but the voltage drop is measured directly

at the slip rings to eliminate brush contact resistance.

Measurements are made on all the three phases separately

and average taken.

2.4.2 Tertiary winding and Brush contact resistance

The tertiary winding resistance cannot be measured

directly, being a commutator winding. The carbon brush

contact resistance forms a significant part of the total

resistance of tertiary circuit. Further, the non-linearity

of contact resistance makes its determination necessary

at different current densities. Fig. 2.3(a) shows the

test arrangement for measuring these resistances. The
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brush separation is adjusted to be zero and a suitable

d.c voltage applied to the tertiary through two

consecutive brushes on the same brush rocker. A record

of V,, Vg and I, yields the brush resistance and

the resistance of the complete closed circuited tertiary

winding.

For the test circuit of Fig. 2.3(a), the corres

ponding equivalent circuit is as shown in Fig. 2.3(b)

and 2.3(c). It may be easily deduced that if Rfe is the

brush contact resistance per phase and r is the total

resistance of the complete tertiary winding in series,

then

1 a

md ^2 =1 r tm (2a7)
il 3

where, 2a is the number of parallel paths of commtc-

tator winding. Therefore,

V. - 2Vp
R, = -i-ry a .. (2.18)b Ix

r = 9a ~ .. (2.19)
xl

r3 = ^ .. (2.20)

The test is conducted for various values of the

secondary current to obtain the variation of R^.
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2.4.3 Measurement of^X-! tj_2ii p,_-EH^-iS15'

The primary winding is fed with rated voltage _

with secondary and tertiary circuits open. The primary

applied voltage Mv primary phase current 1^ second
ary induced voltage per phase F2 and the tertiary
induced voltage Et between two consecutive brushes

on the same rocker are recorded.

Assuming, as it is true for most induction type

motors, that the coreloss component of primary current

is negligible, the total self reactance is

Xll
(^ f-«l I •' (2-2l)

y _ I*- .. (2.22)also X12 - ^

If £ is divided by 1^ the value of mutual
reactance between primary and tertiary for a brush sep

aration of 120° will be obtained. Since X13 is

proportional to the effective number of tertiary wind

ing turns,

A13 I^inSO"

2.4.4 Measurement of Xgo._and_Xg3

The secondary winding terminals are connected

either in star or delta and a reduced three phase

voltage applied to it. The primary and tertiary circuits
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are left open. The voltage induced across two consec

utive brushes on the same rocker is measured. The

secondary current is adjusted to give approximately

rated voltage across primary. Now,

1/2

'22

'22

X
23

2 2
7 R

^22 K2

V,

-±
I2sin60'

.. (2.24)

.. (2.25)

.. (2.26)

The primary induced voltage may be recorded to

check the value of X,g.

2.4.5 Measurement of X
33

A three phase low voltage is applied to the ter

tiary winding at the three brushes which are 120° elec

trical apart on the same rocker, keeping primary and

secondary windings open. Now,

Z, = S + j X* = —Qzr~ .. (2.27)
6 6d I3/f3

and X33= (Z3 " r2)1//2 .. (2.28)

In eqn. (2.28), X33 is the total self reactance of the

tertiary winding for a brush separation of 120° electri

cal, and R is the equivalent resistance per phase

corresponding to the test circuit of Fig. 2.4(a). In
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each phase, the effective resistance of tertiary wind

ing is given by

R3B = r3 ~o = 3 '• (2*29)

To determine effective resistance of equivalent

circuit of Fig. 2.4(b), power loss is being equated with

that of test circuit.

R I I

3I3 T + 3 3 R3B = 3 3 R

r

Therefore, R =§ Rfo + t~ .. (2.31)

The self inductance of tertiary winding per phase is

proportional to the square of the effective turns of

tertiary. Therefore,

X„„

Air?rr — ^ e~) ..\^.D<£/

00 Sin 60

If the primary and secondary voltages are also

measured in this test, then X,3 and X23 can be deter

mined and used to check the values obtained in previous

tests. In fact, it is desirable to determine mutual reac

tances as geometric mean of the two values obtained by

open circuit test on two windings separately, in order to

minimize the effect of leakage flux.
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CHAPTER III

Sequence Impedances of Schrage Motor

3.1 G^nejzaJ,

The method of symmetrical components is excell

ently suited to the analysis of an unbalanced system.

Accordingly unbalanced voltages and currents are reso

lved into their balanced symmetrical components. The

system behaviour is then investigated for these symmet

rical components. But the impedances offerred to different

components by a rotating machine are not equal in general.

Therefore, a thorough study of magnitude and nature of

the positive-, negative- and zero-sequence impedances

of a Schrage motor, under varying adjustments of brush

separation and brush axis shift with slip, is essential

before the method of symmetrical components can be succ

essfully applied for analysis of performance.

It is to be noted that the application of symmetr

ical component theory is based on the assumption that

there is no interaction between the different sequence

systems and that the impedance parameters which are

determined under balanced conditions preserve their

identity unchanged when the conditions are unbalanced.

There is no direct evidence in support of these assumpt

ions but an observed overall agreement between theory so

deduced and practice provides necessary proof. Another



-26-

important aspect of the application of symmetrical comp

onent theory is the preassumption of magnetic linearity

and validity of theorem of superposition. But saturation

does effect the machine parameters. It has been found,-

however, that error introduced in symmetrical component

analysis due to non-linear nature of machine parameters

is small and can in most cases be neglected.

3•2 Positive Sequence Impedance

It has been shown that the eqn.(2.14) relates the

applied balanced voltage with the current drawn by a

Schrage motor. Introducing the derived parameters of the

nature of the time constants in radians, the positive

sequence impedance is given by
l+Jke[(T3ssinB4-Tf;se^)sinP + _jf?

' s(T2q+T;ssinB e ) I
2^ = R-.+JX,, „nP~"P " l U l+jke[ (T^sinB+T^G^ )sinB +

^T2o+Tr0sinpe"J/:' rl
.. (3.1)

These time constants have be°n defined under the

heading of symbols and are not only independent of brush

setting and slip, but they are also constant for a motor.

The factor k accounts for the change in the effective

resistance of secondary circuit with brush separation 8.

The variation of k = Ro/(Rq+R3q) for the machine under

test is shown in Fig.3.1. The curve has been drawn with

the value of R. pertaining to full load secondary current
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as shown in Fig. 3.2. Any change in Rfo _can easily be

incorporated by modifying R .

The expression (3.1) brings out the dependence of

Z on slip, 8 and P explicitly as it has been reduced
P

to a usable fojrm. Z can, therefore, be easily determined

for any operational adjustment once the machine parameters

are known.

To examine the validity of expression (3.1), a

neutral set motor was tested (Appendix 3.1). The calcula

ted curves and experimental points for various values of

8 are shown in Fig. 3.3. To calculate Z , brush contact

resistance Rfo was taken corresponding to actual second

ary circuit current. In experimental determination,

resistive component of the input impedance was suitably

corrected for iron loss corresponding to the applied volt

age and speed during test. It may be seen that there is a

very close agreement between calculated and experimental

values of Z .

Fig. 3.3 reveals some interesting features of the

dependence of positive sequence impedance on slip and

brush separation. The following points are worth noting;-

(i) The impedance offerred by machine is same at
theoretical no load speed corresponding to a

given value of B and P,, irrespective of brush
separation. This impedance is equal to that of
an equivalent induction motor i.e. 8=0. (This
is because there is no current in secondary

circuit at theoretical no load speed of the

motok)
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(ii) The variation of Zp with slip for different
values of 8 is similar to the variation of
input impedance of an induction motor.

(iii) Larger the brush separation, more is the value
of Z . for normal brush separations. Therefore,
the motor will draw less and less current
from source as 8 is increased with P1 = *.

(iv) With crossed brushes, Z decreases as 8
is increased. Thus, with this setting, motor
current would exceed the limiting value of
that of an induction motor action, with 8=0.

3.3 Negative Sequence_ImP^dance

The negative-sequence impedance of a Schrage motor

may be obtained from eqn.(3.1), replacing S by (2-s)

and !*i by P2«
The direction of rotation of the negative-sequence

flux is opposite to that of positive-sequence flux. But

the frequency of the negative sequence voltage injected

through commutator and brushes into secondary circuit

remains equal to that of secondary winding negative

sequence induced e.m.f., because the speed of the air gap

field is same with rospect to both brushes and secondary.

Further, since the direction of flux rotation is reversed

in relation to both tertiary and secondary windings Fig.3.4,

the phase angle relation between the induced e.m.f's in

secondary and tertiary windings of a neutral set motor

due to negative-sequence field is same as with positive-

sequence field. On the other hand, if P is the brush axis
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shift from its neutral position in the direction of

positive sequence field, it results in a quadrature comp

onent of injected voltage with respect to secondary

induced e.m.f. For normal brush separations, this compo

nent leads the secondary voltage consequent to positive

sequence flux, while it lags the Secondary e.m.f induced

by negative sequence flux. Therefore, to account for

phase angle of injected e.m.f. relative to secondary e.m.f

induced by negative sequence field, Pi is changed to

P2 such that P2 ~ (7l~ P) f°r normal brush separations

and (- P ) for crossed brushes. For a neutral sot motor,

however, P2 is still equal to n (normal brushes) or

zero (crossed brushes).

The secondary winding resistance is fairly constant

at low frequencies but it does change at higher frequen

cies in its d.c v^lue. For usual operating range of the

motor, effective value of Secondary resistance may be

taken to be equal to its d.c. value for positive sequence

currents. For negative sequence currents, the frequency

is (2-s)fand in consequence, the secondary resistance is

no more equal to its d.c value. To account for this

increased resistance, a factor k = R /R is introduced.
n ep en

As R0 is a function of speed of the motor , its vari

ation was determined experimentally by variable frequency

test. The experimental details are described in Appendix

3.1. The variation of kn for different values of 3 with

respect to slip is then determined and is shown in

Fig. 3.5.
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Therefore, in the light of the above discussion,

the negative sequence impedance is given by,

l+jkekn[ (j;sin8+TJsej' )sin3
+(2-s)(T2s+T;jssin8 6 ') J

zn= ri+^xii ~~ : ;~1+jk k [(!' sinS+TA G <;)sin8+
J e nJ 3o o

+(2-s)(T2o+T^Qsin8 G 2) J .. (3.2)

The calculated and experimentally determined values

of Z for various brush separation P are shown in Fig.3.6.

As for Z , the variation in brush contact resistance was

properly accounted for. Also kg and kn were suitably

substituted. It is evident from Fig.3.6 that the theoret

ical values are in complete confirmation with experimental

ones. Therefore, eqn.(3.2) gives Zn with sufficient

accuracy.

Fig. 3.7 shows the variation of Zn/Zs with speed as

obtained from Fig.3.6. The following inferences may be

drawn from these two sets of curves regarding negative

sequence impedance.

(i) The negative sequence impedance decreases with
speed for all values of brush separation 8
as for an induction motor (8=o), both for normal

as well as crossed brush settings.

(ii) For normal brush setting, ZQ increases with
8 while for crossed brushes Z^ decreases with
brush separation.

(iii) For P2 = n i.e. normal brush setting, as 8
is increased, the value of Zn/Zs decreases
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while for P9 = O, Z /Z increases above the
limiting case of an induction motor (p~o)-

(iv) The change in the value of Z at a particular

speed from its standstill value Zg is a
function of brush separation. But with P2 = 0,
the decrease in Z is not appreciable and

reduces as 8 is increased. Therefore, for a

particular brush separation with crossed

brushes, Z may be taken equal to corres

ponding Z for that value of 8 for all speeds

without any substantial error. The percentage

error with this assumption goes on decreasing

as P increases. When the motor is run with

normal brush separation, it is not possible to

assume a fixed value of negative sequence

impedance at all speeds. Although for an induc

tion motor, very often Z is assumed to be

constant and equal to Zg irrespective of
speed. With P2 = nt as 8 is increased, Z^
deviates from Z inordinately.

Hence, for an accurate analysis of a Schrage m>tor

under unbalance operation, it is not desirable to assume

negative sequence impedance constant irrespective of slip

for different brush separations, especially with normal

brush settings. The calculation of Zn for any value of

slip, 8 and Pp is a involved process by conventional
35

methods , but becomes much simpler by the use of the

expression in eqn. (3.2). If simplifying approximation

prevails and no so accurate calculations are necessary,

Z may be presumed constant for crossed brushes.
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3,4 Zero-sequence Impedance.

The zero-sequence impedance of a machine is its

impedance when all of its phases carry equal co-phasal

currents in the same sense- The zero-sequence excitation

of a machine may be simulated by connecting all the three

phases in series to a single phase source. If the current
flowing is I cos cot, the resultant space distribution

of m.m.f. is given by £ Fy sin-^L (l-2cos -g-Jcoswt,
13 being any integer.

It shows that m.m.f is zero for U • 1,5,7, etc, but

is equal to 3FW sin(u W Tp) cos^t for V =3, 9,15, etc.

Therefore, the resultant m.m.f consists of only triplen

space harmonics. Although the space distribution of m.m.f

with single phase excitation is likely to have high triplen

harmonic content, harmonics of the order higher than

third may be neglected being of very small amplitude in a

properly designed machine. Therefore, the zero-sequence

current may be looked upon as origin of pulsating field

of fundamental frequency but having three times the number

of poles in spaco, for which the machine has actually been

wound. It is to be stressed that the nature of the field

established by zero-sequence currents is radically diff

erent in waveform and amplitude from that produced by

either positive or negative sequence currents of the same
41magnitude and flowing in the same winding .

The pulsating field 3F3 sin(3W Tp) coswt may be
resolved into two fields, each of half the total amplitude
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but rotating in opposite directions w.r.t exciting

winding at a speed of ns/3. Correspondingly, the

speed of these revolving fields with respect to a wind-

inq rotating relative to exciting winding at a speed of
n ns

nr = ns(l-s) are (-2+3S) f- and (4-3s) ~ .

In case of a Schrage motor, the primary winding is

on the rotor along with tertiary winding and secondary

winding is housed on stator. The two rotating fields in
air gap due to zero-sequence excitation of primary wind

ing induce corresponding voltages in both tertiary and
secondary windings. As tertiary winding is always station

ary with respect to primary, the induced voltage and
hence current in tertiary is of supply frequency irrespec

tive of rotor speed. Further, the tertiary winding is a

closed delta winding and therefore, would behave as short

circuited to these zero-sequence voltages. Thus, most of

the pulsating flux due to primary excitation will be

balanced by flux arising out of tertiary current of the

same frequency as of supply, and only a small flux is

expected to link with secondary.

The secondary winding of a Schrage motor is similar

to the rotor winding of a slip ring induction motor but

with individual phases short circuited through a portion

of tertiary winding. The zero-sequence current in primary

is looked upon as origin of an alternating field of funda

mental frequency but having three times the number of poles,

for which the machine has actually been wound. Therefore,

voltage induced due to this field in three phases of

&
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secondary will be in same time phase. As single phase

current can flow in three phase circuit of a winding only

if it is either delta connected or having each phase short

circuited, the zero-sequence current will exist in each

phaso of secondary. The resultant m.m.f. due to this sec

ondary current will also be having only 3rd and multiple

of 3rd space harmonics unless the chording factor of sec

ondary is 2it/3. V/ith the same consideration as with

primary, harmonics of the order higher than 3rd may be

neglected. Consequently Secondary winding also behaves

as a single phase winding carrying currents of frequency

(-2+3s)f and (4-3s)f. The m.m.f. set-up by these currents

once more correspond to three times the number of poles.

This state of affairs is basically different to a cage ind

uction motor where secondary can adapt itself to any

number of poles corresponding to stator excitation, alth

ough the result is same.

Thus, to sum up, the zero Sequence behaviour of a

Schrage motor may be represented by three single phase

windings; primary and tertiary having more or less ident

ical magnetic circuit while secondary a different one.

Tertiary behaves as a short circuited winding of a trans

former to any single phase excitation of primary. Secondary

is also short circuited through a portion of tertiary

depending upon brush separation. Tertiary winding is called

upon to carry two currents, one of its own and another of

secondary circuit. Corresponding to a brush separation 28

under balanced operation, the effective angle for zero



-35-

sequence simulation would be 66. The secondary induced
e.m.f. is a function of the space angle 6 between equi

valent secondary winding axis and the position of the

resultant primary m.m.f42. The portion of the tertiary
winding forming a part of secondary circuit is hardly in
a position to inject any appreciable e.m.f. into second
ary and would simply be equivalent to an impedance in cir
cuit. Moreover, the mutual flux between secondary and

tertiary due to secondary current is expected to be negl
igibly small. Therefore, zero sequence performance equations

may be written as

P

v
o rl+PLl pM,2cos9

pM,2C0S9 r2+r3+p^L2+
LjSinSp)

pM
13

pM
13

h^h
.. (3.3)

In this equation,

v = "V2 V coscot; zero sequence voltage per phase

e =£comt+ ; U3m being rotor speed

i, = current through short circuited tertiary.

The steady state solution of currents leads to an
P ' Vinfinite sequence of even harmonics (to + 2n -gWm ) in

primary and odd harmonics [<P+ (2n+l) f^m ] in secondary.
P1 = 3P is effective number of poles and n is any integer

including zero.
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It has been shown by Flco42 that the input impedance
of a single phase machine with single phase rotor may be
approximated to be time varying at all speeds except when
(p72)u> equalstou3 , provided secondary reactance is
assumed to be small compared to rg. Although this approxi

mation is not valid in general but it gives a fair esti

mate of the variation of zero-sequence impedance with rotor

speed. Qualitatively, the variation of input inductance is
very nearly linear with respect to Cdffi- Further, it may be
concluded reasonably that near synchronous speed of rotat

ing field in forward direction, the impedance would have a
43

maxima in magnitude similar to a cage induction motor .

However, this increase is not likely to be appreciable as

only a small part of the total zero-sequence flux is able

to cross the airgap.

To verify the foregoing conclusions, tests were cond

ucted on a Schrage motor with all the three phases of

primary connected in series to a single phase supply. The
observations were recorded with secondary winding open

as well as short circuited through tertiary for various

values of 6 including zero, both with crossed and normal

brush settings.

The standstill value of ZQ with secondary in

circuit was found to be a function of angular position

of rotor and confirmed to three times the actual number of

poles, as expected. The Fig. 3.3 shows the variation of zero

sequence impedance with speed. The standstill value has

be^n obtained by extrapolating the curves.
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The magnitude of the impedance is highest and

independent of speed, if secondary winding is open cir

cuited. But if secondary circuit is closed, an impedance

parallel to tertiary is formed and net impedance is

reduced. This decrease as discussed earlier is not subs

tantial because of shielding effect of tertiary winding.

Curves 2 and 3 (Fig. 3.8) depict the extreme limit of

2 with secondary winding in circuit. The zero sequence

impedance for all values of 6 both for P = it or 0,

lies mor« or less within these limits, justifying the

arguments regarding the tertiary-secondary coupling. The

value of Z for 8 = 0 as well as 8=60° is almost the

same confirming the fact that ther« is a very little volt

age injection from tertiary to secondary and portion of

tertiary winding in secondary circuit is just equivalent

to a reactance proportional to sin 38, being zero both

for B=0 and 60°.A slight deviation was observed due to

the resistance of the winding which obviously is unaff

ected by the change in number of poles and simply increases

with 8. For the sake of clarity only limiting values of

Z has bepn plotted in Fig. 3.8, although the zero-
o

sequence impedance was measured for a large number of

values of 8, both for P= 0 and "n, to verify the above

inference.

The peculiar features of the variation of ZQ can

be conveniently explained from torque considerations. A

rotating machine develops torque when two of its members

carry currents of such frequencies that a space harmonic
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of one winding m.m.f. due to a component of the current

through that winding, is relatively at rest with the

same space harmonic of another winding (on the other

member) m.m.f. due to some time harmonic of this winding

exciting current. The torque occurs at all speeds upto

corresponding synchronous speed if the relevant component

in one winding is induced by the corresponding harmonic

of the other winding current. This asynchronous torque

changes sign as the rotor passes through the relevant

synchronous speed. In the present case, asynchronous

torque exists at all speeds but is positive in the

region 0 <f- <^> rn <CJ . At|-Om =Qor^(Jm =~
= 500 rpm, the forward direction torque is zero and input

impedance is maximum.

On the other hand synchronous locking occurs only

when the current giving rise to relevant space harmonic

of one winding is not induced by th» corresponding

component of the other winding and the speed of the

rotor is correct one to make the two rotating fields

relatively stationary. If h1 is the time harmonic

order of primary winding current, h2 that of the current

in secondary and X> is space harmonic order, then synch

ronous locking is possible at a speed of

§- Qm= ( -^ " I2 )<^> •• (3.4)2 \) - n2

h,, h9 and \) are positivo if harmonic order is 3,7,9,13

etc, or positive sequence fundamental component; negative

for harmonic order 5, 11, 17 etc, or negative sequence



-39-

current. For single phase zero-sequence excitation,

h-, = + 1 as m.m.f. is pulsating (n=0)

s= + (co- ~ O m)/co corresponding to h^

= + (oo+ 2| Co m)/co for h]_ = -1 (n = o)

+l(n=o)

A little manoeuvring reveals that a strong tend

ency for synchronous locking exists due to the interact

ion of primary forward rotating component with oppositely

rotating component of secondary due to backward field of

primary. The crawling speed is given by,

co m =

1+ (oj +3| w my^
3+(oj +|£ co m)/w

LO

= 3W ; -w .. (3.5)

At the speed of ^ co , current drawn from the source

decreases due to synchronization and consequently input

impedance is characterised with a very sharply defined

peak. Thereafter, once more the variation of Zq is

almost linear.
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CHAPTER IV

Operation with Unbalanced Supply

4.1 General

The unbalance phase voltages at the terminals

of a motor may occur owing to the presence of unbalanced

loads on the systom or line disturbances.Sometimes

deliberate unbalance is created to control and brake

a.c motors.

The magnitude of sequence components of current

consequent to unbalanced operation, depends upon the

parameters of the motor and the nature of unbalance- The

zero-sequence may be present if warranted under that

operating condition ' . Usually motors are fed with

three wire supply i.e. neutral of the motor if star

connected is left isolated. For this condition, zero-

sequence current cannot flow through motor windings. A

simple method to resolve unbalance voltages irrespective

of their relative phase displacement has been given by

Williams36. The methods to determine the nature and

magnitude of sequence components and their effect have :

been covered for induction class of machine, by Brown
•TO

and Butler for asymmetrical primary conditions, and by

39
Butler and Wallace for any number of asymmetrical

primary windings fed with asymmetrical power supply with

asymmetrical impedances connected to motor terminals.



-41-

Fach of the sequence voltages produces its own

current and torque, and these currents and torques are

combined to obtain the behaviour of the machine under

specified operating condition. Once the basic nature of
these currents, torque etc is known, the machine per

formance may be easily visualized for any unbalance

operation.Therefore, in this chapter, attempt has been

made to deduce theoretical expressions to describe the

Schrage motor performance with unbalance supply voltages.

These theoretical formulations have been checked by

experimental results and physical explanations have been

advanced wherever possible.

4.2 Primary and Secondary Currents

If V and V are respectively the positive
P n

and negative sequence components of applied voltage, the

corresponding currents in primary winding are given by

hv =Vzp .. (4.1)

2 and Z are defined and obtained from eqns.(3.l)
P n

and (3.2) respectively. From eqn. (2.14),

V k

X2p " X,,

-(sX,P+X,„sinPcos Pi)+jX. sin/VinP
'12 ~13

—- 2

11 Bo [ {l-(l-s)ke T^s sinHsln fr ^V'^'a,*'
R

X
11

l-(l-s)keT'Posin8sin p^
2 .. (4.2)

(Tf , + sT' o)v spl sp2
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11 o
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(2-s)Xl2+X13sin8cos P2 |+jX-13sinBsin P2

{l+(l-s)keknT'p3sin8sinp2) +

-M T' +(2-s)T' "\
X, -, I onl on2 J

jfSM l+(l-s)kkT' sinpsin pg
J L a, , 1 enPo ' ^

[t' , +(2-s)T' 0\
I snl sn2J _

.. (4.3)

From eqns.(4.l) to (4.3), primary and secondary circuit

currents of any phase may be easily computed.

In order to study the influence of degree of volt

age unbalance, brush separation and speed range setting

on the relative magnitudes and nature of primary and

secondary currents unbalances, variations of Xil»^i2'

A A ,• , I2 and I2n with respect to slip are shown

in Figs. 4.1 to 4.5 respectively. To check the validity

of expressions (4.2) and (4.3), test points are also

recorded in Figs. 4.4 and 4.5. For experimentation, app

lied voltage was reduced so that the current does not

exceed the rated value at any operating condition.

It is evident from these figures that the nature

of the current flowing in two circuits of a Schrage

motor is similar in general to that of an induction

motor (8=0). But considerable modifications result as

brush separation and brush setting are changed. For
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example in Fig.4.1, the primary current unbalance

increases with speed as for an induction motor but

rate of change of All . is different with different

values of brush separation. For crossed brushes, the

value of X • is less at lower speeds compared to

a corresponding induction motor operation but rises

sharply as theoretical no load speed approaches. This is

further influenced by brush separation. More is the brush

separation, lesser is the value ^"A^i for l°wer speeds.

For normal brush separation,X«i is always more compared

to the case of 8=0, and increases with increase in 8.

Therefor^, even a small voltage unbalance may result in

the presence of large negative sequence currents. The

primary unbalance is more pronounced with crossed brushes

than with normal brush setting in the usual operating

region of the motor for a given degree of voltage unbalance-

The current unbalance prediction was further

checked experimentally and is described in Appendix 4.1.

If a Schrage mo^or is operated at its theoretical

no load speed corresponding to a particular value of 8 and P,

")\ ,p is plways infiniteas in case of an induction motor,

for at s , theoretically no positive sequence socondary

circuit current exists. In general the secondary current

unbalance follows the same pattern as primary current

unbalance.

Figure 4.3 presents a r°ady comparison of degree of

socondary to primary current unbalance- Tho following
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features of interest may be noted.

(i) For a given voltage unbalance factor^,
current unbalance in secondary circuit is

always more than primary current unbalance at

a particular speed, both for normal as well

as crossed brush separations.

(ii) For crossed brushes, >U. is only slightly

less than ^i2 at lower speeds for a given

value of P, but as the speed of the motor

reaches no load speed for that value of brush

soparation, ^i2 increases more rapidly than

>il .

(iii) For normal brush separations, secondary cir

cuit unbalance increases at a faster rate than

primary unbalance even at lower speeds.

Further, for large brush separations, degree

of secondary unbalance for same primary un

balance is moro pronounced.

Thp nature of variation of Secondary circuit posit

ive sequence current Ig and negative sequence current

I? with different brush settings is shown in Figs. 4.4

and 4.5 respectively- Figs. 4.4(b) and 4.5(b) relate these

current variations with brush separation at different

speeds. Some interesting inferences follow from the two

figures.

The secondary current depends upon the brush adjust

ments and may vary widely in the operational range of

Schrage motor. V/hen the brushes are crossed and the motor

is running at supersynchronous speed, the injected vol+age

and secondary induced voltage are in opposition. The
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difference between the two voltages increases with

decrease in speed. Consequently Ig rises as slip

reduces. If the speed falls below synchronism, the two

voltages add round the secondary circuit. Besides

the induced voltage I^X^sinP+sX^), another voltage
slpXp^sinp is induced in secondary winding. Therefore,

as the speed decreases, net voltage across secondary

circuit due to positive sequence voltage increases

thereby increasing the current further. Largor the

brush separation more is the magnitude of secondary

circuit current Ig . If the brush separation is normal,

I,X13sin(3 and sX.gl, are in opposition. The difference

decreases with fall of speed, but the injected voltage

proportional to secondary current i.e. sXg^sinpIg

increases. It may be easily visualized that increase in

skglg is more than decrease in (k^I^-sX^gl^). Therefore,

with normal brushes also, Ig increases with slip.

However, obviously the magnitude of current is less

than in the case of corresponding induction motor

operation.

Under the usual operation with unbalance supply

voltages, negative sequence current is present simult

aneously with predominating positive sequence current.

The motor is supposed to run in forward direction.

In experimental study, the phase sequence of applied

voltage was revorsed to simulate negative soquence

operation. The motor was made to run in forward direct

ion with another prime mover.
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Figure 4.5 shows that the negative sequence current

Ip risos as the motor picks up speed whatever be the

value of brush Sep'-'ration. This nature is same as for an

induction motor although the rate of increase is different

with different brush settings. The rise is more rapid

for normal brushes in comparison with that for crossed

brush setting. Physically this behaviour may be explained

once more by analysing Secondary circuit voltages. The

net. voltage forcing current through secondary circuit

is I, f + X,3sin|i + (2-s)X,g J. The minus sign holds
for Pg = •n: and plus sign for Pg = 0. As a result of

mutual coupling between tertiary and secondary windings,

secondary current causes two voltage drops; Xp3sin§Ipn

and (2-s)Xg3sinpIgn- The drop (2-s )X23sinfJl2n varieS with
slip and is responsible for inductive power transfer

from tertiary to secondary. The magnitude of both

(2-s)X,gI, and (2-s )Xp3sin[3lgn incrpasps with speed,

but while former is additive;latter is additive for cross

ed brushes and subtractive for normal brushes. Thus, with

normal brushes, the rate of decrease of effective react

ance of secondary circuit is faster than rise in volt

age, thereby contributing to the increase of current Ig

rapidlv with speed. In contrast, the increase in voltage

is comparatively slower than reactance with crossed

brushes. Therefore, with crossed brush setting., increase

in Ip is marginal.

It has already be°n shown that the current unbal

ance of primary circuit, is comparatively more wi+h crossed
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brushes than with normal brush setting for a given

value of * • In addition, secondary unbalance always

exceeds primary current unbalance and Ig increases

with speed. Therefore, total secondary current
g g 1/2(Ip + Ig ) may reach prohibitive proportions when

Schrage motor is operated on unbalanced voltages with

crossed brushes.

4.3 Toraup-soeed Characteristic

The torque developed by a Schrage motor, as shown

earlier, is given by

Torque = Real part of LIg(-JX,g)!^ +
3f*vI*(-jX„,sinP G l)lp]

k23

By substituting appropriate values of currents, the

following expression for positive sequence torque is

obtainpd.

Vn p Xipk
t - ( E \^ 1^ e

^ 11 o

T* —(sX 2+X sinHcos p^+X13sin[3sin<f k £(Tj^-X g-£-)
lo

r\

TI T

*12 J
sin^p(T3s -X13

{^1(TiPi+sT^2)+i-(i-sVf>ssin,isin^iy +

{^1C1-(l-9)T(ioVinPain Pi]"(T3pi+ 8
sTsp2>}

.. (4.4)
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The positive sequence torque is zero at a slip given by

-X13sinp LcosPi +kesin2^inr\(T3s,-X13T;s/X1g)]
so = ~~

Xl2+X13sinpsin ^ (T^-X^ /X^ )kg

.. (4.5)

For a neutral set motor, the well-known expression is

obtained from (4.5)

X sinpcos Pt

o X

.. (4.6)
12

The negative sequence torque is similarly given by

t - \ 2 ( _£ \2 -I2 e n
n ~ Av ^ X,,J R

11 0

(2-s)X1g+X13sinpcos Pg+X13sinPsin Pg {(2-sHT2s~
_{l+(l-s)keknT^ sinPsin/VxM ^nl+(2-s)T;n2 ])
T'p. Xl2/X13'+sl"2^T3s-TVs Xl3/X12^. kekn

+

[5j Cl+(l-«)r;o kesinPsinP^-C T;nl+(2-s)Tsn2^2_
.. (4.7)

The net torque in forward direction is given by

T m T T - T
n r

.. (4.8)

T being rotational locses.

The magnitude and variation of torque with slip

is shown in Fig.4. 6. In practice, the effects of stray

load losses and harmonics modify the nature of calculated

torque and thus, it is different from that actually

developed by the machine . But the determination of
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FIG.4-6 TORQUE-SLIP CHARACTARISTIC OF A SCHRAGE MOTOR FOR
DIFFERENT BRUSH SEPARATIONS AND SETTINGS.
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impedance/speed curves for positive and negative sequ

ence operation for a fixed voltage (limiting value being

rated current) is usually sufficient for subsequent

deductions . As the validity of impedance expressions

has already been established, it is possible to deduce

some general conclusions from the torque expressions deri

ved on the basis of the variation of machine parameters

with speed. However, in order to verify the theoretical

results, torque was determined experimentally. The test

points are also recorded in Fig.4.6. It may be seen that

the observed results are in close agreement with calcul

ated ones providing complete confirmation of the theoret

ical deductions.

4.4 Discussion on torque-sored variation

The variation of the torque developed by a Schrage

motor with speed is inherently similar to that of an

induction motor (or with P=0). Modifications of the

characteristic are brought about by the voltage inject

ion into secondary circuit with the help of tertiary

winding. For ease of analysis, the total voltage across

the socondary winding in addition to the one induced

directly due to primary excitation, may be split up into
u jPl a "jPltwo components: k-,FgSinpe and kgSlgSinpG ,

3Pi
The component F-, = k,Fgsinpe is proportional

to the airgap flax and is present under all operating cond-:

itions except when P>=o. The other component E. g=kgSlgSinpG

owes its existance to secondary current, therefore is
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negligible at no load and when P=0. Th° running light

behaviour is, thus, governed by only former component.

As already discussed, the no load speed may be controlled

to any desired value within designed limits by adjusting

brush Setting. The speed control is possible because of

power flow through conduction between secondary and

tertiary windings.

The magnitude of torque at a given speed depends

upon the total power transfer to secondary through

conduction as well as induction. The current injection

component E^g> transfors power by induction only. There

fore, its contribution is in addition to normal airgap

power of an induction motor. Consequently the torque

characteristic should retain exactly the same nature as

for an ordinary induction motor when voltage injected

to its secondary is proportional to Ig except that

an additional torque component adds to the otherwise

developed torque. Larger the brush separation, more is

the injected voltage F. . g at a given speed. However,

the change due to this component is not very appreciable.

It may be easily seen that due to larger brush separat

ion, the increase in the effective impedance of tertiary

winding is comparatively less than the increase in the

voltago acting round the secondary circuit. Therefore,

as the brush separation is increased, motor develops

more torque at that speed. The slip at which torque

is maximum, is given by -.""; .-?«,•
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m —

X — X T'
7^ sinp cos P. + ( ^ sin^cos P, -T4* )'
X12 l - X12 L s2

1/2

m

n T'
- S + ( s - ffX )2 +-S0 L~ o ts2 T,2J

s2

+

T «2_
s2

.. (4.9a)

.. (4.9b)

The eqn. (4.9b) shows that the maxima of torque-

spood curve for a given value of p1 and. is dependent

upon no load slip s . If sq is changed by adjusting

brushes, torque maxima shifts its position. For crossed

brushes, shifting is towards higher speeds while for

normal brushes, to lower speeds. However, the rate of

change of position with crossed brushes is lesser than

that with normal brush setting since s is negative with

crossed brushes. The shifting of the position of maxima

may further be explained physically by considering the

slip power flow. As discussed in Chapter II from the

view point of power flow concept, it may be said that

operation of a Schrage motor with normal brush setting

is equivalent to an addition of resistance in secondary

circuit of an induction motor. Whereas, with crossed

brush setting, it is equivalent to operation of an induc

tion motor with rotor of lower resistance.Since the resi

stance of secondary circuit gets changed in Schrage motor,

the slip at which torque is maximum for a fixed value of

p shifts to either side of the case when P=o. It may be

noted that with p=0, (induction motor operation), the slip
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for maximum torque as given by eqn.(4.9} is

1 r2s = —-—^ (neglecting primary leakage)
m T' XL2

d* .. (4.10)

This is a well known result for an induction motor.

In a Schrage motor, therefore, the limiting speeds

for which motoring torque is available as well as the

magnitude of torque is adjustable by brush settings.

While the component £--, controls the no load speed,

magnitude of torque and the region of stable operation,

F-r, mainly contributes to the magnitude of torque though

not to an appreciable extent.

With normal brush setting, it seems that a high

starting torque may be obtained by suitably adjusting

the brush separation. Although higher torque is developed

with crossed brushes but at the expense of increased

starting current. Therefore, it is safer to start a

Schrage motor with normal brushes so that a reasonably

high starting torque is available with moderate current

which flows when brushes are normal.

The variation of starting torque with P is shown

in Fig. 4.7. As such, the starting torque with normal

brushes is lesser than corresponding induction motor

case 0=0). But by suitably adjusting the design para

meters of themachine,it seems possible to obtain equal

or higher than equivalent induction motor torque at

starting with normal brushes. From eqn. (4.9), neglecting
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( s. -
XL2

R 1
x2 ep

XL2 J

1/2

.. (4.11)

p.

Normally s > 1 for any brush separation with I ^= tc.

But, if for a fixed value of P and no load speed sq5

the maxima of the corresponding torque/slip curve is

to be obtained at sm = 1, the right hand side of

eqn. 4.11 is to be reduced. This reduction may be accom

plished either by increasing x^ or reducing Rgp.

The former proposition is not desirable in view of its

adverse effect on other operating features of the motor.

The latter may be easily realized by reducing brush

contact resistance through the use of better quality

material.

The negative sequence torque is also dependent upon

the value of P and P g. The nature of torque/speed
characteristic is appreciably different in two types of

brush settings. The behaviour of the motor may once more

be attributed to the handling of slip power by tertiary

winding. Under normal operation of the motor with subsyn

chronous setting, airgap power is transmitted from

primary to secondary and slip power from secondary to

primary through tertiary. If the direction of airgap

field rotation is reversed retaining that of rotor, the

negative sequence operation is simulated and mechanical

power is to be fed to rotor to continue its rotation.

A part of slip power is still transmitted to tertiary
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since for a given primary excitation, the voltage

induced across secondary continues to be higher than

that across the brushes, (as this induced voltage is

proportional to (2-s) instead of s which is in case

of positive sequence field and (2-s)>s ). Therefore,

secondary circuit has to draw more power from shaft

and is equivalent to induction motor secondary with

increased resistance. The negative sequence torque,

therefore, increases as brush separation is increased

with normal setting. For crossed brushes, slip power

which is now conducted to secondary is in addition to

the one available from shaft. Therefore, comparatively

lesser shaft power is needed to maintain rotation or

lesser negative sequence torque is developed.

The Fig. 4.8 shows the variation of negative

sequence torque at no load speed of forward direction

with different brush separations. It is evident that

the magnitude of T increases with an increase in p

for normal brushes while it decreases slightly with

crossed brushes. It follows, therefrom, that the torque

reduction due to unbalance supply voltages is more

pronounced with normal setting than with crossed brush

setting. The difference in reduction of torque with a

certain degree of voltage unbalance increases with

increase of brush separation. However, for moderate

voltage unbalance the torque reduction is small and the

full load speed is not likely to be effected appreciably.
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If the degree of unbalance is high, like an induc

tion motor, the output of a Schrage motor is effected

substantially. The worst case of voltage unbalance occurs

with single phase supply when the positive and negative

sequence voltages are equal at standstill. It is well

known that a polyphase induction motor does not develop

any starting torque with single phase supply, for,the

magnitude of both T and Tn are equal. Same is the

case with a neutral set Schrage motor, irrespective of

brush separation. If the brush axes are shifted by an

angle P , it may be seen from eqns. (4.4), (4.7) and

(4.8) that a torque exists at standstill. This inter

esting aspect of Schrage motor operation forms the

subject matter of study in Chapter VI.
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CHAPTFF V

Allowable Output Under Unbalance

Supply Voltages

5 • 1 General.

Most electric motors are designed to operate

satisfactorily with balanced voltage supply. One of

the important factors which is taken into consideration

in the design of an electrical machine is the permiss

ible temperature rise in the windings. This temperature

rise is above the ambient temperature, when the machine

is run with rated balanced voltage to deliver rated load.

Usually, allowance is made in design to meet contingen

cies such as marginal increase in voltage, rise in ambient

temperature, overload etc. It is commonly accepted that

a voltage unbalance upto 2 percent is easily tolerated

by a machine. Therefore, it becomes important from oper

ational as well as design point of view to predict motor

capability under more severe conditions of voltage

unbalance.

An unbalance operation of a motor results in the

presence of negative sequence current in the phase wind

ings in addition to normally existing positive sequence

component of current. In most cases , temperature rise

as a consequence of additional heating due to negative



-57-

sequence current imposes a restriction on the allowable

load under unbalance operation. For a Schrage motor,

further difficulties may arise due to commutation. To

account for reduction in output, a'rerating factor' may

be defined as 'the ratio of the permissible output of

the motor under unbalance operation without violating

service conditions (thermal or commutational), to the

rated output under normal operation.'

The rerating of an induction motor fed with un-

37
balance supply voltage was first, suggested by Tracy ,

who indicated that the rating should be reduced below

name plate value in the light of heating considerations.

He also deduced an approximate but simple expression for

allowable output in terms of negative sequence voltage

and impedance. It was pointed out later by Gafford,
52

Duesterhoft and Masher that the presence of negative

sequence current results in unbalanced spatial distrib

ution of heat in the winding and therefore, the additional

heating of a winding should be taken proportional not only

to the square of the magnitude of the negative sequence

current I but to kl where k>l. Since then number

of attempts have been made to determine allowable output

of an induction motor from thermal considerations, theo^

53-56etically as well as experimentally ' . All the approaches

suggested, so far, are either very approximate or relate

rerating with current unbalance. The degree of current

unbalance is different at different loads even for the

same voltage unbalance. The voltage unbalance, on the

>r-
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other hand, is independent of motor parameters and is

determinable even before switching on the motor. There

fore, for any meaningful results, evidently , it is more

realistic to express re-rating in terms of voltage

unbalance.

5 . 2 Thermal r.onsjd erations

For an induction motor, the rerating factor has been

invariably obtained on the basis of stator heating. It is

argued that the temperature rise of the rotor is not likely

to pose thermal restrictions because of good conduction

and better ventilation available to it, though the copper

loss due to negative sequence component in rotor is more

than in the stator. Further, it is assumed that the rotor

heating does not influence stator temperature rise because

of airgap.

56
As pointed out by RamaRao and JyothiRao , the

methods used in earlier papers fail to experimental corr

oboration due to some valid reasons put forward by them.

In their opinion, truly, it is the lack of proper account

ing of the contribution of neighbouring phases to the

heating of worst affected ph"<se, which is responsible for

the failure of these methods. They have also suggested

two methods. First is for short pitch windings and accounts

to some extent the heat transfer to adjacent phases.

Obviously this method is not valid for full pitch windings.

Second method in which heating is assumed to be proport

ional to (1^ +I^n +C^p1^). takes a better account of
the copper losses in all the phases. The factor C is a
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constant and is stated to be dependent upon the voltage

rating and the class of insulation. As a matter of fact C

should also depend upon the winding details, temperature

difference between hot and cold spots and speed of the

rotor. Therefore, it may be widely different for

the various machines even when they belong to the

same voltage and insulation class.

57
It has been shown by Roy that the temperature rise

of a phase winding may be estimated by the following

expression with reasonable accuracy,

©T " CL PCL +CM PCM + 9K '• (5'1}

where CL is the temperature rise of a winding per unit
copper loss PCL in the winding itself, CM is the temp

erature rise of a phase winding per unit copper loss Pq^ in

neighbouring phases, and 9R is the temperature rise due

to core loss and heat conduction from other member of

the machine. The coefficients CL, C^ and BK are subst

antially constant for a machine subjected to moderate

degree of voltage unbalance- The temperature rise of a

stator phase winding, therefore, when carrying normal

full load current 1^ is given by

9T = I* (cL ♦ 2CM)ri + 0K .. (5.2)

while the temperature rise of the worst affected phase

winding i.e. the winding carrying two Sequence currents

in same time phase, under unbalance operation is given by
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°T =CL^lp +WM +2CM(I?P +Xln -IlpIln)ri +9K
.. (5.3)

To restrict the temperature rise under unbalance operat

ion to the normal temperature rise, 0-f should be equal to

6T. It is to be noted that in general, the temperature

rise given by eqn. (5.3) is not equal to that given by

eqn. (5.2). Therefore, the effective stator resistance

under unbalanced conditions would be different for various

phases. However, as the current in the two phases other

than the worst affected one is same, their resistance may

be taken to be equal. For the imposed condition of the

same temperature rise r-^ ~ r{ ^ rjj • Therefore, from

equation (5.2) and (5.3),

1* - I? + I? +2 (jN-lg ) hvhn - (5"4)N Ip In Ol + 20M lp in

It may be immediately recognised that the factor

2(CL-CM)/(CL+2CM) is similar to the factor C. Therefore,

C - 2(S*%%? ) -. (5-5)

As the values of CL and CM depend upon the winding

configuration, conduction to neighbouring phases, class
57

of insulation, ventilating details etc, all these

factors are automatically accounted for in C if deter

mined from eqn. (5.5). The value of C calculated as

above for a number of machines of the same voltage rating

but having different types of winding and other
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constructional features are tabulated in Table 5.1

(Cy and CM were determined experimentally, App. 5.1).

It follows therefrom that C cannot be taken same

for all machines belonging to like voltage and insul

ation class. It is interesting to note that C = 0.5 as

taken in reference (55) is a good mean value.

Table 5.1

1. Squirrel cage, 10 hp, 400 V,1440 rpm C= 0.464

2. Squirrel cage,7.5 hp. 400V,940 rpm 0.473

3. Slip ring, 7.5 hp, 400V, 1440 rpm. 0.382

4. Slip ring, 5 hp, 400 V, 1430 rpm 0.64

5. Cage rotor, 5 hp. 400 V, 1440 rpm 0.49

It seems, therefore, that the approach suggested by

Roy and applied as above is expected to yield better and

more realistic results.

In a Schrage motor, the primary winding is housed

on rotor along with tertiary winding. Therefore, the rotor

heating will be caused by primary as well as secondary cur

rent flowing through a portion of tertiary winding. The

number of effective turns of the tertiary winding change

with brush Separation, consequently in some of the slots

heating would be more than in other slots occupied by that

portion of tertiary winding which does not carry secondary
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circuit current for a particular value of P. This

may result in hot spots on rator. But a better ventil

ation is available to rotor in general and tertiary

winding in particular, being nearer to air gap. Both in

primary as well as tertiary, the negative and positive

sequence currents being of the same frequency, produce

equal amount of heating per amphere. The effective resis

tance of the windings for both sequence currents is also

same.

The stator of a Schrage motor, on the contrary,

carries secondary winding for which conditions are more

severe. It has been shown in Chapter IV that Ign/Igp >
I /I, and even for asmall degree of primary voltage
In lp

unbalance, the negative sequence current in secondary

may become prohibitive depending upon the value of P

and P . Therefore, for a Schrage motor, it is the secon

dary winding heating which shall determine the derating

of the motor from thermal point of view under unbalance

operation. However, it is to be noted that it is true only

when ventilating conditions are good and machine is not

subjected to frequent start-stop cycle.

The problem of estimating temperature rise and

rerating is somewhat complicated in Schrage motor, being

an adjustable speed motor. In case of an induction motor

any moderate unbalance does not influence the speed of the

motor to an extent effecting the cooling of stator. The

temperature rise of an induction motor, thus could be
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presumed proportional to the effective copper loss

under balanced as well as unbalanced conditions. For

a Schrage motor, speed is a function of P* and varies

widely in its range of operation.The validity of any

method used to predetermine its temperature rise is to

be ensured for all operational limits.

In order to ascertain the applicability of the

eqns. (5. 1) to (5.5) to Schrage motor, comprehensive

tests were carried out for the determination of the values

of CL , CM and 9K at different speeds. The test results

obtained on an induction motor and the stator of a

Schrage motor revealed no change with speed in the value

of these constants. Therefore, the temperature rise of

a stator phase of a Schrage motor operating at any speed

with balanced voltages is given by

eT = i|(cL + 2CM)R2 + eK .. (5.6)

With unbalanced supply voltages, the secondary

current shall comprise of the positive as well as nega

tive sequence components. As the frequency of the two

components is not equal viz. sf for positive sequence,

(2-s)f for negative sequence, the effective value of

the current in any phase winding is (lg + Ign) , irr

espective of the relative time phase between I. and

I, . The temperature rise of a phase winding is, therefore,

8-f " ( llp 'K2p +4 &8n><CL+2CM)+eK •• <5'7'
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As before , to restrict the temperature rise under

unbalance operation to the normal temperature rise

The eqn. (5.8) is independent of heating const

ants unlike the similar condition in an induction motor,

eqn. (5.5). Moreover eqn. (5.7) shows that the heating

of a phase winding always remains same for a given value

of Ip and Ip , whatever may be the phaso angle between

them. This is an interesting result, as this not only

obviates the necessity of considering the temperature

rise of the worst affected phase but. shows that stator

is always uniformly heated.

As it is desired that the heating under unbalance

operation should not exceed the normal permissible value,

12^ in eqn. (5.8) may be taken as the normal secondary

current for a particular setting of brushes. The full

load current of a Schrage motor with balanced supply

voltages changes with p and P. The input current is more

for crossed brushes. It has already been shown that

Ip /i, is always greater than unity in usual operating
<cp lp

range. The secondary' winding of a Schrage motor is

capable of carrying current corresponding to the highest

value of rated primary current at highest speed setting.

Therefore, secondary circuit may carry only this much

maximum current whatever be the value of P and r .

Consequently in eqn. (5.8) I^n may be assumed to be
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fixed and equal to the maximum permissible secondary

current Ig . Now, the rerating of a Schrage motor from
thermal considerations may be estimated by the foll

owing condition,

2p 2n Rg 2m

5.3 r, nmrm 11a t i on a 1 Con a idenation s

The a.c commutation of a polyphase machine

depends upon the reactance and rotational e.m.f of

the short circuited coil undergoing commutation. These

e.m.f's appear continuously between the heel and toe of

the brush though resulting from a succession of different

coils.

The reactance .e.m.f is directly proportional to

the r.m.s.value of the current in the conductors of

the commutating winding. Under unbalance operation,

tertiary winding has to carry both positive and negative

sequence currents. The reactance e.m.f., therefore,

may be conceived to be having two components each prop

ortional to one of the sequence currents. These e.m. fs

are in time phase with corresponding brush currents and

act in such a direction round the short circuited coil

as to oppose the respective current change in it. The

reactance voltage alternate sinusoidally at the frequency

of the currents being commutated, in the present case

sf and (2-s)f. The total voltages induced due to curr

ent commutation are therefore given by
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e, ^Iq sin sutexbp <* 2p

e . ot IQ sin(2-s)«ot
xbn ^ 2n

F .ocY x2 + 2
xto X2p X2n

(5.10)

(5.11)

It can be seen that the magnitude of reactance

voltage F , is independent of the relative phase of

Ip and Ig . On the other hand the frequency of the

two sequence components of tertiary current is equal to

that, of supply; therefore the r.m.s value of resultant

current depend upon the magnitude and phase of Ig

and Ig . Thus, the tertiary current in a particular

phase may increase inordinately over the normal value but

the current commutation is simply dependent on the value

of ( Ig + Ign n2. Evidently, the two currents are
likely to be in same time phase only when s = 1 i.e.,

standstill. Therefore, at all speeds, more so with

normal operating speeds, the two currents will not be in

same phase and the r.m.s. value of the total current

through tertiary conductors may be taken approximately

equal to (lgp +Ign)l/2.
It follows that if the secondary circuit current

is restricted to the maximum permissible value igm»

it would automatically account for any possible deterior

ation in current commutation under unbalance conditions.
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The amplitude of the rotational voltage is propor

tional to the magnitude and speed of the airgap flux. The

two sequence fluxes move past the commutating winding

at synchronous speed irrespective of rotor speed, though

they rotate in opposite direction with respect to each

other. Furthermore, the speed of negative sequence field

relative to brushes is (2-s)ng whereas that of positive

sequence field is sns- Therefore, e.m.fs induced in

short-circuited coil are given by

P , = 2k f T„ 0 sin Smt
erbp C Hp

e , = 2n f Tr 0^ sin(2-s)^t
rbn G n

,. (5.12)

If the effect of leakage reactance of primary

winding is ignored, the two sequence fluxes are approxi

mately equal to

0 = V / f2 tc f T,
'p p ' ' 1

0 = V /V2 it f T.
^n n 1

.. (5.13 )

T, is the effective number of primary winding turns per

phase, f is the supply frequency and Tc is the number

of turns of the short-circuited coil.

The r.m.s. value of rotational voltages at brushes

are therefore,

rbp
= V Tr / T,

p G 1

rbn n C 1

.. (5.14)
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As these voltages are of different frequencies, the

resultant e.m.f. across the coil undergoing commutation

would be equal to Frb - Vp(Tr/Tl^ 1 +^v » irrespect
ive of the relative phase of ^rbni with Frbp. The
presence of negative sequence vol+age, thus, increases

the rotational voltage by f i + X 2 • For satisfactory
v

commutation F• . should not exceed 3 to 4 volts. In

usual design, an allowance is made for marginal increase

in supply voltage. Fven if Av is 50 percent, Frfe

exceeds its normal value only by about 11 percent. In

general, a machine is expected to be capable of withstand

ing this small increase in F b<

In the light of above discussion, it may be concl

uded that the allowable output of a Schrage motor under

unbalance operation may be estimated with reasonable

practicability in accordance with thermal considerations.

Any commutational limitation is not likely to offset the

results so obtained.

5.4 Method of Calculation

A method of calculating rerating factor or per

missible output under unbalance supply voltages is

evidently more satisfactory if it relates the desired

quantity with degree of voltage unbalance rather than

current unbalance. The sequence components of the voltage

are independent of the machine parameter and simply

depend upon the three line voltages available at the

motor terminals. On the other hand, the current unbalance
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depend Dot only upon machine parameters but rotor speed

also. Therefore, degree of current unbalance is different

at various loads even for the same degree of voltage

unbalance. Hence, for any meaningful result, it is desir

able to express permissible output of the machine in terms

of voltage unbalance factor.

The relationship between secondary circuit current

of a Schrage motor with applied voltage to primary has

already been established. Thus, from eqn. (5.9),

4= <j£/fe- Lfi(5'p'pi)+ xv% {^.e.Pe}]
.. (5.15 )

where f, and fg are functions of slip, brush separation,

brush axis shift and machine constants. With known values

of machine parameters and assumed value of slip, \ may

be calculated for a given value of V for any brush
P

setting from eqn. (5.15). The value of k is substituted

corresponding to assumed values of slip. The magnitude

of Ig may be taken either from the nameplate data of

the motor supolied by the manufacturers or determined

experimentally.

Fig. 5.1 shows a family of curves between \ and

slip for different per unit value of V . The calculat

ions, satisfying eqn. (5.15), were carried out for a

number of values of 6 as recorded in Fig.5.1. For any

degree of voltage unbalance and magnitude of V or

given values of V and V , s may be read off this

figure satisfying the criteria of allowable output. Then,
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the permissible loading of the motor is calculated for

this value of slip, \ and V from eqn. (4.8).
V J->

5•5 Discussion

The calculated results for the machine under test

are plotted in Figs. 5.2, 5.4 and 5.5. No direct verif

ication of calculations is possible. But corroboration

of the analysis was obtained by loading the motor under

test to a load given by Fig. 5.4 and adjusting V ,^v,

P etc. accordingly. The temperature rise of the stator,

for different degrees of unbalance and operational

settings, was recorded. This temperature rise was found

to be approximately same in all cases and equal to that

obtained with simulated operating conditions of the

motor i.e. balanced voltage, rated load and maximum

speed setting. To check the heating of rotor corres

ponding to allowable load on the motor, the temperature

rise was estimated by measuring change in primary winding

resistance. But, as pointed out earlier, in some of

rotor slots, heating would be more th^n in others.

Therefore, primary winding resistance measurement yields

only average temperature rise and not of hot spots.

Uneven spatial distribution of heat can be detected

only by inserting thermocouples appropriately. However,

awerage temperature rise of primary was found to vary

with brush separation even with balanced operation.

Under unbalance voltages and rerated loading, the tem

perature rise was usually a little more than that
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obtained with maximum permissible primary current, bal

anced voltage and zero brush separation.

As expected, Schrage motor is capable of sustain

ing more severe unbalances with normal brush settings

compared to crossed brush settings. At no load, the

safe degree of voltage unbalance increases rapidly with

increase 0f brush separation under normal setting. It

decreases in case of crossed brush setting, though only

marginally. This behaviour follows the nature of Ign with

p. Figure 5.3 which shows the plot of Ign at no load

speed (pertaining to a given brush separation) with p,

reveals that Ig decreases sharply with normal brush

setting while its increase with crossed brushes is not

so rapid. Therefore, motor can handle more negative

sequence current with normal brushes and consequently

more voltage unbalance.

The allowable output of the motor is influenced not

only by the degree of voltage unbalance but by the value

of positive sequence voltage as well. If positive Seq

uence voltage is reduced, the capability of a Schrage

motor to withstand unbalance voltages increases. This

increase is, however, more or less same for different

crossed brush setting but increases for normal brush

setting with increase of brush separation (Fig.5.1). Since

with crossed brush setting Ig increases with slip

while Ig is practically constant, permissible \v

decreases sharply on increasing load. In contrast,
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Io decreases with slip when brushes are normal.
2n

Therefore, the variation of \ with slip is relatively

less steep.

The current in the worst affected phase of primary

is also calculated and shown in Fig. 5.6. For balanced

supply, the current for any brush setting does not

exceed the maximum rated value, although it is more than

normal full load value with normal setting, since permi

ssible value of secondary current 1-g is more than

usual Ig with |°, = ^ . The current is more than
1 pu as % increases. But as the temperature rise of

the rotor is dependent on the current of all the three

phases, increase in the value of current of the worst

affected phase is not a detrrent.
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CHAPTFR VI

Single Phase Operation

6.1 General

The single phasing of a polyphase machine either

at starting or during running is of usual occurrence.

It is well known that such an operation of an ordinary

induction motor is characterized by lack of starting

torque, though running is possible otherwise. All split

phase motors are incorporated with some or other static

phase convertors to develop torque at starting. As

mentioned in Chapter IV, a Schrage motor may develop

torque at standstill with single phase supply under

favourable conditions of brush adjustments without any

external phase converter. This remarkable quality was
58

first reported by Kohli and Ray recently.

In this chapter, analysis of single phase operat

ion of a Schrage motor has been presented. Behaviour of

the motor has been discussed with regard to starting as

well as running under this condition. Investigation has

been extended to explore suitable combination of brush

axis shift and brush separation so that motor torque at

standstill may be sufficient to overcome static retarding

inertia.
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6.2 Analysis of Performance

The performance characteristics of the motor may be

calculated for any operational adjustment from the seq

uence voltage and current relationships pertaining to

applied voltage conditions. For single phase supply to

a three phase machine,the inspection equations " may be

written and solved to determine the sequence voltages

in terms of machine parameters. It can be easily shown

that zero sequence is absent under single phasing and the

sequence voltages of star and delta connected windings are

related by a factor of f3. However, there is a phase

shift also, but it is of no consequence as far as magni

tude of torque developed by the motor is concerned. Thus,

for the present,it is necessary to consider only one of

the connections and in what follows , attention is

confined to delta connected machine-

For a delta connected machine fed with single phase

source , the voltage and current relationship are given

by the following:

V =
p 2 +Z >V

p n

V =
n

z
n {.

Z +2n V
P n

V =
0

0

Line current
3V

z + z
P n

., .(6.1)

.. (6.2)
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The complete performance of the motor can now be

synthesized from eqns.(6.l) and (6.2) through (3.1),

(3.2), (4.4) and (4.7).

6.3 Starting Performance

6.3.1 Siaxiiag_loj:aii e

At standstill, slip is unity. Substitution of this

condition in eqns.(3.l), (3.2) arrd (6.1), shows that

positive and negative sequence voltages are equal to

each other. Therefore, from eqn. (4.8), the starting torque

is given by

T = (
V )2 -1^

R
o

2X
11

1 2X15^"^in/>{(T^-X12T;sA15 )+sin2P (Tj.-Xj;^))
R '

fx^e ((T3ssinl3^scos' )sinP+(T2sfT^sinf3cosp)}")^

[1+4ke{(T3osi^VoCOS/:)si^+
(T2o±T.^oSi^COsi:)}

.. (6.3)

In this equation, positive sign is to be taken for

crossed brushes and negative for normal brush separations.

For qualitative analysis, those terms of the denominator

which are multplied by (n^/x ) may be neglected. The
eqn. (6.3) then reduces to
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+X,~sinpsin \

^inVl^-X^I'v^g)]
(T8s-XlgT»sA13)

1+ke(T2s + T3ssin P i 2T' sinpcos ,2

. (6.4)

It is evident from an.(6.4) that the torque direc

tion is governed by brush setting. If the brushes are

separated for subsynchronous operation, the torque devel

oped with single phase voltage, would tend to run the

motor in a direction opposite to the forward direction

under normal operation. It is to be noted that the back

ward torque is consequent to the shifting of the brushes

opposite to the normal direction of rotation of the rotor

(necessary for power factor improvement with subsynchro

nous setting). If the brush axis shift p is made negative

i.e. brushes are shifted along the normal direction of

rotation, the starting torque would be in forward direct

ion. Similarly with crossed brushes, the single phase

starting torque is positive for positive values of p and

negative with negative value6 of P . The following table

sums up the relative direction of torque with different

combinations of brush adjustments. The reference for

comparison is the normal direction of rotation under

balanced 3-phase conditions.



Brush
Separation

(i) Normal

(ii) Normal

(iii) Crossed

(iv) Grossed
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Brush axis shift
Direction of
standstill
torque on single

._ phase

along normal rotation(-JJ ) Forward

opposite to rotation ( P ) Backward
(p.f. improvement)

along normal rota+ion
(p.f. improvement, - P)

Backward

opposite to rotation((°) Forward

(a) For fixed values of P, the starting torque expression

may be written as

+ A sin p
T =

s 1+(B + D cos P )'
.. (6.5)

Since T« is fairly small compared to T2s ,

D is negligible in comparison with B. It follows, now,

that the starting torque is approximately proportional

to sin P . Therefore, for a given brush separation, the

standstill torque is maximum when brush axis is shifted

by rc/2. Further, it is obvious that for the same value

of P and p , T , although of opposite nature, is more

with normal brushes compared to that obtained with

crossed brush separations since denominator is reduced.

Consequently, a single phase Schrage motor, like poly

phase one, should be started with normal brush separa

tions as far as starting torque consideration is concerned.
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Larger the brush separation, more would be the torque-

The variation of starting torque of a Schrage

motor, fed with single phase supply, with brush axis

shift is shown in Fig. 6.1. The torque, for a fixed

value of P, increases as brush axis shift is made larger,

but no substantial improvement is noticed beyond 60

value of P with subsynchronous setting. Also, compar

atively torque is more with normal brushes, therefore,

large brush separation with about 60° brush axis shift
is expected to give sufficiently high starting torque-

As most Schrage motors of usual design are provided

with only about 10° adjustment of brush axis shift,

special gear arrangement would be necessary for obtain

ing large values of /-' •

(b) The ratio of Tg to the starting torque Tls under

balanced 3-phase conditions is given by the equation:

Ts j_aX13sln? cosP __(6>6)
T X,„ + X.„sinp(cosP +a sin/3;

Is 12 - 13

where, 'a' is independent of brush setting and is a

dimensionless parameter. This ratio is maximum when

X-,~sinp

X~cosP= t —il •• (6-?)
•12

and corresponding value of the torque ratio is given by
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X13sinf3(PtQsin2p)
-2 v2 . 2a J/ 2

s (P + Qsin P*
__Q ,—

2 n1/2(•!-•;)•

Is (X^g - X^sin
.. (6.8)

Fquation (6.7) shows that the torque ratio is maxi

mum when the brush shift is adjusted equal to an angle

whose cosine is equivalent to no load slip of the neutral

set motor when operated on balanced supply with given

brush separation. The torque ratio is, however, unaffected

by brush se+ting i.e. the magnitude remains unaltered

whether the brushes are crossed or normal. Larger the

brush separation, more is sq and so is (Ts/Tis)-

As the starting torque is approximately proportional

to sin/5 , the highest value is possible when P = n/2.

But from the foregoing analysis, it seems that reasonably

high torque at standstill is possible provided single

phase supply is switched on with large Separation p\
normal setting and brush axis shift P = cos (X^siniVX^)
This value of P is operationally possible since sq is

usually kept l/2 with lowest speed setting, so that P is

about 60° only. This result was concluded earlier also.

6.3.2 Starting Current

The starting current can readily be expressed in

terms of the corresponding balanced three phase current Ib<
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By substituting the values of sequence impedances in

eqn. (6.2),

T .£ t .. (6.9)
XL " 2 b

while thp current through the phasp winding directly across

thP supply is Ife and through other two phasps in series
is L/2. Thus, the starting currpnt with single phase

supply bears a definite ratio with the starting current
drawn by the machine with same brush spparation and brush

axis shift but balanced 3-phase supply. The current in the

worst affected phase is equal to its normal starting curr

ent while the line current is only half of the usual value.

Thus, if brush separation is large with normal setting,

the single phase starting current of a phase winding would
be equal to the normal starting current of the motor. In

general, the magnitude of single phase current is governed
by all those considerations which control the current magn

itude under 3-phase operation.

The starting quality of a single phase motor is a

measure of the optimization of the desired starting char

acteristics of the motor. Usually three different start

ing criteria are popular among designers of single phase

motors. Some designers consider that the best use of

material is to obtain maximum starting torque per ampere

of line current while some others prefer starting torc!u|g
per ampere squared as a basis for comparison of machines.
The argument in favour of latter approach rests with the

rating of the machine which is determined by the square
/o657<2.
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of the current. Still another starting quality based

on heating considerations is to calculate the torque

per unit, copper loss in all the three phases of the
. . 60

machine

Whatever criterion is choosPn, any comparison of

single phase starting with polyphase one, at once reveals
that starting current does not influence the quality of

starting. It is only the torque expression which is to

be optimized. Therefore, the best condition for starting

would be to minimize the current with as large starting

torque as possible- Fortunately, in single phase opera

tion of a Schrage motor, the two requirements are simul
taneously achieved by the same operational adjustment.

The starting current drawn by the motor decreasps

if the brush separation is increased with normal brush

setting, whereas if the brush separation is increased with

crossed brushes, the current increases. On the other

hand, with normal brush separations, the single phase

starting current increases on increasing brush axis shift p.
'Fig. 6.2). In contrast, with crossed brushes, as P is
increased, the starting current decreases though not

sharply.

From the above discussion, the following conclu

sions may be drawn:

(i) In order to obtain high starting torque, large

brush axis shift p as well as brush separation P is
required. If the brush separation is normal, large values
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of P reduces the starting current, but brush axis

shift tends to increase this value- In contrast, with

crossed brushes, large separation increases the primary-

current whereas brush shift tries to reduce its magnitude-

But the current magnitude is comparatively large with

crossed brushes for a given combination of P and P .

Therefore, it is recommended that at starting,

brush separation as well as brush axis shift should be

large with subsynchronous setting.

(ii) The direction of starting torque should be

reverspd only by changing the direction of brush axis

shift, for, it would restrict the starting current with

out decreasing the torque. If the backward torque is

obtained by crossed brushes retaining the setting of

' brush axis shift, comparative^/ lower starting torque

with higher starting current will result.

6.4 Running Performance

6.4.1 Toraue-speed Characteristic

If a Schrage motor is fed with three phase balanced

supply, the direction of rotation of the motor is deter

mined by the phase sequence of the supply. The torque is

said to be in forward direction irrespective of the values

of brush separation and brush axis shift. If the motor is

switched on to a single phase supply, the direction of

torque depends upon the combination of P and P . If, for

example, brush separation is normal and axis shift is

along the direction of forward rotation (with reference to
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three phase operation), the single phase torque would

also be in forward direction. Therefore, motor will pick

up speed provided starting torque is high enough to

accelerate the motor against inertia, friction torque and

load on the motor shaft. The steady operation will depend

upon the torque slip characteristics of the motor.

The operation of the motor is categorically diff

erent under two possible mode of operating contingpncies:

(a) During starting and subsequent running, motor is on

single phase supply, and (b) Motor is running initially

on three phase supply but one phase wire of supply is

accidentally opened or fuse of one of the phases is blown

off. Under former operation, the torque characteristic

is given by the equations (6.1) to (6.2) through (3.1),

(3.2), (4.4) and (4.7). Appropriate substitution of the

parameters and operational adjustments determine the

magnitude and direction of torque- Figs. 6.3 and 6.4 show

the torque-slip characteristics for different combinat

ions of P and P , respectively for normal and crossed

brush separations. The brush axis shift, in all the curves

drawn in these figures, has b^n taken of a sign which

gives forward rotation. The curves are equally applicable

to the case when the torque developed is backward, except

for the fact that the motion is now in opposite direction.

If the motor is started on single phase supply and

one of the supply phases is opened to simulate single

phase operation, the behaviour of the motor depends upon

the combination of different factors viz. brush separation,
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brush setting (normal or crossed), brush axis shift

and magnitude of the load torque- The motor may continue

to run in the same direction at a rpduced speed, deaccel-

erate to standstill or reverse.

6.4. 1. 2 Single phase starting as wpII as running

As has been discussed , thp motor when fed with

single phase supply will start under favourable conditions

of P and p combination. The motor speed is likely to stab-

ilise at a speed at which the torque developed by motor

is equal to the load torque- A general qualitative picture

of the dependence of torque on brush settings may be

obtained from Figs. 6.3 and 6.4.

The operation of the motor is confined to subsyn

chronous zone only when brushes are separated normally

similar to polyphase operation. The similarity is further

continued so much as the dependence of speed on brush

separation is concerned. Larger the brush separation,

reduced is the no load as well as running speed for a

fixed torque on the shaft. However, if the brush axis

shift is altered, the torque characteristics shift bodily

in the region of stable operation. For a given value of

j3, the shift is towards higher speed as the axis shift is

increased. Moreover, the breakdown torque is also increased.

In gpneral, the pattern of torque-speed character

istics is same as for polyphase operation except that the

running speed for a given torque is reduced and pull out
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torque is lowered. This is a feature inherent with a

single phase running of a polyphase induction motor.

The characteristics are still shunt in nature and have

a tendency to be steeper as P is increased. Therefore,

lesser is the brush separation, better is the speed

regulation.

The no load speed of the motor may be adjusted to

any desired value from almost zero to twice the synchro-

ous speed by suitably adjusting P and p .

If the brushes are crossed, motor can run steadily

at supersynchronous speed. In this case, as for polyphase

operation, no load speed increases as p is advanced but

decreases if brush axis shift is made larger. Therefore,

smaller the value of P , better is the running performance

of the motor.

In the light of the above discussion and inferences,

the following recommendations may be made regarding the

running of a single phase Schrage motor.

(i) Motor should always be started with normal

brush separations, |3 and P as large as possible,

whatever may be the desired speed or direction

of the rotation. The shift P should be adjusted

in accordance with the required direction of

motion,

(ii) If the subsynchronous operation is required,

|3 may be suitably decreased without altering P

to obtain any desired spped. However, for a

n
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finer speed control, P may be adjusted

accordingly.

(iii) If the supersynchronous speed is desired,

first V should be brought to zero, once

the motor has picked up speed. Then (3 is

to be reduced to zero, brushes crossed and

separation increased. It is to be noted that

if brushes are crossed either without bring

ing y equal to zero or after increasing p

in other direction, the torque reversal

takes place and motor may coast to standstill

The brush axis shift may be increased

now, if a smooth and finer speed control is

required.

(iv) It is possible to brake the motor to stand

still or even to reverse the rotation by

either changing the direction of angle [ or

brush setting. If the initial brush separa

tion is normal, it is to be changed to cross

and vice-versa to affect braking. The dynamic

braking or plugging action is possible only

with finite values of 0 . If brush axis shift

is zero, the operation would be just similar

to a polyphase induction motor with single

phase supply. Brush separation will result

only in speed modification. Braking to stand

still is not possible.
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6.4.1.2 Thr._n phasp starting, single phase .running

If a Schrage motor is running on three phase supply,

its response on the occurrence of single phasing, depends
upon the brush separation, brush axis shift and load
torque versus speed characteristic Under crossed brush

setting, if C> is positive (opposite to the direction of

forward rotation) or under normal brush setting, if p is

negative, the motor will continue to run in th* forward
direction on the occurrence of single phasing, but the speed

will reduce. These combinations of P and f are rare in

practice. Usually, the operation of a three phase Schrage
motor is either with /> = 0 or with a value of P to give
power factor improvement i.e. positive for normal brush
separations and negative for crossed ones.

In case brush axis shift is zero i.e. neutral Set

motor, the motor will continue to run steadily at a new
speed dictated by load torque and the torque developed
by the motor. The operation is identical to a polyphase
induction motor made to run on single phase supply.

With usual combination of P and p, the torque deve

loped by thp motor on single phasing, tends to give back
ward rotation. Therefore, under thpse conditions, motor

will come to standstill. It may start rotating in reverse

direction depending upon the load torque and the starting
torqup developed by the motor corresponding to the operat
ing values of P and P . If the m-chine picks up speed in
reversp dirpction, the operation may stabilise as for a
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motor running on single phase supply.

The entire behaviour of the motor consequent to

opening of one of the supply phases is characterized by

the fact that the magnitude and direction of the negative

sequence torque may be less, equal or morn than positive

sequence torque- This is a result in contrast to the

behaviour of a polyphase induction motor under similar

conditions. Whereas the negative sequence torque due to

single phasing of an induction motor while running, is
always less than positive sequence torque, it may be more
in Schrage motor resulting in the braking and reversal

of motor.

In general, the starting of a single phase Schrage

motor is similar to a single phase repulsion motor, since

the starting torque is approximately proportional to sine

of the angle of brush axis shift. Whereas the running

characteristic is shunt in nature in contrast to repul

sion motor series characteristics.

6.4.2 Primary Current

The current drawn by a Schrage motor under single

phase operation is given by eqn. (6.2). It is obvious
from this expression that similar to an induction motor,

the current would be more compared to balanced three phase
operation. In order to obtain a general overall picture

of the variation of current with speed for various

brush settings, Fig. 6.5 was plotted.
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It may be seen from Fig. 6.5(a), that the current
variation follows more or less same pattern as with

three phase supply, on changing brush separation- As the
value of P is increased, the effective impedance

decreases thereby increasing the current. It has already

been shown (Chapter III) that both positive as well as

negative sequence impedances of aSchrage motor decrease
with increase in crossed brush separations. Therefore,

the current drawn by the motor is more with large values
of B. However, it may be noted that unlike the operation
on balanced three phase supply, the light load current is
not same for all brush separations because negativp

sequence impedance is different with different values of
p though positive sequence impedance is uneffected, its
value being approximately equal to that obtained at no
load under corresponding 3-phase operation.

The effect of increase in brush axis shift, with

fixed value of B, is to decrease the starting current as
in case of polyphase operation; but it leads to larger

steady state current value. The change in current magni

tude is, however, not very sharp.

If the brush separation is normal to obtain sub-

synchronous operation, once more the current is governed
by the considerations valid for polyphase operation. As
B is increased, Zp and ZR increase, consequently the
current decreases, Fig. 6.5(b). Further, the current

increases on increasing brush axis shift for a given

brush separation.
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To sum up, the input current of a single phase

Schrage motor is comparatively more with crossed brushes

than with normal brushes. Increase in the value of p ,
reduces the starting current magnitude when brush are

crossed and reverse is the case under normal brush

Setting.

It has already been concluded that the single

phase starting and running is possible only when brush

axis shift is of opposite nature from its normal one

in three phase operation. For example, with subsyn

chronous setting, p is against the direction of rotat

ion to affect power factor improvement. To accomplish

single phase starting without altering the direction

of rotation of the motor, brush axis is to be shifted

along this direction. If the setting of P is not

disturbed and motor is switched on to single phase supply,

it will run in reverse direction thereby making the brush

axis shift along the direction of rotation. Therefore,

the power factor under single phase operation is expected

to be worse than that obtained with single phase operat

ion of 3-phase induction motor, since a negative value of

P deteriorates the power factor.

Thus, it seems that running power factor of a

single phase motor can best be equal to that obtained

with P = 0 for a given value of £. Therefore, while P
should be large for higher starting torque, it should be

as low as possible for better powerfactor during running.
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6.5 Experimental Work

Tests were carried out on a 6 pole, 50 c/s, 3-phase,

230/400, delta/star, 8/0 h.p, 23/13 Ampere Schrage motor.

The motor was provided with coplaner brush arrangement

with an additional gear to affect brush axis shift in

either direction. For test purposes, the machine was

coupled to a calibrated d.c. machine whose speed could

be controlled by means of a Ward Leonard arrangement.

The parameters of Schrage motor were determined

as for a neutral set motor. All other tests necessary

to determine losses, variation of secondary winding resis

tance with speed etc were carried out.

The test results of single phase operation are

recorded on the same figures as the corresponding theoreti

cal results i.e. on Figs. 6.3, 6.4 and 6.5. The brush axis

shift for which observations could be recorded was restric

ted to 10° only. A reference to these figures shows that

there is sufficiently close agreement between theory and

experimentation to provide complete confirmation of the

theory deduced. The slight difference in the calculated

and experimental results may be attributed to (i) the use
of fixed value of brush contact resistance corresponding

to full load value (ii) saturation, although tests were

conducted on low voltage such that current did not exceed

rated value under any operating condition, and (iii) all

other uncertainties inherent with the determination of

machine parameters.
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CHAPTFR VII

Analysis with Unbalance Spcondary

Injpcted Voltages

(Primary Symmetrical and fed with)
balanced voltages

7.1 General

The effect of spcondary circuit unbalancp on the

operation of a 3-phase induction motor was first invest-

6 1
igated by Georges . It was shown that the motor develops

steady torque at approximately half the normal speed with

single phase rotor. Since then, various aspects of unbal

ancp in secondary circuits have been the subject of

interest for many investigators ,e.g. (fief. 63-70).

The practical feasibility of Georges' phenomenon

has been exploited as a possible means of operating induc

tion motors at half speed with unbalanced external impedan-

ces as well as with unbalance connections of the sec-

70ondary winding . Intentional secondary unbalance has

also been suggested as a means of speed control over

wider range

The likelihood of secondary circuit unbalance in

Schrage motor is more than in an induction motor , while

it is either bad contact at slip rings or unbalance in

secondary circuit external resistors, which results in

induction motor secondary unbalance, the Schrage motor

secondary unbalance may follow as a consequence of bad

brush contacts, faulty brush gear and wrong secondary
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connections. In most cases, this gives risp to unbalance

injection of voltages into secondary, complicating the

situation. To the best of author's information, no pub

lished literature is available dealing with the study

and analysis of performance of a Schrage motor with

secondary circuit unbalance.

In this chapter, an attempt has been made to present

a method of analysing this aspect of Schrage motor

operation.

7 * 2 Qualitative Analysis

It is worthwhile to visualize physically the beha

viour of the motor with unbalance in secondary circuit

before analysing mathematically with the aid of symmet

rical component theory.

Let a positive sequence voltage V, of normal

frequency be impressed on to the primary of the motor.

The resulting positive sequence current produces a

rotating field running past the primary and tertiary

windings at synchronous speed. This field induces an

e.m.f in the secondary as well as in tertiary winding.

If either the secondary circuit is unbalanced or the

voltage injected in phases through brushes are unequal or

otherwise unsymmetrical, unbalanced currents in secondary

circuit would result. As shown in Appendix 7.1, second

ary current will consist of zero, positive and negative

sequence components since each ph^se of secondary is

individually closed unlike thp case of slip ring induction

motor.
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The secondary voltage and current are of slip

frequency sf when the rotor is running at a speed

nr= (l-s)n in the forward direction. The positive seq

uence component of secondary current produces a magnetic

field rotating relative to spcondary at sn but stat

ionary with primary positive sequence field. The inter

action of these two fields results in a forward direction

torque T,. The negative sequence component also develops

a field rotating with resppct to secondary at a speed

sn but opposite to the direction of positive sequence

field. As the speed of this field relative to rotor is

(2s-l)n , voltages are induced in primary as well as

tertiary windings. The tertiary winding voltage is injected

back to secondary at the correct frequency sf, for, the

speed of the field past brushes is sn . The primary

induced voltage forces a current of frpquency (2s-l)f in

its own circuit.

The primary current of (2s-l)f frequency sets up a

rotating magnetic field in airgap in a direction opposite

to that of positive sequence field but stationary with

respect to negative sequence field of - secondary. The voltage

induced in tertiary due to this m.m.f is once more injected

in secondary. A negative sequence torque similar to positive

sequence Schrage motor torque is devploped. This torque

Tg will aid T, if s)g and oppose if s<-?; .

The m.m.f due to secondary circuit zero-sequence

current is pulsating in nature. Moreover primary circuit is
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open for any zero-sequence operation. Therefore, no

zero-sequence component is possible in line currents.

However, a zero-sequence current shall exist in closed

tertiary winding, resulting in a small amount of torque

similar in nature to a single phase induction motor torque-

In fact multiple reflections as in the case of input zero-

sequence phenomenon, between secondary and tertiary will

result giving rise to large number of harmonics in

secondary current and ripples in net torque.

Besides the steady torque developed by positive and

negative sequence components of secondary current, pulsat

ing torques are also produced due to the interaction of

primary and secondary fields which are not stationary with

respect to each other. For example, the positivp sequence

field of primary interacting with negative sequence m.m.f.

of spcondary or negative sequence field of primary inter

acting with positive sequence m.m.f. of secondary rpsult

in torques pulsating at the relative slip frequency of the

two components. The magnitude of this alternating torque

is dependent upon the product of the magnitudes of thp

componpnts producing it. These torques would be responsible

for the vibration in motor as in the case of an induction

motor under similar circumstances. However, there is no

change in the net output of the motor due to pulsating

torques , since their mean value is zero.
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7.3 Analysis with unequal injected voltages
in three secondary phases.

Let the brush separations be p\» P2' and ^3'

and corresponding injected voltages in three phases be

E , E and E respectively. The schematic represent-

ation of secondary and tertiary circuit is as shown in

Fig. 7.1. Z , 2c and Z consists of tertiary winding

impedance and mutual reactance between secondary.and

tertiary. The voltages existing across the secondary

terminals (A,B,C and N in Fig. 7.1) are given by

Va = XaZa + E3a

Vb = Vfe + E3b
V = Z Z + E

c c c 3 c

.. (7.1)

I Z etc, are the effective impedance drops of tertiary
a a

winding accounting for sequence components of current.

Therefore,

I Z
a a

I„ Z + LZ + In Z2p ap 2n an 2o ao

Vb ~ a I2p2bp + aI2nZbn + In Z,

I Z^
c c aI2pZcp + a X2nZcn + I2oZco

(7.2)

In eqn. (7.2), the sequence impedance for each

phase is different because of different brush separation.
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The values of positive and negative sequence components

in terms of machine parameters may be obtained from the

following:

/>

ap
x33sin2p1+x23sinp1e ^sXgg sirf^

r,0,+j'an ' 3^1

Zbp = r3? 2+J

^n = r3^

(2s-l)X33sin2p1+(2s-l)X23sin§ie^ 2 +
i p-3 ' 2 ~sXggSinPjG 3 2

2 3(? -jf>
X33sin Pg+X23sin§2G +sX23sin£2G

. p
(2s-l)X33sin2p2+(2s-l)X23sinp2e 2 +

sX23sinpge-^2

Similarly for Z and Zcn .. (7.3)

The frequency of negative sequence current in

tertiary is (2s-l)f while in secondary it is still sf,

therefore for negative sequence component of impedance,

tertiary winding reactance is to be multiplied by (2s-l).

It is not easy to express the zero-sequence impedance

of tertiary along with mutual effect between secondary

and tertiary winding in mathematical terms as in case of

zero-sequence impedance of primary. This follows from the

fact that the effective magnetic circuit for zero-sequence

flux is radically different from that of positive or

negative sequence fields. Therefore, its value is to be

determined experimentally.
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The voltages across secondary winding given by

eqn. (7.1) may be resolved into their sequence components

in accordance with symmetrical component theory.

Therefore,

V2p = I2oZop + I2pZpo + X2nZnn + E3p

V2n = I2oZon + I2pZpp + I2nZno + E3n

V2o = I2oZoo + I2pZpn + I2nZnp + E3o

where,

PO

PP

pn

1

3

1

± ( Z + Zu + Z )
3 ap bp en

i ( ZaP +aZbP +*\p >
i ( Zap +*\p +aZcp »

_ 1•k ( z + z. + z
3 an bn enno

and

•3p
= i ( E„ + aE,, + a E

3a 3b '3c

'3n
= k ( E, + a%K + aE,r )

'3 a 3b '3c

'3o £ <E3a +E3b +E3c }

• • • 6XC ^

(7.4)

.. (7.5)

.. (7.6)

The voltage injected by tertiary into secondary,

say in phase a is E3a- This voltage is induced across

the tertiary winding turns separated by brushes 2^

electrical degrees apart. There are two fluxes namely

positive sequence and negative sequence in the airgap

due to primary current as described in Section 7.2. The

corresponding voltages induced in tertiary conductors
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are of different frequencies but as far as secondary

injection is concerned, their frequency is same. There

fore the two voltages may be combined together to obtain

resultant voltage. Thus,

5 P.
+ IlnG

,^21
E3a = X135i^l LV +IlnGiD

np3 [:

;f2l

; ~ X13s

X13si^2 LV +Ime 0
if* j' 2

lp In

(7.7)

As the secondary circuit acts as a source of positive,

negative and zero-sequence voltages, the performance equa

tions for the motor are to be written separately for each

sequence operation. The currents, torques etc., are then

to be determined from these equations. For positive sequence

operation, the performance equations are

Vl= hp (*1 + jXll + V*X12> + E^P 'r, Q\

-V2p= Xlp (JSX12) + V*2+^22)

For negative sequence

0=1.
In

"In

8X + j(2s-l)X11^ W2^1^ + Ei^2s~l)

I,_ ( jsXl2) ♦ I2n(B2+J«X22)
.. (7.9)

and for zero-sequence

"V2o ~ I2oZ2o
.. (7.10)
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In eqn. (7.8), E' represents the effect of second-
op

ary current through tertiary as felt by primary, such

that

E3p - E3a +aE3b +A3c
where,

E3a = X13S m#x [ -JP

V

.. (7.11)

-ift
+ ^n6

.. (7.12)

The value of E~ may be found out in a similar
o n

manner.

The total torque is obtained by combining the seq

uence torques. As discussed earlier, the torque due to

zero-sequence currents does not contribute to steady

value but results in vibration only.

In order to advance experimental support to the

results obtained in this section, knowledge of secondary

circuit zero-sequence impedance is essential.lt is not poss

ible to determine zero-sequence impedance of closed data

connected tertiary winding experimentally unless it is

opened at one corner. Although, it may be calculated with
the help of design data41, but this data was not available
for the Schrage motor under test. Therefore, experimental

verification could not be undertaken
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CHAPTEB VIII

Behaviour with Non-sinusoidal Supply Voltages

8*1 General

Usually the harmonic content in supply voltage is

quite small. According to the standard practice followed,

the magnitude of the time harmonics should not exceed

5 percent of the fundamental. But'if the power supply
is obtained from a solid state power source instead of

conventional generators, the voltage wave is far from

being sinusoidal, as in fact these sources supply period

ically reversed d.c. voltage. Consequently the so-called

a.c voltage is not sinusoidal although the wave shape of

three-phase voltages is cyclic. Further, if the voltage

impressed to a motor is controlled by delaying the firing

angle of a silicon controlled rectifier in the supply
circuit, the terminal voltage across the motor is never

sinusoidal. Therefore, in the light of present trend of

high voltage d.c. transmission using inverters at the
supplier end and use of solid state devices in static
frequency changers, consideration of time harmonics in

supply to induction type rotating machines has gained
importance. It is interesting to note that contrary to
the harmonics which may exist in conventional power

source voltages, the voltage wave in this case may have

any harmonic including even harmonics and harmonics of
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the order of (3n + 3); n being any integer.

In this chapter, an attempt has been made to ana

lyse the behaviour of a Schrage motor supplied with non-

sinusoidal voltages of the above type. In particular, the

effect on torque-slip characteristic with normal and

crossed brush positions and heating of stator and rotor

have been discussed.

8. 2 Analysis

8. 2. 1 Nature of Harmonic Fields.

The resultant armature m.m.f. in the airgap of a

3-phase electric machine with respect to any reference

axis, due to harmonic excitation of the nature of,

2k

hojt + ©h " h 3 (m " 1)_ .. (8.1)
i = £ Lm h h sin

77
is given by ,

M = F £ 2
h P

^p
P
22L. I sin Ihwt+0hip(x-xo) -ij .♦ (8-2)

where, i is the current in the mth phase, eh is the

phase angle of the hth time harmonic and p is the

space harmonic such that h = 3n+p.

The expression (8.2) represents a system of trave

lling waves having the speeds,

it

t
4$ .u, - &&• for h = 3n+p
dt o p

JL 4$ =u_> + kg- for h
•f- dt o p

= 3n-p

.. (8.3)

.. (8.4)
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where,Co0 - (^° }is the armature sPeed'

Co = 2Tif, and

f = the frequency of the fundamental of
the voltage wave.

For a Schrage motor considering the space distri

bution of mmf as purely sinusoidal, the mmf wave

due to time harmonics of the order of hp = (3n+l) will

always be rotating in forward direction with a speed of

(h M _n) in space, while if the harmonic order is
F s

ho = (3n+2), the field rotates backward at a speed of
B

(h^N + N). The voltage wave time harmonics of the order
v B s

of (3n+3) are in the same time phase in all the three

phases (Eqn.8.1), and their effect is analogous to that

of the zero sequence voltages. In the absence of a return

path for inphase components, there is no mmf due to

these harmonics irrespective of their origin. The slip

with respect to stator for hth harmonic field in terms

of fundamental field slip s is given by

sh
= 1+ (1-s) / h •• <8'5)

8.2.2 Operation with hth h.3jaaflai£_jLP-ILaa£

If a 3-phase balanced sinusoidal voltage of freq

uency hf and magnitude Vh is impressed on the prim
ary of the motor, the corresponding airgap field rotates
at a speed of s^ with respect to stator. The voltage
induced in the stator winding is of the frequency hshf

and the same frequency voltage is injected by the tertiary
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winding owing to the fact that the relative speed of

the airgap field with respect to both stator and brushes

is the same, irrespective of its speed with respect to

rotor. If the deep bar and skin effects due to higher

order time harmonics are neglected, the currents in

primary and secondary circuits are given by

l+jhkC(T' sin§+T^oeja)sinP +
i -A1lh jhX

11

Aa.

_l+jhkT (T' sinp+T' eJOC)sinp- +
3s"

U(T' +T' e-Jasinp)l
-J oriUJ T« e in§)j

(8.6)

Ps
SI

2h
fa

kV
h

shXl2+X13sin^
ja

Xn1B
lie l+jhkCm sinp+T' eJ<*)sinp +

3s

(8.7)

sh(T2s+T,Ase'"Jasi^):]

In these equations a is the effective brush axis shift

such that a=?i for h=(3n+l) and a= P2 for h=(3n+2).
The factor k accounts for the change in the secondary

circuit resistance due to brush separation as well as
- (1-s )frequency effects. Since sh = 1 + JJ£a-t , it approaches

unity as the order of harmonic increases even if the motor

is running at supersynchronous speed. Therefore, for every

high order harmonics i.e. h >>1, the expressions (8.6)

and (8.7) reduce to

V, 1+jhT^k
lh " jhXu 1+jhT'k

•2h

*Vh X12+X13sinP
X.,R

11 e
1+jhT^k

(8.8)

(3.9)
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where, V =T»q +T^sin2? +2T '̂ sinpcosa

T. = t' + T' sin2p + 2T' sinpcosa
s 2s 3 s v !'S

T' = ( T' sin§+T' cosa)sinp
Sl 0 5 o

t;2=t2S + Tpssin^cosa

The torque developed by the motor with hth har

monic voltage is given by

KX?2+Xl2Xl3sinPCOSa) +
hkXl2X13sinpsina(shTgs+T3;ssin p)

V,2k
h

n An e Cl-hk2T;qsin§sina(l-shn +^,dk^L(T3ssinp +
2

t" 1 ' piT;scosa)sin(3+ sh (T^+T^sinpcosa 2
. (8.10)

For higher order harmonics

V, P kX19
Torques ~ { ~ )

kll
R

. 2,(X12-X15sinpcosa)+hkXi:^sinpsina(T^+T^ssin /*)

1 + h2k

Primary copper loss:- (
V

h
•)

*Ci *^T" f ^

2, 2T , 2
1+h k T

o
* R

hXll7 l+h2k2Ts2 X
rxS+X^Sin2?

.. (8.11)

.. (8.12)

V. o , L2X1ox1^sinPC0Sa -Secondary circuit K (__h)2 _± —l^_Li__-— •• (8.13)
copper loss 11 e l+h2k2T'2

The above expressions are independent of the speed

of the motor. Therefore, the torque developed by the motor
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and corresponding electrical losses are all constant in

magnitude and simply depend upon the amplitude and freq

uency of the harmonic voltage, The input to the motor is

given by

p. - ( vMXliy L+h2k2Ts2
F

r^Cl-h^V2) +
h o

2X22+X23sin2^+3Xl2X13sinp.cosa+hkXl2X13
. 2.sinpsinaCU +T' sin p )

R

*C, CT t (Lv v i i i_ ^i &-r | »—,Also, since tik*T,<:>>1 and hckcT'^»l,
0 ^

ph- <KXllTs
R.hT'2 +

1 o

2X22+X23sin2^+Xl2X13sinp [..3cosa +
hksina(T2s+T3ssin2p) J

k B
e

.. (3.14)

If the copper losses in the two circuits of the

motor at standstill with sinusoidal impressed voltage of

fundamental frequency are:

V2 1+T^k2
Primary copper loss: W•. = 2- ( ~2~"2^ ft,

Xll 1+Ts k

Secondary «,
copper loss c2

Vl , X22+X23sin2p+2Xl2X13sin^osf R^k
'(-

T,2k2
s

X
11
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then, assuming that k for hth harmonic is approximately
equal to that with h=l, s=I,

t V
Primary copper loss

s

9 9 9
1+T'V T!*

)(( W ( "
2) W .. (0.15)

n2 i+tiV
Secondary copper loss •(£§") ^,2 Wc2 .. (0.16)

Also, the torque due to hth harmonic in terms of the

fundamental voltage torque at standstill is given by,

Vh 1+Ts2
h V, . 2-j-, 2

(X22+Xl2X13sin§cosa)+

hkX13sinpsin (T^+T^sin2^)
(X22+Xl2X13sin0cos/,1)+

. 2rX13sinp.inP1(T$s+T£88in p)k

.. (0.17)

It follows from the above deductions that to

include the effects of higher order harmonics of voltage

wave, it is not necessary to consider the effect at diff

erent speeds. A constant magnitude term, corresponding to

each harmonic present, is sufficient to describe the

desired effect (torque as well as copper loss).

8.2.3 Qp,er^tj_nn_with non-sinuso.idal_su&p_ly.

For analysis of the behaviour of an electrical

machine under harmonic excitation, it is customary for

the sake of simplification to neglect the saturation

effects. Therefore, the performance may be described by

proper summation of effects of each harmonic present in
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the impressed voltage, considered individually. As dis

cussed in section 0.2.1 harmonics of the order of (3n+l)

result in forward rotating field while those of the order

of (3n+2) produce backward rotating field. Consequently

the nature of the torque developed corresponding to (3n+2)th

harmonic is opposite to that for (3n+l)th harmonic.

Therefore, it should be more convenient to sum up the eff

ects of the two groups of harmonic separately and then to

combine them. Now due to all harmonics of the order of

hp = (3n+l), the primary current is given by

"lh,

\- VbF
Vjh„XF"U

J/»1+jk [hF(T^osin|3+Tf;oe ' )sin§ +
-3 P.(hF-l+s)(T2o+T;QS 'sir*)]

J*
+1+jk [hpOT^sinp+T^G )sin§

- j p
(hF-l+s)(T2s+T^se ' ' sin|3)]

..(0.10)

The r.m.s. value of the current may be obtained from the

expression

lh,

V.h_ Cl'(l-s)kT' sinf3sin/;]2+k2C(3n+l)
F : : Q

a/I h=o hFXll _.l-(l-s)kT' sin£sinp,_2+k2_"(3n+l)
> L ' b

(TI sinfl+T,' cosp, )sinp +(3n+s )
_ 3q J- La _!

(T» sinp+T^cosf, )sinp+(3n+s)

(T2n+T;osin^cosP, )_]2
(T« +T« sin#cos/> )I|2

.. (0.19)

If it is assumed that except for n = 0, the harmonic order

is high enough to make s^p»l> the current is given by
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V.

'11

l-(l-s)kT'posinpcosr;J2+k2E(T^sinp+
___

Cl-(l-s)kT,CssinpsinPf1^+k'c;_;(T3;ssin^

TJ cosf^ )sinrj+s(T2o+T'.osinpcos/; )_"
T^cos/; )sinp+s(T^q+T;,c;sin§cospl )J ''

2s rs"

2V,
T'

o \
\(3n+l)X t;/

n-1

+

Similarly the secondary circuit current is

•2h, ( --1-" )2 '
X,,R

11 e

. 2.s2X22+X^3sin^+2sXl2X13sinpcosP

Cl-kT'ssinpsinP (l-s )_2+k2 |jT3ssinj3+
T' cos/j )sinp+s(T2s+T/;ssinpcos^ )_l 2_

.. (0.20)

+

>, \ ,2 xk_____E:i_i_i^fL
Z_ xn5
n=l

(3n + 1)'

.. (0.21)

The approximation taken for eqns.(0.2O) and (0.21) is valid

only in subsynchronous zone, since the harmonic field slip

does not approach unity unless n is large when the mach

ine is running in supersynchronous region for which slip

is negative. Therefore, for supersynchronous zone it would

be more appropriate to approximate for n>2 only, both for
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hF as well as hg. With this consideration, expressions
for primary and secondary current may be written similar

to eqns. (0.20) and (0.21), if the order of harmonics is hg.

The total current in the two circuits may be obtained

from -

= J( Ilh,
+ I

lh
B

)
.. (0.22)

J( I2hT + I )
B

The total torque developed with all the harmonics

considered is given by

- T, T,
lB

where,

(3n+s)- X12+Xi3sin^cosPi
(3n+l)

(3n+l)X13sin#sin P, .

(n_%Hp,+ T' sin2p)

+
1

kX

hF X2 R
11 e

12 I \ 2
)Vh

2s 3n+l 3s'

F Cl-kT', sinpsin y (l-s) _T'+

k2C(T3ssinp+T(;scos/j' )(3n+l).

sinp +(3n+s)(T2s+T;ssinpcosP()32 "

.. (3.23a)

.. (0.23b)
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5n+3-s

3n+2
)X12+X13 sin(p cosfg+ (3n+2 )X13 sin?

o /'t t 3_n+3—s , T t • 2 \
2Vi2s 3n+2

Ll+kT^ singsinpg(l-s) J " +

k2C (T3$sin|+T^scoaP2) .

(3n+2)sin0+(3n^3-s).

(T2s+T^ssinpcosP2)_J2

.. (0.23c)

8.3 Discussion

8.3.1 Torque developed

The general expression for the torque developed at

any value of brush separation and brush axis shift, with

non-sinusoidal supply voltage is giver by Eqn. (8.23).

This expression may be simplified further for a parti

cular mode of operation of the motor. As for example, if the

power factor control is not desired,both P^ and P2 are
k or zero for normal and crossed brush settings respect

ively. Thus, for a neutral set motor, the torque is given

by-

(i) For normal brush setting

kX
12

2

11 e

V2
sX, 2-X,3sin§

1 i+k2(T;1+ST;2)

Xl2-X13sinp
2 2

T' k •

u2 _!__5iLX______
2 V2 2/t, _ 3-s^, ^2i+4k2(i;1+ ^t;2)'

V h?\2
V.
hss2

+

(__n_)^ _ (
3n + 2' .. (8.24)
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(ii) For crossed brush setting

T -

kX
12

2
Xf.P

11 e

2 . sX12+X15sin^
2 <c

2 --T Xl2+X13sin^
VL l i+k2(T;1+ST;2)^ * i+4k^(i;1+ ^ t;2)

(\v_ 2lnTf xi2+xi5sinP _•
v 3n+l' . 2/T, , 3n+s T, ^2

k lsl 5n+l ls2J

rVhB ,2 JTTl- Xl2+X13si^
1 3n+2 ; .2/-, . 3_+3-^ T, n2

k Usl 3n+2 is2;

T

+

.. (8.25)

It is obvious from eqn.(8.24), that the magnitude of the

torque due to forward rotating as well as backward rotat

ing harmonic field is almost constant irrespective of the

speed of the motor. Moreover both components decrease

rapidly as the order of harmonic increases and equals to

the torque developed by the motor at standstill under

that particular harmonic excitation. Therefore, when a

Schrage motor is made to run at subsynchronous speed, its

behaviour is similar to an induction motor under the same

operating conditions, but in the present case, the decrease

in the net torque reduces as p is increased. In the

crossed brush position, P± is zero and slip is negative.
This change in operating condition necessitates that s^

is not taken equal to unity, although from the denominator

of the torque expression, unity may be neglected compared

to k2h2(T' +T' s, )2 . Consequently the torque expression
si s& n

reduces to that of Eqn. (8.25). It may be deduced easily

that in supersynchronous zone, the reduction in torque
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due to time harmonics, in terms of the torque developed

by the fundamental frequency voltage is more compared

to the subsynchronous case. However, as before the change-

in torque is influenced by the value of £ and reduct

ion in torque increases with increase in brush separation.

Figure 8.1 shows the calculated speed torque ourve

for a Schrage motor supplied with a non-sinusoidal supply

having the following harmonic contents in p.u.

\fl - 1 Vg = 0.21
V4 = 0.104 V5 = 0.446

Vr? =0.67 V8 = 0.045

V0= 0.93 Vu= 0.0051

Vl2= 0.284

It is obvious from the curves drawn for different

values of p , that the general nature of the torque is

more or less the same as discussed above. The torque

reduction is more as the speed decreases, being maximum

at standstill. Although from the curves it appears that

the decrease in the magnitude of the torque is not subst

antial in the usual operating range, but in actual prac

tice it may not be so due to increase in resistance as a

consequence of skin effect.

8.3.2 Stator and rotor heating

The primary and secondary circuit copper loss may

be determined with the help of Eqns.(8.6) and (8.7).



%

FIG.8I SPEED TORQUE CHARACTERISTIC OF A SCHRAGE MOTOR

WITH NON-SINUSOIDAL SUPPLY VOLTAGE.
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Accordingly,

Primary copper loss -

oo

__

9

xfi11 o

2, 2(!hj2Cl-kT;nSinMina(l-sh)3^kV (T^+s^g)
h JIl-kT'pssin^sina(l-sh)l2+k2h2(T;i+shT;2 )2

Stator copper loss -

2
kP

2e
2 2

P Xf, -
ell o

V

2 (shX1p+X1ssingcosg)2 +X^sin ft sing
2, 2,l-kT» sinp singU-sh) J ^'h^T^T^ )

J

(8.26)

For a neutral set motor

2 1+k2(To1+sTo2>2
2

+Primary copper loss _1_

X2Xll

V

_ x i+^(t;1+st;2)'

Stator copper loss fit !__
2 2

e 11

V
2 __ili_2__i_2__

llsl 2 1s2;

(y$)22> (^)2

+

v2 (sX, 2+X13_ii_^ c0 Srr ^̂
• l i+k2(T;1+ st;2)2

v

(3g X12+ X13sinPcoSg)'
2 4k2(T^+ 2|S T<

s2

(8.27a)

X12+ X13sinf cos« g\ V^fi
T'

s

.. (8.27b)
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The rotor which carries two windings will he

heated up by the copper-losses of both primary and

tertiary windings. Therefore, the rotor copper losses

are given by

Rotor copper loss s_ Primary copper loss +

Stator copper loss ..(8.28)

Stator copper loss

Rotor copper loss

M*)
R
'2e

The Eqns.(8.27) and (8.28) show that the copper

loss in both the members of the motor is approximately

constant at all speeds for values of h»l. Interestingly

the extra copper losses in both the members due to time

harmonics are more or less in the same proportion i.e.

E (Vh/h)2. In terms of the standstill copper loss of diff
erent windings with sinusoidal voltage, the extra loss with

non-sinusoidal supply is given by

l+k2T' 2
s_

9 9
k^T'^

9 2
l+k~T'^'

s

T
,2

E('̂ )2

S(^)2

w
c2

T

.. (8.29)

,2

<Wrl '^~2 + Wc3 }cl 1+k2T,^ CO

. . (8.30)

It may be easily seen that the total copper loss with

sinusoidal voltage of the same r.m.s. value as non-sinusoidal

voltage is more than with non-sinusoidal voltage, approxi

mately in the proportion of Z(Vh )2/Z(Vh/hf. However, all
these deductions are valid only if the skin effect is igno

red. In fact, actual copper losses with non-sinusoidal

supply are expected to be more than calculated one both in
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stator as well as rotor due to increased effective resis

tance of the respective windings not only as a consequ

ence of high frequency but stray load losses also.

The iron loss with non-sinusoidal supply is more

than with sinusoidal supply of the same r.m.s. value

particularly in primary winding which is embedded deep in

the slot. The hysteresis loss would increase in propor

tion to the harmonic order while eddy current loss to the

square of the harmonic order i. e.hysteresis loss would be
9 2more approximately in the ratio of (EhV^ )/(EV^ ), while

eddy current loss is more in the ratio of (Eh^ )/(EVh ).
Moreover the degree of saturation augmented by deep bar

effect would be more with purely sinusoidal voltage than

with any individual harmonic of non-sinusoidal supply.

Therefore, it may be concluded reasonably that heating of

the machine would be practically the same under both

supply voltages.

To sum up, the nature of harmonic torque depends

upon the order of the harmonic. The torque magnitude is

not only a function of p.u. harmonic content and harmonic

order but it is also influenced by the brush separation

and brush axis shift of the motor. It has been shown that

reduction in torque magnitude for a neutral set motor for

given harmonic contents, is different with normal and crossed

brush positions. This harmonic torque expressed as percent

age of the torque developed with fundamental component of

voltage wave, increases with brush separation for normal

brush setting. If the motor is set to run at supersynchronous
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speed with crossed brushes, the reduction in torque is

more than with normal setting for a particular brush

separation.

The copper losses of a Schrage motor are more with

sinusoidal voltage supply than with non-sinusoidal supply

of the same r.m.s. value. But due to increased iron losses

and effective resistances of the different windings, it

is expected that there would hardly be any noticeable

change in heating of the motor under two conditions of

operation. It follows, therefore, that whereas the torque

developed by the motor is reduced approximately in propor

tion to the square of the ratio of the effective value of

fundamental and r.m.s. value of impressed voltage, the

thermal requirement is unaltered. Consequently, the allow

able output of the motor is restricted from heating consi

derations and is less with non-sinusoidal supply of the

same r.m.s. value as rated voltage. Therefore, it is desir

able that the percentage of fundamental in a non-sinusoidal

voltage should be as large as possible for more economical

operation of the motor.
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CHAPTEP IX

Main Conclusions and Scope for further work

9.1 Conclusions

A polyphase motor is likely to be subjected to

abnormal conditions of operation during its normal work

ing. Prediction and calculation of the performance of

such an operation is an important problem. The investi

gation reported in this thesis was undertaken to enable

determination and analysis of the behaviour of a Schrage

motor under some of the abnormal conditions. The basic

purpose was to investigate operational features and limita

tions,if any, or otherwise, to ascertain feasibility of

improvement in performance and to make necessary recommend

ations to meet likely contingencies. The following abnormal

operating conditions were considered:-

(i) Unbalanced supply voltages,

(ii) Single phase supply,

(iii) Balanced supply but voltage injection to secondary
unbalanced, and

(iv) Non-sinusoidal supply to the motor.

In order to study these conditions , a general and

comprehensive method of analysis has been developed. It is

also applicable to induction motor as a boundry value case.

The main features of the present work are summarized in the

following.



-119-

The steady state behaviour of a Schrage motor

under various conditions is completely represented by the

performance equations deduced in Chapter II. The equa

tions are in terms of measurable machine parameters. The

methods for experimental determination of constants have

been described. Later on, substitution of derived para

meters of time constant nature in these equations offers

an elegant approach rendering simple and comprehensive

expressions which permit calculation of performance charac

teristics for the entire range of operation,

The negative sequence impedance for any value of

brush separation and brush axis shift may also be calcul

ated by same set of equations which describe the positive

sequence impedance of a Schrage motor. However, resistance

of secondary circuit is to be properly accounted for

frequency effects. It has been shown that positive sequence

as well as negative sequence impedance is similar in nature

to that of an induction motor. If the brushes are adjusted

for subsynchronous operation, both Z^ and Z^ are more

than that for supersynchronous setting. The value of Z_

decreases with speed for normal brush setting. But with

crossed brushes, variation in Zn is very little. Larger

the brush separation, lesser is the variation in Z^ with

speed. Therefore, negative sequence impedance of a Schrage

motor may be assumed to be constant and equal to corres

ponding standstill value provided the brushes are crossed.

It is difficult to relate zero-sequence impedance

of a Schrage motor with machine parameters. But it has
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been found that its magnitude remains more or less un-

effected by different brush separations, although charac

terized by sharp peaks at ng/3 and 2n /3. For analytical

purposes, it is sufficient to assume a constant value of Z .

The Schrage motor characteristics may be looked upon

as those of an induction motor but modified by both voltage

as well as current injection in its secondary circuit. It

is argued that to and. fro transfer of the slip power bet

ween tertiary and secondary windings of a Schrage motor is

responsible for bringing out the main changes in its charac

teristics and governs the no load speed, magnitude of torque

and region of stable operation. The current injection also

contributes to the magnitude of the torque. The pull out

and starting torque may be looked upon as that of an induc

tion motor with changed secondary winding resistance, duly

modified by current injection. It seems feasible to adjust

the design of the motor to obtain high starting torque with

subsynchronous setting.

The behaviour of a Schrage motor under unbalance

supply voltages is governed not only by the degree of

unbalance but brush adjustments also. The torque-speed

characteristics for entire range of operation have been

deduced. It is found that the reduction in the net torque

developed by the motor is more with normal setting than

with crossed brush settings. But for moderate unbalance the

torque reduction is small and the full load speed is not

likely to be affected seriously.The power flow concept
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renders the necessary physical explanation to this

behaviour.

The current unbalance of secondary circuit always

exceeds that of primary. The total secondary current under

unbalance supply voltages may reach prohibitive propor

tions when Schrage motor is operated with crossed brushes.

Threfore, it is desirable that the load on the motor is

restricted so as not to damage it.

The possibility of limiting the output of a Schrage

motor under unbalance supply voltages has been examined

from thermal as well as commutational considerations. It

is expected that unlike an induction motor, the heating

due to secondary current imposes the thermal restrictions

in case of a Schrage motor. Commutation also gets deter

iorated but it is the heating which derates the motor.

A new conduction coefficient has been proposed to account

for the temperature rise of the machine, but it is found

that its value is unaffected by degree of unbalance and

speed of the motor. This makes the allowable heating of

the stator of a Schrage motor independent of conduction

coefficient. The desirability of relating rerating with

voltage unbalance has been stressed. Accordingly, the

criterion,method of calculation and typical results reg

arding rerating are discussed. It has been shown that a

Schrage motor operation is comparatively safer on un

balanced voltages with subsynchronous brush setting than

with crossed brush setting. The rerating factor which

decreases with increase in voltage unbalance depends upon
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the positive sequence voltage. Even a small voltage

unbalance may result in substantial reduction in allow

able load subjected to brush adjustments.

The general performance equations are applicable to

the analysis of the behaviour of the machine when connec

ted to single phase supply. Investigations on single

phase operation of a Schrage motor revealed one very

interesting feature, that it may develop starting torque

provided the brush axis shift is other than zero. The

magnitude of starting torque is approximately proportional

to the sine of the angle by which brush axis is shifted.

For the same brush separation and axis shift, the torque

is comparatively more with normal separations than with

crossed separations. However, larger the brush separation,

more is the torque. It is shown that a large brush separ

ation with normal brush setting and axis shift by an angle

whose cosine is equal to the no load slip pertaining to the

adjusted brush separation, results in sufficiently high

starting torque. The direction of the starting torque

depends upon the combination of brush axis shift and brush

separation. If a Schrage motor is allowed to run on single

phase supply, its direction of rotation will always be

such as to make brush axis shift opposite to one, needed

for power factor improvement under three phase operation.

Assuming that the direction in which machine runs when all

the three phases are energized is the forward direction,

brush axis shift should be along the direction of rotation

with normal separations while it should be opposite to the
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direction of rotation with crossed brushes to obtain

forward rotating torque of a Schrage motor under single

phasing.

The starting current with single phase supply bears

a definite ratio with the current drawn by the machine

when connected to three phase supply without altering

brush adjustments. Therefore, single phase starting

current would be comparatively less in magnitude with

normal brush setting. To restrict the starting curreut

and to obtain simultaneously high starting torque, it is

suggested that a Schrage motor ought to be switched on to

a single phase supply with large normal brush separations

and corresponding axis shift. The direction of rotation

should be reversed by changing the axis shift, not by

crossing over the brushes retaining axis shift undisturbed.

The running characteristics of a Schrage motor on

single phase supply conform to shunt nature. The no load as

well as running speed may be adjusted to any desired value

within design limits.

The response of a Schrage motor on the occurrence of

single phasing while already running on three phase supply

is governed by the combination of brush setting, separation

and axis shift. If axis shift in conjunction with brush

separation is such as to allow the. motor to develop torque

in forward direction, motor will continue to run provided

the developed torque is sufficient to meet load demand.

If brushes are crossed and axis shift is opposite to the
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direction of rotation, the current input would be excess

ive, although forward direction torque results. If initial

value of axis shift is zero, the operation is similar to

an induction motor on single phase supply. On the other

hand, if axis shift is such as to affect power factor

improvement under three phase operation, the net torque

developed on the occurrence of single phasing is in reverse

direction. The motor decelerates to standstill. It may run

in opposite direction provided starting torque correspond

ing to the adjusted brush setting is sufficient to over

come shaft load. It is desirable to run the motor with as

little axis shift as practicable, best being zero, in

order to restrict power factor deterioration.

A method to analyse secondary circuit unbalance with

symmetrical primary conditions has been presented. It is

shown that under such condition, the secondary circuit

becomes a source of negative and zero sequence voltages.

While the negative sequence component contributes to the

net torque developed, the zero sequence torque is mainly

pulsating. The performance equations obtained are not

amenable to physical interpretation but it may be easily

visualized that the presence of zero sequence will cause

vibrations and large number of secondary current harmonics.

The usual Georges phenomenon, however, is always present

whenever secondary circuit becomes a source of negative

sequence voltage, in induction class of machines.

The theory of a Schrage motor under non-sinusoidal

impressed voltages has been discussed. Methods have been



-125-

suggested to calculate torque, current, losses etc The
torque developed by time harmonic voltages is small in

comparison with fundamental torque but the losses of the
motor supplied with non-sinusoidal voltages may be appre

ciably different from normal operation losses. The actual

performance depends upon the waveform and the amplitude
of impressed voltage.lt has been concluded that the har

monic torque expressed as percentage of the fundamental

component torque increases with brush separations, this
increase being comparatively more when brushes are crossed.

The losses of the motor with or without harmonics

in voltage wave are expected to be approximately same,

while the output of the motor is reduced with nor-

sinusoidal supply of the same r.m.s. value as rated voltage.

Therefore, it is recommended that the voltage waveform

should have low harmonic content or the loading of the

motor should be restricted.

9. 2 Scope for further_work

The abnormal conditions investigated in this thesis

are the most common one. The present method of analysis may

be extended to cover more complicated cases such as double

unbalance, asymmetrical arrangement of the three rotor

or stator windings.

In the text of this work, the possibility of obtain

ing high starting torque under normal operation, by suit
ably adjusting design parameters is mentioned. The implica
tions of modifying machine dimensions on running
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characteristics has not been looked into in detail and

may need further investigation.

The rerating of a Schrage motor under unbalance

supply voltages has been determined on the basis of stator
heating , assuming that rotor heating is not a deterrent.

But the likelihood of the presence of severe hot spots on

rotor can not be ruled out and a further check may be

carried out. However, the method suggested may be usefully

exploited to ascertain the permissible loading of the motor

on reduced voltage condition.

The capability of developing starting torque on

single phase supply by a Schrage motor provides not only

a interesting study but also a practically possible propo

sition for the development of a new single phase drive. A

machine having single winding primary, two or three phase

secondary and a corresponding tertiary winding, may prove

to be an economical, efficient and flexible arrangement

for single phase drives of low h.p. rating. An application

for the grant of patent of such a motor has been moved and

further work is being taken up.

The analysis pertaining to secondary unbalance was

confined to the theoretical formulations only. More infor

mation and investigation is necessary to embrace peculiar

ities of the behaviour of a Schrage motor near synchronous

speed caused by secondary unbalance.

In this thesis, only an approximate estimate of the

characteristics and losses of a Schrage motor fed with
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non-sinusoidal voltages has been presented. Although,

it is sufficient to give fairly good idea of the response

of the motor under this condition but a more detailed

investigation need be done to examine precisely, the

nature and variation of its losses.
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APPENDIX 2. 1

Power developed by a Schrage Motor

The motional impedance for a rotating electric

machine is obtained by retaining only those terms of tran

sient impedance matrix which correspond to speed voltages

and omitting all others. For Schrage motor, eqn.(2.2)

gives,

EX*) 3-

M21b M23sin
L22J

-M12Y3
"^M23-
sinS _L22^

The self-impedance terms in the motional impedance

matrix do not contribute any torque since the airgap is

uniform and there can be no reluctance torque. Elimination

of these terms and division by common factor L) gives the

torque matrix as
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1 ! 1

I i

i
1

j
1

M21 "2?jpr p

!

i

-M12
"M23 .

singe ^ I
1 !

!
-

Since the steady state power and torque are required,

ldl = h' iql ="JI1 ' ^2 = l& = l2 3nd V = l*
-jl2. The electrical power is then equal to

P =3UBeCl|(-5Wl2)I1 +I|(-jM23sinpe_J^ )I_L _[
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APPENDIX 2.2

E_££-lsl£fl£-l--,-C,lk on th.e.J/aliditX-Qi
Power Flow Concept

To ascertain the relative magnitudes of secondary

induced voltage and that- injected by tertiary winding at

no load, the no load speed of a Schrage motor was recorded

for different brush separations in its entire speed range.

Measurement of open circuit voltage across brushes as a

function of 0 and secondary winding voltage was carried

out. The above two records were co-ordinated to plot the

secondary induced voltage and the voltage across the brush

halves of each phase with respect to no load speeds in

Fig. A2. 1. It may be seen that s£2 is greater than
injected voltage for subsynchronous setting and vice-
versa for supersynchronous setting. The difference between

the two voltages increases with brush separation.

To check the validity of power flow concept, two

tests were performed.

Test 1- A wattmeter was inserted between secondary and

tertiary windings such that it reads positive if the
power is conducted from tertiary to secondary windings.
Wattmeter observations were recorded with a dead load on

the shaft of the motor. It is evident from the observat

ions reproduced below that power flows from secondary

to tertiary with normal brushes and from tertiary to

secondary with crossed brushes. The magnitude increases

with an increase in separation.
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Brush setting Brush separa
tion in

degrees

Wattmeter
reading in

Watt s

60 -190

Normal
45

30

-155

-120

0 - 20

4 0

30 + 160

Crossed 45 270

60 380

80 460

Test 2- The power input to the machine was recorded for

various speed settings maintaining the ratio (power output/

speed) constant. The input power was calculated with a

knowledge of airgap power, various losses and conceived

power handling by tertiary winding. The table given on

page 140 shows typical values for three brush settings,

compared with observed input power. A close agreement

between the two confirms the power flow concept.
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Input power in watts
No. Brush Setting

._a___l____L .£&_£!_:_d_

1. Induction motor
operation (§=o)

2. Normal brush
separation
(subsynch. speed)

3. Crossed brush
separation
(supersynch.speed)

1715

1457

2079

1740

1475

2090
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APPENDIX 3.1

Experimental details

Tests were conducted on a 220/380 V, 5.5-8/3.2-4.9A,

0.5 - 2 KW, 50 c/s, 4 pole, 600-2200 rpm Schrage motor to

verify the analytic deductions. For this purpose, motor

under test was coupled to a calibrated d. c machine.

A3.1 No load losses

The various losses of a Schrage motor vary widely

in its operating speed range. Due to somewhat complex

nature and peculiar power flow in this machine, different

losses are supplied from different sources under test

conditions during its abnormal operation. Therefore, a

precise knowledge of the magnitude, variation with slip

and source of these losses is essential. The following

losses are recognized in this motor at no load:

(i) Mechanical loss, P - (a) Bearing friction, slip
ring brushes friction
and windage loss, P, ,

(b) Brush friction loss at

Jo;
commutator, P, ,

(ii) Iron loss, P^ - (c) Rotor hysteresis and
eddy current loss
(independent of rotor
soeed) Pcl - Phl+ Pel,

c

(d) Stator hysteresis loss,P^g,
(e) Stator eddy current

loss, P.

(iii) Parasitic loss, P_ - (f) Surface loss, P ,
P bP

(g) Loss in short circuited
coil (tertiary winding),
P .

sc
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The method to determine and separate these losses

45
is essentially the one used by Alger and Eksergian .

The following test procedure is adopted:

Test 1

A separately excited d.c driving motor is run at

no load with a constant field current. The armature is

supplied with a variable voltage through a Ward-Leonard

arrangement and excitation adjusted to obtain speed of

driving motor equal to the highest speed of Schrage motor,

with rated armature voltage. The no load input power is

recorded and variation of no load losses with speed after

correcting for copper loss is plotted, [[curve 0, Fig.A3.1aJ.

In this as well as in subsequent tests, the armature curr

ent of d.c machine is small enough to enable the effect

of armature reaction flux to be ignored.

l£_t_2_

The driving motor is coupled to Schrage motor under-

test, and the power drawn by it to drive the combination

with unexcited Schrage motor is measured for different

speeds. Now the test motor is fed with normal rated volt

age with secondary circuit open. The phase sequence of a.c.

is ensured to develop rotating field in the same direction

as that of the set. The input power to driving motor and to

the Schrage motor at different speeds is recorded once more.

The corresponding curves after due correction for copper

loss are respectively 1, 2 and 5 in Fig. A3.1(a).
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Test 5

The test 2 is repeated with Schrage motor unexcited

as well as excited but brushes lifted from commutator (not

fro^ slip rings through which power is fed to the primary

of test motor). The curves 3 and 4 show the d.c motor

power needed to drive the combination and curve 6, the

input to Schrage motor corresponding to curve 4.

The various losses from these seven curves are deter

mined as follows:

(i) The bearing friction, slip ring brushes friction

and windage loss, Pf, is obtained by subtracting curve 0

from curve 3.

The cummutator brush friction loss is given by the

difference of curves 1 and 3. The variation of total

mechanical loss P , with speed is shown in Fig.A3.l(b).

(ii) The rotor iron loss, P , is independent of speed

and simply depends upon the magnitude and frequency of

the applied voltage to primary. It equals to the mid

point of the vertical portion of the curve 6 at synchro

nous speed. The abrupt decrease in a.c. power of the test

motor at synchronous speed is owing to the reversal of the

direction of the hysteretic torque. Since the slip of the

primary field with respect to secondary is zero at this

speed, there is no secondary eddy current loss. Therefore,

the average value of curve 6 at synchronous speed corres

ponds to P t • Since curve 5 includes P , which is
cl sc

not absent even at synchronous speed, P , cannot be obtained
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as the average value of this curve at synchronism unlike

46
a stator fed motor

The half of the amount of decrease in power at

synchronous speed of curve 6 is equal to P. « at stand

still because the hysteretic torque is constant in magni

tude upto that speed and equals to the hysteresis loss

491 \
of secondary at supply frequency (slip unity). At any

other speed, a portion, proportional to slip, of the

hysteretic power developed constitutes hysteresis loss

while the balance appears as mechanical power. The loss

is positive irrespective of the sign of slip and is

directly proportional to it.

The a. c power loss at standstill with brushes

lifted from commutator (given by the curve 6) equals the

total standstill value of iron loss P , since parasitic

losses are zero when rotor is stationary. Therefore,

stator eddy current loss corresponding to supply frequency

is given by the ordinate of curve 6 at speed zero minus

P , and P, 0 determined above. P Q at any other speed of
cl n<c ec

the motor may be obtained easily as it is proportional to

the square of the slip although an empirical formula has

47
also been suggested to determine it . The experimentally

determined value of P 0 at standstill is 31 Watts. Its
e<c

variation is not shown in Fig. A3.l(b) for the sake of

clarity.

(iii) The surface losses consist of tooth pulsation loss,

true surface loss occurring in thin layer of iron at the

slotted periphery of rotor and stator and the losses caused
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50by harmonics due to winding distribution . These losses

are absent at standstill and vary in some proportion with

speed. In test 3, as the brushes are lifted, loss in the

coils short circuited by brushes, Pgc is absent. The total

er input to the d.c. - a.c motor set must equal topow

(P +P +P +P ). Therefore, the variation of P_n with
K o m e sp sp

speed is given by

p (s) = (curve 6 + curve 4)- (curve 0 + P , +
sp ^ci „

pm + F.?m cc

or P„„(s) = (curve 6 + curve 4)- (curve 3 + Pc)
sp

The loss in short circuited coil, Psc , is given

directly by the difference of curve 6 from 5. This loss

is dependent upon the voltage induced in each coil of the

tertiary winding, number of coils short circuited by

brushes and the resistance of these coils . As the

tertiary and primary windings are on the same member of

the motor, the coil voltage is same irrespective of the

speed of the rotor and is proportional approximately to

the applied primary voltage. Thus Pgc is more or less

constant at all speeds for a particular excitation, as

is evident from experimental results and equals to 9 Watts,

A3 . 2 Dpt ft rmi nation of k_n

It is well known that the effective resistance of

a conductor, embedded in iron slot, changes as the freq

uency of the alternating current flowing through it

increases. Therefore, the secondary winding resistance to
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negative sequence current is higher than that offered

to the positive one. In order to determine this effective

resistance, a variable frequency test was conducted.

The stator of the Schrage motor was supplied with variable

freauency voltage obtained from the slip rings of an

induction machine run by a d.c motor. The rotor circuit

of the motor under test was left open and brushes lifted

from commutator. The input power and current were recorded

for different frequencies from 2 c/s to 100 c/s. The

effective resistance was calculated after applying due

correction for iron loss of stator as determined in

Section A3.1. To ensure constant flux throughout the test,

V/f ratio was kept constant and normal value of secondary

current was maintained.

The results of this test are recorded in Fig.3.2,

in somewhat unconventional form. Instead of plotting the

v ariation of RQrt as a function of frequency, the ratio
2n

R /B is shown with respect to slip, so that the factor
ep en

k is readily available corresponding to any forward field

slip.

It is to be noted that for torque calculation, a

prior knowledge of secondary current is essential to pro

perly account for variation of brush resistance Rb and

k . It has been found, however, that if Rb as well as

k corresponding to full load value of Ig are substi

tuted, the results are fairly close. Therefore in Fig.4.2,

k has been plotted taking full load current value of Rfe.
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A3.3 Experimental determination _gf
machine parameters

The parameters of the motor under test were deter

mined as described in Chapter II.

A very high order of accuracy is to be maintained

in the determination of self and mutual reactances. Even

a small error in the measurement of any of the parameters

may lead to substantially wrong results. In order to ensure,

the values of constants corresponding to the actual condi

tions during test, all parameters as well as subsequent

experimental verification was carried out under unsaturated

conditions.
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APPENDIX 4.1

Typical calculation and experimental verification

of unbalance operation of a Schrage motor

A Schrage motor with normal brush separation of
p = 40° was fed with unbalance voltage through three single
phase auto-transformers. The magnitude of Line voltages was

VAB = 182V ; VBC = 180V ; V^ - 216V .

The values of V = 192/6.67° ; Vn = 25/69.5° and Xv=12.4.*/. ;
were calculated in accordance with the method given by

Williams. The following table lists the calculated and exper

imentally observed values of impedances, currents and torque.

Quantity

P

Z
n

IP

In

•A

*B

T
P

T
n

Calculated value

58.5 ohm

23.6 ohm

3.28/-58.850 A

1-01_9__ A

-6.9 /7_9,7° A

-4.0/-55.10 A

-6.5Z45_j.l_. A

350 syn.W

14.4 syn.W

461 W

Experimental

60.4 ohm

24.8 ohm

6.4a

3.7A

6.3A

480W
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APPENDIX 5.1

Determination of the heating coefficients

In order to determine the values of CL and C^,

the following tests are carried out.

(i) The motor under test is driven at the desired speed

by an auxiliary motor and one of its phases is fed with

direct current. The magnitude of the current and steady

state temperature rise of each phase on the stator (or

rotor as the case may be) is recorded. The temperature

rise is measured by noting the resistance of a winding

by the help of a Kelvin bridge.

(ii) All the three phases are connected in series in

same sense across a d.c source and motor is driven at

the speed of the above test. The current and steady state

temperature rise in each phase is recorded. The test is

repeated for different values of current.

From the results of test (i), the value of (C_-C^j)

is determined. If phase a is fed with d.c, the temper

ature rise of phases a and b is given by

9a = CL PCL+e'

>b ~ ^ PCM +

Since PCL is equal to FCM, (CL-Cy) is easily calculated.
2

In calculating fcl^=I **)» R should correspond to hot

value pertaining to the final steady temperature as

recorded under test.
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For each current in test (ii), the temperature

rise can be written as

e = (cL + 2Si)pc + e£ .

Aplot of 9 vs. Pc gives the value of (cl+2Cm '̂
The values of CL and C^ or C can now be calculated.
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APPEI^DIX 7.1

Sequence voltages across unbalance impedances connected

t__b_Ian_£__4-w±r_i_s_BP_.y_^__it^£S

If three impedances Z. , Z? and Z„ are connected in

star and I. , I? and I, are line currents due to balanced

4-wire supply to the impedances, the voltage drop across

each impedance is given by

Vl = X1Z1 = (IP + Xn +V)Z1
V2 =I2Z2 - (a2lp+aln+ IQ)Z2
V.

2.1,2, = (al +a^I + I )Z„
3 o p n o 3

Therefore, sequence components of the voltages acting

across unbalanced impedances are obtained as,

Vp =^V1 +aV2 +aS}
Vn =. (V1 +aS +aV3 }
V=l (V1 +V2 +V

If combination of impedances is defined as follows:

I <VW = z

^ i (Va2Z2+aZ3)=Zn
then V =12 +IZ + 12

p op po nn

V = 12 +IZ + I Z
n on p p no

V =12 +IZ +IZ
o oo p n n p

Therefore, unbalance impedances fed with balanced

4-wire supply are equivalent to a source of negative and

zero-sequence voltages.


	BEHAVIOUR OF SCHRAGE MOTOR UNDER ABNORMAL CONDITIONS OF OPERATION
	ABSTRACT
	CONTENTS
	LIST OF PRICIPAL SYMBOLS
	CHAPTER-1 INTRODUCTION
	CHAPTER-2 ANALYSIS UNDER BALANCED CONDITION
	CHAPTER-3 SEQUENCES IMPEDANCES OF SCHARGE MOTOR
	CHAPTER-4 OPERATION WITH UNBLANCED SUPPLY
	CHAPTER-5 ALLOWALE OUTPUT UNDER UNBALANCE SUPPLY VOLTAGES
	CHAPTFR-6 SINGLE PHASE OPERATION 
	CHAPTER-7 ANALYSIS WITH UNBALANCE SECONDARY INJECTED VOLTAGES 
	CHAPTER-8 BEHAVIOUR WITH NON-SINUSOIDAL SUPPLY VOLTAGES 
	CHAPTER-9 MAIN CONCLUSION AND SCOPE FOR FURTHER WORK
	REFERNCES 
	APPENDIX

