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Apbstract

In this thesis, 2 systematic and detailed analysis
of the behaviour of a Schrage motor under the following

abnormal conditions of operation 1is described:

(i) Supply voltage sinusoidal but unbalanced,
(11) 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 st eady
state operation of the motor under palanced 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 1is 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
peen discussed. The technique of power flow concept has

peen used to provide physical interpretation of the
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pehaviour 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 a Schrage 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 outpﬁt 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 nut 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 1is

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 crosséd pbrush setting, the cffect
is more pronounced but once more 3% 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 contrél 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.
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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 »oint of view.

Same approach was followed by Rudra3’4, Conard, Clark
and Zewig5, Prankliné3 and De and Raylz, Gibb57 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, Shangl4, Kronvg, Taylor75, Mainer'2:5 and
Ogin024. 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-
jonal 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
assumed to be negligible. Bauman9 and Char‘ltonl3 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 applice-
tion of the Schrage motor, there is no record of
systematic attempt to analyse its behaviour under un-
balance conditions.Though, Arnold, Thomasl-8 and Taylor

have indicated that due to the asymmetry in secondary



o o

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 scope7l’72

, because non-sinusnidal voltage wave-
form is uncommon if supply source is conventional. But
due to growing use of static frequency convertor as
source of power supply systems which are rich in time
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



CHAPTER II

Analysis_under Balanced Conditions

2.1 General:

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, 1is

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 én 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 superpoéition of magnetic fields 1is
permissible and inductances of various windings
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may be considered to be independent of the
currents. Further, the air gap flux produced
by either the rotor or stator currents is
sinusoidally distributed in space.

(1ii) 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

litfle 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 g-axis, the quadrature axis
being ahead of direct axis in the direction of rotation by
90°. If » 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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In these equations, 2B 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 sepafation. The effective turns of the tertiary
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winding for a brush separation of 2B is TzsinB where,

Tz is the number of turns per phase75. Therefore, for

a given brush separation, the self inductance of tertiary
is L3 sinzﬁ, L3 being the total self inductance per
phase. Similarly, the mutual inductances are MlgsinB and
Moz sinB. The effective resistance of tertiary is also
effected by B. If r; 1s the total resistance of the

tertiary winding per phase, then Rsg = r4 (B/180).

The effective resistance of secondary circuit comp-
rises of the resistance of brushes along with that of

secondary winding. Thus, RO=(32+Rb).

2.2.]1 Effect 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 P pe
the angle of brush axis shift againsi 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 Pl 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., Pl’is either
zero or T corresponding to crossed and normal brush

separations in 3 neutral set machine. But with axis shift

of £, F]_ is equal to (m +f) for normal brush settings
and P for crossed brushes. The brush axis shift may be
accounted for by modifying the impedance matrix Z' of

eqn. (8.1) %o [ = ] in accordance with

[ b= lde il2 lic ] .. (2.2)

such that the G' 1is a connection matrix given by
o b o B e FOe s
td1 1

=¥ e 3h

[C'J=id2 1

st
lql E

= 3
1q3

s 1
lq2 i

o R
[ C%* ] is the transpose of the conjugate of et ls

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

Pl is taken to be negative. Since in actual machine the
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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 d

and gz shifted through an angle £ against the direct-

Won-of flux:

2.2.2 Steady State Analysis:

During steady polyphase operation of the machine,
each pair of axes currents form a two phase system, the
only difference between the currents in phase d and
g being that of time. The axes d and g are in space
quadrature, the d and g 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,

i =1 ; g =i 4
A5 ihak : § ket T
de £ e 2 i (2.a)
iz = I3 ; gz = =3 15
]

and the connection matrix is



1 2 3
141 1
i3 .
ld2 l

Blew 30 "0

lql =3
iq3 st s | L8
g2 -3

The new impedance matrix 2Z"' is obtained as

{ A 2 [ il Ji ) ey

Under steady conditions, the operator p may be
replaced by jw and 1 by (1-s)w in impedance matrix 2"'.
Further, the tertiary and secondary windings are connected

together to obtain speed and powerfactor control of the

machine. Thus, the final impedance matrix Z 1is given by

i i =g e i{en] o f2it)

where, 1 o

o 1‘ s AR B
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With appropriate substitutions in egn.(2.7), the impedance

| Z ] reduces to the following form

¥ , 2
- — oy
=3F
: it K 5% 5 55inB € 1y
[Z]= :
3Fy b s g
: j(sX g * X gsinB € ) RO+RBB+J[ sX g0 +Xz75in B+
x%sins(ejpl et
i toed)

2.2.3 Torque-slip Relationship:

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

given by

o 3 . :
Pe = ( eqtyg * eqiq + eol, ) i bEID)

The quantities €o0 io are non—existant when phase volt-

ages are balanced.
Therefore,

P_ = Real part of %w{ WL TR GiT awe
where [G] is torque matrix and is obtained from motional
impedance matrix (Appendix 2.1). The resulting expression
for power is, therefore,

_jpl :
P_ = 3L Re[ I%(-3 Myp) I, + I3(-3 Mygsin € )IlJ( |
R & F
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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 P..w/3v), or

3 =8 [-I%(—lez)Il+I§(—jX25sinB€_jﬁ )14 ]

i 1535)

The torque T 1is 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= L) g Iz(jx12+jx15sinﬁe‘j“ )

0 = JI (sX;p * XlzsinBBjﬁ ¥k
[_RO+R56+j(sX22+X3551n25 +
sngsinﬁe—jﬁ + jxgzsinﬁejﬁ ) ]

o hBiiA)
It may be recognised that two voltages are injected
by tertiary into the secondary circuit: lelzsinﬁeja
and Izsxzzsinﬁe_jﬂ . 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 &,
(as the leakage between tertiary and secondary is small),
while the latter is proportional to secondary current 12.
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 ~ 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 /» thereby unaltering the speed adjustment. Therefore,
as far as speed control is concerned, only brush separation
is important with limiting values of [ ; i.e. ™ and zero.
For an ideal machine, 12 is zero at no load. Thus, the
no load speed is governed by *I;X;zsing (= * k,E;sing)
only. On load, additional injected voltage sszzzsin@
(=koIosing) is available to influence the speed as well
as power factor.

1 that the e.m.f's across

It has been shown by Teogo
the brushes and stator terminals are always of identical
polarify and hence, oppose each other except in a narrow
zone when brushes just cross over but speed of the machine
still remains subsynchronous 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. exceedé klEzsinB while

at supérsynchronous speeds with crossed brushes {leaving
aside the zone in which two voltages are of same polarity)
brush e.m.f. is more than sE, (Appendix 2.2). For both
speed ranges the difference increases with an increase in
B. However, for thé same speed variation with two settings
of brushes, B 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 SEo 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 épeed is subsynchronous, this
power transfer is from secondary to tertiary as ;

SE, > k EpsinB. 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 E2 and kl E2 sinf 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-
jon 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 B
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 B 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 B is increased. (Details in Appendix 2.2).

The injected voltage kzlzsinﬁ 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 Experimental determination of the parameters

To advance experimental evidence in support of
any theoretical findings on 2 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 E3 across the brushes
120° electrical apart on the same rocker with secondary

open and primary fed with balanced rated voltages.
3£ =% is the voltage across the brushes of a phase

for a separation 2B, the angle is given by

sin 60°) v RN

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 Vl, Vo and Il 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 R 1is the
brush contact resistance per phase and r 1is the total

resistance of the complete tertiary winding in series,

then
Vv
.I..l =Rb+§°£§ .. (2.186)
1 4 a
Vv
and §@ ansbe I (
- e e o 2.17)
Il 9 32

where, 2a 1is the number of parallel paths of comme.-

tator winding. Therefore,

T
1 2
Ry = g Vi L2AB)
1
v
v i 9a2-1—2- {eah
1
ry = i—z- Lo (eiay)

The test is conducted for various values of the

secondary current to obtain the variation of Rb.
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2.4.3 Measurement of Xll’ X12 and XlB'

The primary winding is fed with rated voltage
wi;h secondary and tertiary circuits open. The primary
applied voltage Vg, primary phase current I,, second-
ary induced voltage per phase E, and the tertiary

induced voltage EJC 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

/2
= E( \-[-L )2 £ R2 ] il (2.21)
ll Il 1

Fo
also Xig = —I— e AR

bad
|

If E, is divided by Il, the value of mutual
reactance between primary and tertiary for a brush sep-
aration of 120° will be obtained. Since Xl3 is
proportional to the effective number of tertiary wind-
ing turns,

F
PR e e
X13 = 71 sin60° .. (2.23)

2.4.4 Mgasurement of Xoo_and Ko

The secondary winding terminals are connected
sither 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,

B o 11/2

22 = | Zgg ~ Rg oo (2.24)

<
|

Vo
222= —'-2'— o RS

-

i S (2.26)
23 Izsin600

The primary induced voltage may be recorded to

check the value of X12'

2.4.5 Measurement of )(3;72

A three phase low voltage is applied to the ter-
tiary winding at the three brushes which are 12092 elec-
trical apart on the same rocker, keeping primary and

secondary windings open. Now,

v
L0 R s e .. (2.27)
IB/VB
and x!.= (2% - g®)1/2 (2.28)
33 3 LN .

: .
In egn. 12.28), Xz is the total self reactance of the
tertiary winding for a brush separation of 120° clectri-
cal, and R 1is the equivalent resistance per phase

corresponding to the test circuit of Fig. 2.4(a). In
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(a) TEST CIRCUIT

(b) EQUIVALENT CIRCUIT

FIG.2:4 MEASUREMENT OF TERTIARY WINDING REACTANCE.
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each phase, the effective resistance of tertiary wind-

ing is given by

Rog = e 2= = 2 W N
3B o 180° 3

To determine .effective resistance of equivalent
circuit of Fig. 2.4(b), power loss is being equated with

that of test circuit.

2 2
R I I
T 3 e
8Ly R4 3Ry =5 geR
<ol '3
Therefore, B e e (EIRES

The self inductance of tertiary winding per phase is
proportional to the square of the effective turns of
tertiary. Therefore,

1
X33

= - - G o £ 3
.t $in%60

If the primary and secondary voltages are also

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

13
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 General

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 prush 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
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important aspect of the application of symmetrical cémp-
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 componént
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 egn.(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
. a 1 . : j/'? .
1+3k [(T§ sinB+Tp €71 )sinf + 3

s(Ty +T/ sinf € ¥

D G SO T
l+3ke[ (T5051DB+TP06 )sinp +

Z, = B "X

s(TéO+TgosinB6-je ¥H
s 5 1)
These time constants have been 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 ke accounts for the change in the effective
resistance of secondary circuit with brush separation B.
The variation of k = &/%RO+RSB) for the machine under

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

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

incorporated by modifying Ro.

The expression (3.1) brings out the dependence of
Zp on slip, B and P explicitly as it has been raticad
to a usable fofm. Zp 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
B are shown in Fig. 3.3. To calculate Zp, brush contact
resistance Rb was taken corresponding to actual second-
ary circuit current. In experiméntal 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 P

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-

(i) The impedance offerred by machine is same at
theoretical no load speed corresponding to a
given value of P and Pl’ irrespective of brush
separation. This impedance is equal to that of
an equivalent induction motor i.e. P=0. (This
is because there is no current in secondary
circuit at theoretical no load speed of the
motoxr)
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(ii) The variation of Zp with slip for differeht
values of B is similar to the variation of
input impedance of an induction motor.

(1ii) 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 P 1is increased with Pl =K,

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

3.3 Negative Sequence Impedance

The negative-sequence impedance of 2 Schrage motor
may be obtained from eqn.(3.1), replacing s by (2-s)
and Pl by sz.

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 respect 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 ton negative-sequence field is same as with positive-

]

sequence field. On the other hand, if | 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 sécondary 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, Fl is changed to
P, such that Po = (n- f) for normal brush separations
and (= P) for crossed brushes. For a neutral set mdtor,
however, P2 is still equal to 7 (normal brushes) or

zaro (crossed brushes).

The secondary winding resistance is fairly constant
at low frequencies but it dnes change at higher frequen-
cies in its d.c. value. 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 kn = Rep/Ren is introduced.
As R2n is a functinn »f 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 k,  for different values of P with
respect tn slip is then determined and is shown in

Fig. DaDe
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Therefore, in the light of the above discussion,
the negative sequence impedance 1is given by,
1+jkekn[;(gésinB+T;sej’)sinB

..j{>
+(2-5) (T3 +Tp sinB € ~ °) ]

Z. = R

n l+jx

. ; e
l+Jkekangé sinP+T) € )sinf+

+(2-s)(TéO¥TLOsinB B-J 2) ] SRS R

The calculated and experimentally determined values
of Z for various brush separation B are shown in Fig.3.6.
As for Zp, the variation in brush contact resistance was
properly accounted for. Also ke 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 Z_ = 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 B
as for an induction motor (B=0), both for normal
as well as crossed brush settings.

(ii) For normal brush setting, Z_  increases with
B while for crossed brushes 2 decreases with
brush separation.

(iii) For P2 = 7 i.e. normal brush setting, as B

is increased, the value of Zn/zs decreases
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while for £, = O, zn/zS increases above the
limiting case of an induction motor (B=0).

(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 Pz = 0,
the decrease in Zn is not appreciable and
reduces as B is increased. Therefore, for a
particular brush separation with crossed
brushes, Zn may be taken equal to corres-
ponding Z_ for that value of B for all speeds
without any substantial error. The percentage
error with this assumption goes on decreasing

as B 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, vary often Zn is assumed to be
constant and equal to ZS irrespective of
speed. With Pz = m, as B is increased, Z
deviates from ZS inordinately.

n

Hence, for an accurate analysis of a Schrage m»stor
under unbalance operation, it is not desirable to assume
negative sequence impedance constant irrespective of slip
for different brush separations, especially with normal
brush seftings. The calculation of Zn for any value of
slip, B andf:2 is a involved process by.conventional
method535, but becomes much simpler by the use of the
expression in edn. (3.2). If simplifying approximation
prevails and notso accurate calculations are necessary,

Zn may be presumed constant for crossed brushes.
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3.4 Zero—-sequence lmpedance.

The zero-sequence impedance of a machine is its
impedance when all of its phases carry equal co-phasal
éurrents in the same sense. The zero—sedquence 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 coswt, the resultant space distribution
of m.m.f. is given by Z F sin» ZX (1-2cos i%E)COSUJt,

Tp

L being any integer.
I+ shows that m.m.f is zero for V= 1:5¢7 ¢ e¥Cie-uk

is equal to 3F, sin(umx/ Tp) coswt 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. Thereforey, the zero—-sedquence
current may be looked upon as origin of pulsating field

of fundamental frequency but having three times the number
of poles in spacs, 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

magnitude and flowing in the same winding4l.

The pulsating field 3Fz sin(37x/ 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 nf n_/3. Correspondingly, the
speed of these revolving fields with respect to a wind-
ing rotating relative to exciting winding at a speed of

n n
s
np = ns(l-s) are (-2+3s) gg and (4-3s) T -

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
sccondary 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
palanced by flux arising out of tertiary current of the
same frequency as of supply, and only a small flux is

expectéd 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 2 winding only
if it is either delta connected or having each phase short
circuited, the zero-sequence current will exist in each
phase 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 2m/3. With 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 sedquence 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 2 different one.
Tertiary behaves as a short circuited winding of a trans-
former to any single phase excitation of primary. Secnndary
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 2B

under balanced operation, the effective angle for zero
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sequence simulation would be 6f. The secondary induced
o.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. Lape
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

9] s t
¥l = ¥ rl+le pM12c056 le3 il
¥ lezcosg I‘2+I‘3+p(L2+ '12
Lgsin255)
: i
t pMya Retpl, 3
s e )
In this equation,
Vs VE VO coswt; zero Sequence voltage per phase
6w gcg mott 3w “bellg rotor speed

s = current through short circuited tertiary.

The steady state solution of currents leads to an
infinite sequence of even harmonics (w + 2n E%QJm g 1
primary and odd harmonics [w+ (2n+1) %L‘”m ] in secondary.
P! = 3P is effective number of poles and n is any integer

including zero.
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It has been shown by Elco42 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
@'/2)u>m equalsto W , provided secondary reactance is
assumed to be small compared to Trg. 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 @ Further, it may be
concluded reasonably that near synchronous speed of rotat-
ing field in forward direction, the impedance would have a
maxima in magnitude similar to a cage induction motor43.
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 B including zero, both with crossed and normal

brush settings.

The standstill value of ZO 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. 3.8 shows the variation of zero
sequence impedance with speed. The standstill value has

been 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 decreace 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
Zo with secondary winding in circuit. The zero sequence
impedance for all values of B both for P =7 or O,
lies more or less within these limits, justifying the '
arguments regarding the tertiary-secondary coupling. The
value of Z_ for P = 0 as well as B=60° is almost the
same confirming the fact that there is a very little volt-
age injection from tertiary to secondary and portion of
tertiary winding in secondary circuit is Jjust 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 B. For the sake of clarity only limiting values of
ZO has been plotted in Fig. 3.8, although the zero-
sequence impedance was measured for a large number of
values of B, both for f’= O and 'm, to verify the above

inference.

The peculiar features of the variation of Zo 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 1is positive in the
regionO(%-'-wm L) v RE -glwm=mor-gwm=(—%

= 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 the corresponding
component of the other winding and the speed of the
rotor is correct one to make the two rotating fields
relatively stationary. If hl is the time harmonic
order of primary winding current, h, that of the current
in secondary and VW 1is space harmonic order, then synch-

ronous locking is possible at a speed of

hii=:h
Eo0S 3t —_l———-g
m= w ve 08

hl’ h2 and W are positive if harmonic order is Vs 9513
etc., or positive sequence fundamental component; negétive

for harmonic order 5, 11, 17 etc., or negative sequence
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current. For single phase zero-sedquence excitation,

hg= 4 1 as m.m.f. is pulsating (n=0)

h2 %% (- ég W m)/w corresponding to hl = +1(n=o0)

= + (w+-§gﬁon0/w fordhgi=~1 (n = o)

A little manoceuvring 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,

{ 1+(w4-§gb)m)ﬂg j]w

5+(w4-%2a>m)ﬁu

ol
&
3
1l

=§w ; —W ve. A )

At the speed of % w , 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 ZO is

almost linear.
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CHAPTER IV

 Operation with Unbalanced Supply

4,1 General

The unbalance phase vnltages at the terminals
of a motor may occur owing to the presence of unbalanced
loads on the system or line disturbances.Sometimes
deliberate unbalance is created to control and brake

a«0. 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

38,40 ysually motors are fed with

operating condition
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 irrespeCtiVé
of their relative phase displacement has been given by
WilliamSBG. The methods to determine the nature and
magnitude of sequence components and their effect have .
been covered for induction class of machine, by Brown
and Butler38 for asymmetrical primary conditions, and by
Butler and ‘Nallace:59 for any number of asymmetrical

primary windings fed with asymmetrical power supply with

asymmetrical impedances connected to motor terminals.
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£ach 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.ThHerefore, in this chapter, attempt has been
made to deduce theoretical expressions to describe the
Schrage motor performance with unbalance supnly 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 Vp and Vn are respectively the positive
and negative sequehce components of applied voltage, the

corresponding currents in primary winding are given by

i+~ Ve Jiba )

Vn/zn

I

Il

Iln

Il

Zp and Z, are defined and obtained from eans. (3.1)

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

~(sX12+XlBSinBcos f>l)+jxlgsinf)lSin5

R %)
A o ¥ ! inBsi e (T' _+sT! 9
[ {l (1 s)ke $os 81n§51x1ﬁ}+'xll(Topl STop2)J

il %

i

|
._-XIU<
b~

2p

FU

{ -(1-s)k T}, sinPsin Pl}

(s, * sTsz):l .+ (4.2)

ll
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‘Similarly,

V_k i —{(2—5)X12+X1331npcos Pg_J+lessinﬁsin Fz
n X R
110

H 1+(1-s )k k T',. sinbsin Pat *

R o
4 1 . ' =
X {'Tonl+(2 S)TonEE }
i % 9
. Rl : 1 . iR 3
J[ izl{ l+(l—s)keknT PoSlnpSIH ()2 -
e
1 = '
{Tsnl +(2 s)Tsnz} J L)

From eqns. (4.1) 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 %\ip>\ig’
7\.12/7\ 5 12p and I, 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 (P=o). 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 Ay is different with different

values of brush separation. For crossed brushes, the
value of A i1 is less at lower speeds compared to

a correspoxding 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 of)\.ll for lower speeds.
For normal brush separation,)\il is always more compared
to the case of P=0, and increases with increase in .
Therefors, 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 inbthe 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 motor is operated at its theoretical
no load speed corresponding to a particular value of P and P
N 3o 1s 2lways ipfiriteas in case of an induction motor,
for at s_, theoretically no positive sequence Sacondary
circuit current exists. In general the secondary current
unbalance follows the same pattern as primary current
unbalance.

Figure 4.3 presents a ready comparison of degree of

secondary to primary current unbalance. The following
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features of interest may be noted.

(1) For a given voltage unbalance factor A,
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, A.; is only slightly
less than 7i2 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
separation, A i2 increases more rapidly than
PEL

(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 more pronounced.
The nature of variation of secondary circuit posit-
ive sequence current Izp and negative sequence current
Iy, 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. When the brushes are crossed and the motor
is running at supersynchronous speed, the injected voltage

and secondary induced voltage are in opposition. The
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difference between the two voltéges increases with
decrease in speed. Consequently 12p rises as slip
reduces.If the speed falls below synchronism, the two
voltages add round the secondary circuit. Besides
the induced voltage Il(X1351n5+3X12), another voltage
312X2351n3 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. Larger the
brush separation more is the magnitude of secondary
circuit current Izp. If the brush separation is normal,
lelssinﬁ and sX,oI, are in opposition. The difference
decreases with fall of speed, but the injected voltage
proportional to secondary current i.e. stgsinBIZ
increases. It may be easily visualized that increase in
skoly is more than decrease in (klIl-SXlZIl)' Therefore,
with normal brushes also, IZp 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 reversed to simulate negative sequence

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
12n rises as the motor picks up speed whatever be the
value of brush separation. 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 anélysing secondary circuit voltages. The
net voltage forcing current through secondary circuit
is 14, | + XIBSinﬁ % (2—s)X12 1. The minus sign holds
for Fé = m and plus sign for f5 = O. As a result of
mutual coupling between tertiary and secondary windings,
secondary current causes two voltage drops; X?gsinﬁlzn
and (2-5)Xoz8inPIy . The drop (2-5)Xog5inBI,  varies with
slip and is responsible for inductive power transfer
from tertiary to secondary. The magnitude of both
(2-8)X, 511, and (2-5)Xpz51inBIly . increases with speed,
pbut 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 I2n
rapidly with speed. In contrast, the increase in voltage
is comparatively slower than reactance with crossed
brushes. Therefore, with crossed brush setting, increase
in I, is marginal.
It has already been shown that the current unbal-

ance of primary circuit is comparatively more with crossed



-4

brushes than with normal brush setting for a given
value of AV. In addition, secondary unbalance always
exceeds primary current unbalance and I2n increases
with speed. Therefore, total secondary current

(Igp + Ign)]'/2 may reach prohibitive proportions when
Schrage motor is operated on unbalanced voltages with

crossed brushes.

4.3 Toraue-speed Characteristic

The torque developed by a Schrage motor, as shown

earlier, is given by
Torque = Real part of [:15(‘3X12)11 +
e
I%(-szzslnﬁ e )12:]

By substituting appropriate values of currents, the

following expression for positive sequence torque is

obtained.
S A e
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The positive sequence torque is zero at a slip given by

e g
~X,zsinP LcosPl +k _sin psm{’l('l'5 XisT Ps/xlz.]

e
o}

X sinPsin Py (T3 -X, T} /%y5 )k,

12713 120ps

s 1425)
For a neutral set motor, the well-known expression is

obtained from (4.5)

e Kagitien iy )
O )(12

The negative sequence torque is similarly given by

£ xPehatilene
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The net torque in forward direction is given by

T = Tp b o A e

Tr baing rotational losses.

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 machine44. But the determination of
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impedance/speed curves for positive and negative sequ-
ence operation for a fixed voltage (limiting value being
rated current) is usualiy sufficient for subsequent
deductionszs. 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 deductiens.

4.4 Discussion on torque-soeed variation

The variatisn of the tqque developed by a Schrage
motor with speed is inherently similar to that of an
induction motor (or with B=0). Modifications of the
characteristic are brought about by the voltage inject-
jon into secondary circuit with the help of tertiary
winding. For ease of analysis, the total voltage across
the secondary winding in addition to the one induced
directly due to primary excitation, may be Spl%t up into

S JPl _Jpl
two components: klﬁzslnbe and kzslzsinﬁe ~

R o
The component Ejl = klEzsinﬁG 1 is proportional
to the airgap flux and is present under all operating condTP
=3Py
itions except when P=o. The other component Ej2=kzslzsinﬁ€

owes its existance to secondary current, therefore is
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negligible at no load and when PB=0. Tholrunning light
behaviour is, thus, governed by only former componeht.
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 Ej2’ transfers 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 tﬁe same nature as
for an ordinary induction motor when voltage injected
to its secondary is proportional to 12 except that
an additional torque component adds tn the otherwise
developed torque. Larger the brush separation, more is
the injected voltage Esjo 3t 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
voltage acting round the secondary circuit. Therefore,
as the brush separation is increased, motor develops
more torque at that speed. The slip at which torque

T

is maximum, ,is given by o SiRp
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The eqn.(4.9b) shows that the maxima of torque-
speed curve for a given value of B and.  is dependent
upon no load slip So* If S, is changed by adjusting
brushes, torque maxima shifts its position. For crossed
brushes, shifting is towards higher speeds while for
normal brushes, to lowdr speeds. However, the rate of
change of position with crossed brushes is lesser than
that with normal brush setting since So 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
B shifts +to either side of the case when PB=o. It may be

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

r
B = T} A~ xiz (neglecting primary leakage)
2s

Ve 30

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 Ejl. controls the no load speed,
magnitude of torque and the region of stable operation,
Ej2 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 B is shown
in Fig. 4.7. As such, the starting tordue with normal
brushes is lesser than corresponding induction motor
case (B=0). But by suitably adjusting the design para-
meters of the machine,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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primary leakage,

.8 R 1/2

P Y X12 5o

oo 1)
Normally Sm > 1 for any brush separation with Pl: x;
But, if for a fixed value of B and no load speed s,
the maxima of the corresponding torque/slip curve is
to be obtained at s = 1, the right hand side of
egn. 4.11 is to be reduced. This reduction may be accom-
plished either by increasing x;5z oOrF reducing Rep'
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 B and ﬁzz. 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
primiry 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 ié 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, 1increases with an increase in B
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 spead 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 Tp ang T2 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 7, it may be seen from egns. (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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CHAPTER V

Allowable Output Under Unbalance

Supply Voltages

5.1 General

it i e

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 2 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 additicnal heating due to negative
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sequence current imposes a restriction on the allowable
load under unbalance operation. For a Schrage motor,
further difficulties may arise due to éommutation. To
account for reduction in output, a'reréting 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-
balance supply voltage was first suggested by Tracyzv,
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 ferms of negative sequence voltage
and impedance. It was pointed out later by Gafford,

Duesterhoft and Masher52

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 kli where k>1. Since then number

of attempts have been made to determine allowable output
of an induction motor from thermal considerations, theor-
etically as well as experimentally53-56. All the approabhes
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
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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 considerations

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.

As pointed out by RamaRao and JyothiRao56, 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 Ehases to the
heating of worst affected phase, which is responsible for
the failure of these methods. They have also suggested
two methods. First is for short pitch windings and accounts
tn 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-

2 2

ional to (Ilp * Iln 5 Ilplln)’ 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.

It has been shown by Roy57 that the temperature rise
of a phase winding may be estimated by the following

expression with reasonable accuracy,

where G; is the temperature rise of a winding per unit
copper loss Prp in the winding itself, Gy 1s the temp-
erature rise of a phase winding per unit copper loss Py in
neighbouring phases, and 8y 1is the temperature rise due
to core loss and heat conduction from other membef of

the machine. The coefficients CL’ Cy and B 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 Iy 1is given by
or = IZ (G, + 2y )ry + © (65.8)
% N ‘“L M/T1 K 4 S

while the temperature rise of the worst affected phase
winding i.e. the winding carrying two sedquence currents

in same time phase, under unbalance operation is given by
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]

; Ty 2
op = Cplly, + T3 0ry F Bopldyy *+ 1

2 (K]
S5 Ilplln)rl +9K

(5.3)

To restrict the temperature rise under unbalance operat-
ion to the normal temperature rise, 61 should be equal to
or. 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; ri-: ro . Therefore, from
equation (5.2) and (5.3),

CL - C

M
c, ¥ 2CM) LpTin .. (5.4)

o det T LRI S B
n

It may be immediately recognised that the factor
B(CL—CM)/(CL+2CM) is similar to the factor C. Therefore,

o Nty 8

Goelipd 6——;—§EM ) s AB8 )

L

As the values of GC; and Cy depend upon the winding
configuration, conduction to neighbouring phases, class
T haciatich. Nentidating detaiit efe.y 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

(CL and Gy were determined experimentally, Acpi Bl ).
It follows therefrom that G 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 (85) 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. 400 V,940 rpm 0.473
3. Slip ring, 7.5 hp, 400 V, 1440 rpm. 0.382
4. Slip ring, 5 hp, 400V, 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 rntor. 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 par amphere. The effective resis-
tance of the windings for both sequence currents is also

S ame.

The stator of a Schrage motors on the contréry,
carriss secondary winding for which conditions are more
severe. It has been shown in Chapter IV that I2n/12p >
Iln/llpand even for asmall degree of primary voltage
unbalance, the negative sequence current in secondary
may become prohibitive depending upon the value of B

and ;ﬁ: :

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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presumad proportional to the effective copper loss
under balanced as well as unbalanced conditions. For

a Schrage motory 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 G , Gy and 8y 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
Ll :
op = I15(Cy + 2Cy) By + 8¢ o (546)

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
2 )1/2

the current in any phase winding is (Igp + IZn y ‘irr-

espective of the relative time phase between Ilp and
Iln‘ The temperature rise of a phase winding is, therefore,

i 2 2
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As before , to restrict the temperature rise under

unbalance operation to the normal temperature rise

Bl I‘gp + 15 (D) o BB
The egn. (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 IZp and 12n’ whatever may be the phase angle between

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

obviates the necessity of considering tﬁe 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,
Iogy 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 B and 2. The input current is more
for crossed brushes. It has already been shown that
IZp/Ilp is always greater than unity in usual operating
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 B and 7 .

Consequently in eqn.(5.8) Iy may be assumed to be
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fixed and equal to the maximum permissible secondary
current IZm' Now, the rerating of a Schrage motor from
thermal considerations may be estimated by the ‘foll~

owing condition,

2 g Red LB
Izp 4% —-—ﬂazp = Ig. A

5.% Commutational Considerations

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 c.ms £y theretfore,
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
reactancs 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-

snt commutation are therefore given by
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e I sin swt
xbp & “2p il B e10d

eypn & Lo sin(2-s)wi

and

It can be seen that the magnitude of reactance
voltage b is independent of the relative phase of
IEp and I2n' 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 I2p
and 12n‘ Thus, the tertiary current in a particular
phase may increase¢ innrdinately over the normal value but
the current commutation is simply dependent on the value
of. Igp * Ign )1/2. Fvidently, 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 terti2ry conductors may be taken approximately

P 2 Vi
equal to (I2p + Izn)l/ 3

It follows that if the secondary circuit current
is restricted to the maximum permissible value 12m’

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)n_, whereas that of positive
sequence field is SN . Therefore, e.m.fs induced in

short-circuited coil are given by

Il

e

Yo 2n f TC ﬁp sin swt

is kB 18

PR en £ Tg ¢n sin(2-s)wt

If the effect of leakage reactance of primary
winding is ignored, the two sequence fluxes are approxi-
mately equal to

P
L S R e

P Lo (B

¢n= Vn/V§ m £ T,

Tl is the effective number of primary winding turns per
phase, f 1is 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,

5

1

rbp Vp TC / Tl
Er'bn 15 Vn TC/Tl

oo KB 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 E = vp(TC/Tl)\F 1 +;\V2 , irrespect-

jve of the relative phase of B sy with Erbp' The
presence of negative sequence voltage, thus, increases
the rotational voltage by VF_E—:—;:§ . For satisfactory
commutation Erb should‘not exceeaVB to 4 volts. In
usual design, an allowance is made for marginal increase
in supply voltage. Even if )\V is 50 percent, Erb
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 E .

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 not 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),

AR I LN B
2, = (%5 [y P a0n, {005 |

ox oAb 15
where fl and f2 are functions of slip, brush separation,

brush axis shift and machine constants. With known values
of machine parameters and assumed value of slip, xv may
be calculated for a given value of Vp for any brush
setting from eqn.(5.15). The value of k_  1is substituted
corresponding to assumed values of slip. The magnitude

of IZm may be taken either from the nameplate data of
the motor suprlied by the manufacturers or determined

experimentally.

Fig. 9.1 shows a family of curves between Nkp and
slip for different per unit value of Vp. The calculat-
ions, satisfying egn. (5.15), were carried out for a
number of values of P as recorded in Fig.5.1. For any
degree of voltage unbalance and magnitude of Vp or

given values of Vp and Vn’ 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., X\, and Vp from eqn.(4.8).

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-
jcation 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 Vp’>\v’
B 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 than 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'voltagqs 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 of brush separation under normal setting. It
decreases in case of crossed brush setting, though only
marginally. This behaviour follows the nature of 12n with
B. Figure 5.3 which shows the plot of IZn at no load
speed(pertaining to a given brush separation) with B,
reveals that IZn decreases sharply with normal brush
setting while its increase with crossed brushes is not
so rapid. Thersfore, 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 poéitive sequence voltage as well. If positive seg-
uence voltage is reduced, the éapability 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 IZp increases with slip
while I2n is practically constant, permissible X

decreases sharply on increasing load. In contrast,
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Izn decreases with slip when brushes are normal.
Therefore, the variation of A “with slip is relatively'

R

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 valhe, although it is more than
normal full load value with normal setting, since permi-
ssible value of secondary current IZm is more than
usual I2p with Pl = X ., The current is more than
1 pu as )‘v increases. But as the temperature rise of
the rotor is dependent on the current of all the three
phases, increaée in the value of current of the worst

affected phase is not a detrrent.
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CHAPTER 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 convertor. This remarkable quality was

first reported by Kohli and Ray°C 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

38 may be

a three phase machine,the inspection equations
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 V3. 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 ih 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:

7
V= gV
p p “n
A
VvV = ___.Q_—V -!.(6-1)
n A
P n
V_ = 0
o)
Line current
vV
e oW .o (6:8)
it Z- -t 7
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The complete performance of the motor can now be
synthesized from eqns.(6.1) and (6.2) through (3.1),
(B5a2)s {4.4) ana {a.%),

6.3 Startinag Performance

6.3.1 Starting torgue
At standstill, slip is unity. Substitution of this

condition in eqgns.(3.1), (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 = (2]
11 =0

5 iar s
% 2X155Lnﬁsln/QRTéS—XlzT;S/XlS)+51n 5(T XlSTgs/Xlzﬂ
R

e

R
>
ol

|_J
L:U I
P

{(T' sinPiT, cos: )sinB+(TéStT }SsinBCOSF‘ )} ]2+

T4

3 ‘{(T' SlnB+T cosp)51n6+

1

11 ‘e 5
(Téoi- Th,s inBcosf’ )} :]

o ()
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 (Rl/Xll) may be neglected. The
eqn. (6.3 ) then reduces to
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It is evident from qn.(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 operaiion. 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 (° 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 [° and
negative with negative values of /7. 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.
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\ Directinn of

Brush 2 2
Brush axis shift Shandetill

Separation :
torque on single

| phase
(1) Normal along normal rotation(-[ ) Forward
(ii) Normal opposite to rotation (/) Backward
p.f. improvement)
(1ii) Crossed along normal rotation Backward
(p.f. improvement, -
(iv) Crossed opposite to rotation( P) Forward

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

may be written as

+ A sin P ( )
T, = S BR D
1+(B + D cosf>)2

Since Tﬁs is fairly smail compared to Tés ;

D is negligible in comparison with B. It follows, now,
that the starting torque is approximately proportional
to sin f . Therefore, for a given brush separation, the
standstill torque is maximum when brush axis is shifted
by m/2. Further, it is obvious that for the same value
of B and A, 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 B, increasas 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. Thereforé,
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 F .

(b) The ratio of T_ to the starting torque T, under

pbalanced 3-phase conditions is given by the equation:

£ ¢ + a %lésinﬂ cos P T
Tie Xio ¥ x1351nﬁ(cosF +a sinp)
where, 'a’ is independent of brush setting and is a
dimensionless parameter. This ratio is maximum when
X zsinpP
cosf = 1 '—'li = B L
1e '

and corresponding value of the torque ratio is given by
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T - XlzsinB(P+Qsin23)
i ¢ = 2 oo 2
1s (X12 - X1351n ﬁﬂ/

so(P ¥ Qsinzﬁ)
] g )1/2
o)

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 setting i.e. the magnitude remains unaltered
whether the brushes are crossed or normal. Larger the

brush separation, more is s  and so is (Ts/Tls)‘

As the starting torque is approximately proportional
to sin 0 , the highest value is possible when = 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 [> = cos—l(XlgsinB/xlz)-

This value of  1is operationally possible since 5., is
usually kept 1/2 with lowest speed setting,so that * 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.

kB2 B
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By substituting the values of sequence impedances in

eqn. (6.2),

roader .o (6.9)

.while the current through the phase winding directly across
the supply is Ib and through other two phases in series
is Ib/2. Thus, the starting current with single phase
supply bears a definite ratio with the starting current
drawn by the machine with same brush separation 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 1is 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 torque
per ampere sdquared as a pasis for comparison of machines.
The argument in favour of latter approach rests with the

rating of the machine which is determined by the square
lot5 /X .

G5 Bl sy A RS AL
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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

machineGO

Whatever criterion is choosen, 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. Fortunatqu,‘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 decreases
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 shiftf
(Fig. 6.2). In contrast, with crossed brushes, as P 1is
increased, the starting current decreases though not
sharply.

From the above discussion, the following cnnclu-

sions may be drawn:

(i) In order to obtain high starting torque, large
brush axis shift [ as well as brush separation P is

required. If the brush separation is normal, large values
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of B reduces the starting current, but brush axis

shift tends to increase this value. In contrast,with
crossed brushes, large separation increases the primaryv
current whereas brush shift tries to reduce its magnitude.
But the current magnitude is comparatively large with

crossed brushes for a given combination of B andf .

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
_reversed 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®y lower starting torque

with higher starting current will result.

6.4 Running Performance
6.4.1 Torgue-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 »f
torque depends upon the combination of B and P . T1f, 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), thé 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 1is categorically diff-
erent under two possible mode of operating contingencies:
(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

0ff. 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-

sons of B and  , respectively for normal and crossed
brush separations. The brush axis shift, in all the curves
drawn in these figures, has been 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 reduced speed, deaccel-

erate to standstill or reverse.

6.4.1.2 Single phase_starting as well as running

As has been discussed , the motor when fed with
single phase supply will start under favourable conditions
of B and p combination. The motor speed is likely to stab-
jlise 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
continved 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
B, the shift is towards higher speed as the axis shift is

increased. Moreover, the breakdown torque is also increased.

In general, 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 B 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-

nous speed by suitably adjusting B 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 B 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.

(1) Motor should always be started with normal
brush separations, f and P as large as possible,
whatever may be the desired speed or direction
of the rotation. The shift [ should be adjusted
in accordance with the required direction of

motione.

(1i) If the subsynchronous operation is required,
B may be suitably decreased without altering P

to obtain any desired spee~d. However, for a
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(iv)
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finer speed control, {> may be adjusted

accordingly.

If the supersynchronous speed is desired,
first P should be brought to zero, once

the motor has picked up speed. Then § is

to be reduced to zero, brushes crossed and
separation increased. It is to be noted that
if bfushes are crossed either without bring-
ing [> equal to zero or after increasing &
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.

It is possible to brake the motor to stand-
still or even to reverse the rotation by
either changing the direction of angle P 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 {7 . 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.



BN

6.4.1.2 Three phase starting, single phase running

If a Schrage motor is running on three phase supply,
jts 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 P is positive (opposite to the direction of
forward rotation) or under normal brush setting, if {7 is
negative, the motor will continue to run in the forward
direction on the occurrence of single phasing, but the speed
will reduce. These combinations of B and P are rare in
practice. Usually, the operation of a three phase Schrage
motor is either with P= O or with a value of /)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 develoned
by the motor. The operation is identical to a polyphasé

induction motor made to run on single phase supply.

With usual combination of P and P, the torque deve-
loped by the motor on single phasing, tends to give back-
ward rotation. Therefore, under these conditions, motor
will come to standstill. It may start rotating in reverse
direction depending upon the load torque and the starting
torque developed by the motor corresponding to the operat?
ing values of B and > . If the machine picks up speed in

reverse diraction, the operation may stabilise as for a
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motor running on single phase supply.

The entire behaviour of the motér 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 more than positive
sequence torque. This is a result in contrast to the
pehaviour of a polyphase induction motor under similar
conditions. “hereas 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 edn. (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 pattefn as with
three phase supply, on changing brush separation. As the
value of B is increased, the effective impedance
decreases thereby increasing the current. It has already
been shown (Chapter ILI) 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, +he light load current is
not same for all brush separations because negative
sequence impedance 1is different with different values of
B 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 2as
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 1is increased, Zp and Z_ increase, consequently the
current decreases, Fig. 6.5(b). Further, the current
increases on increasing brush axis shift for a given

prush 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 1is 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 2 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 £ = O for a given value of B. Therefore, while [
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 ¢/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 observafions 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 (111) a1l
other uncertainties inherent with the determination of

machine parameters.
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CHAPTER VII

Analysis with Unbalance Secondary
Injected Voltages

(Primary Symmetrical and fed with)
balanced woltages
7.1 General
The effect of 59condary circuit unbalance on the
operation of a 3-phase induction motor was first invest-
‘igated by Georgesel. It was shown that the motor develops
steady torque at approximately half the normal speed with
'single phase rotor. Since then, various aspectsof unbal-
ance in secondary circuits have been the subject of

interest for many investigators ,e.g.(kef. 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 impedén—
ce566 as well as with unbalance connections of the sec-
ondary winding7o. Intentional secondary unbalance has
also been suggested as a means of speed control over

y 67
wider range

The likelihood of secondary circuit unbalance in
§chragq 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 rise 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 circuilt
before analysing mathematically with the aid of symmet-

rical component theory.

Let a positive sequence voltage le of normal
frequency be impressed on to the primary of the motor.
The resulting positive Sequence current éroduces 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 phase of secondary 1is

individually closed unlike the case of slip ring induction

motor.



7T

The secondary voltage and current are of slip

frequency sf when the rotor is running at a speed

n,.= (l—s)ns in the forward direction. The positive seg-
uence component of secondary current produces a magnetic
field rotating relative to secondary at sn, but stat-
ionary with primary positive sequence field. The inter-
action of these two fields results in a forward direction
torque Tl. The negative sequence component also develops
a field rotating with respect to secondary at a speed
sng but opposite to the direction of positive Ssequence
field. As the speed of this field relative to rotor is
(25—l)ns » 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 frequency (2s-1)f in

its own circuit.

The primary current of (2s-1)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 developed. This torque

s<l

2 .

Do

Ty will aid Tl 1T 2 and oppose if

The mem.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 positive sequence
field of primary interacting with negative sequence m.m. f.
of secondary or negative sequence field of primary inter-
acting with positive sequence m.m.f. of secondary result
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 the
components 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 ro
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 B, By, and Bss

and corresponding injected voltages in three phases be

Ezn o ESb and E_  respectively. The schematic represent-

5€

ation of secondary and tertiary circuit is as shown in

Fig. 7.1. Z, Zb and ZC 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

b T Iaza 2 E3a

‘\ E
p = Iphpatdeay

<
Il

AR e A A
c o0 D0

LT %)

Iaza otc.,are the effective impedance drops of tertiary

winding accounting for sequence components of current.

Therefore,

S Z

a~a I2p ap ® doskan :
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(g cp

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

9 I2psz - aI2nzbn 7 I2ozbo

&
cn

{7.8)

phase is different because of different brush separation.
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WINDING CIRCUIT WITH UNEQUAL BRUSH SEPARATIONS.
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The values of positive and negative sequence components
in terms of machine parameters may be obtained from the
following:

Z,, = rzBq*]

o9 i S e
ap X338in B +Xozsing € “FSXps sing, € W
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& i g i
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Similarly for ZCp and Z__ R s g

The frequency of negative sequence current in
tertiary is (2s-1)f while in secondary it is still sf,
therefore for negative sequence component of impedance,
tertiary winding reactance is to be multiplied by (2s-1).
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 7% IZozop £ I2pzpo ji IZn?‘nn % ESp
Vg ite LiRon IZprp ¥ Lo b ® Ezn (7.4)
PRI e B SRR TE e e g (P +E

20 20 00 2p pn 2n np 30

where, =
L g W )
po 3 ap bp cn
Z,, = 2 ( S azch ) v
S 3 Zap * azzpp i L o
R L L ek,
and
ESp s % ( E3a 3 aESb > a2E3c )
Byl =4 (B a5, + Al ) W Ty
Eyg =8 (Egy * By * Bg')

The voltage injected by tertiary into secondary,
say in phase a 1is Eza‘ This voltage is induced across
the tertiary winding turns separated by brushes 281
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,

Exg X1551nﬁl Ilpe. + Ilne

3P j(’g (
= : . o (07)
E:Sb X1551n62 [Ilpe + Ilne ]

[: ; y
2 er 2]
Ez. = Xyz5infg Ilpe ¥ Ilne

Il

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 pesitive sequence

operatioh, the performance equations are
- 2 s 1
Vy= Iy, (B +3Xyp )+ I5,(5%y0) ESp—]

Vo= I, (IsXyp) + Loy RotisXys) J

For negative sedquence

—

0

e | < Ban P
I, [:Rl + j(2s 1)xll:] + 12n(2s 1)3x12 + Ezn(ds 1)

-V

I

o RERR L T Lo, (RgtisXgo)
. (7.9)
and for zero—sequence

Vo =I5 2g, o T I0)
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In eqn.(7.8), Eép represents the effect of second-

ary current through tertiary as felt by primary, such

that
E' o’ E' + aE' + azE’ .. (7011)
3p 3a 3b 3¢
where,
gt = X gl l_I e_j'p' + 1 e-j{)z:l ‘ (7.12)
3a T Y, 2 g 2n i,
The value of Eén may be found out in a similar
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 déta
connected tertiary winding experimentally unless it is
opened at one corner. Although, it may be calculated with
the help of design data41, put this data was not available
for the Schrage motor under test. Therefore, experimental

verification could not be undertaken
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CHAPTER VIII

Behavioﬁr 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-
jcally 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 1is 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 invertors 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,

21
im = E Ih sin [}nnt e = eh ik 3— {m - l>] .. (8.1)

is given byvv,

Ka ’ T
M o B —EE— I, sin [:hwt+6hj:p(x-xo) < st 18.2)

A
h p
where, 1. is the current in the mth phase, 6 is the

phase angle of the hth time harmonic and p 1is the

space harmonic such that h = 3nip.

The expression (8.2) represents a system of trave-

1ling waves having the speeds,

% ds hw
el g B e s
_Z%_ %% :UJO + b—F—:i' for hi= 3n—p . (8.4)
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T x
W etie; L ( —= ) is the armature speed,

S
G ="8nf, and
£ = the frequency of the fundamental of

the voltage wave.

For a Schrage motor considering the space distri-
pution of mmf as purely sinusoidal, the mmf wave
due to time harmonics of the order of hg = (3n+1) will
always be rotating in forward direction with a speed of
(hFNs-N) in space, while if the harmonic order is
hy = (3n+2), the field rotates packward at a speed of
(hgNg + N). The voltage wave time harmonics of the order
of (3n+3) are in the same time phase in all the three
phases (Eqn.8.l), 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 1is given by

g = 17 (1=¢) / h o islB.E)

8.2.2 Operation with hth harmonic voltaae

If a 3-phase balanced sinusoidal voltage of freg-
uency hf and magnitude Vh is impressed on the prim-
ary of the motor, the corresponding airgap field rotates
at a speed of shNS with respect to stator. The voltage
induced in the stator winding is of the freduency 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

o ol ‘:l*'jhkE(Téosinﬁﬂ‘;,oej“)sinﬁ+
11

1h jhX 1+jhk[:(Téssina+T2863“)sin@ +
sh(T'20+T'P06‘jasinB)] jl T
g fhs v TUD G e
s, X, 0%, ,51nBEI%
= kv, KRS 8.7)
2h Xl ) Ja
1% [i+3hk D (T§ sing+T) 7% )sing +

s (T T 'pse‘j“s ing)
In these equations o 1is the effective brush axis shift
such that o =P, for h=(3ntl) and «= Py for h=(3n+2).
The factor k accounts for the change in the seccndary'
circuit resistance due to brush separation as well as
frequency effects. Since s =1 % Llﬁgl , 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

s 1
Vo LR TR

L = & TR wi BB
1h Jhxll l+3hTSk
X .
il kVp 70X, 551inB i
- ' L .
2h XliRe l+JhTSk
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2
1 | 1 2 + 1 2
where, To T20 * T3051n B 2TF051nBcosa

¢ 8 3
Tés - 5 Té831n - F 2T;551nscosa

T'
s
T;l: ( TéssinB+TLScosa)sinB
le— Tés * T;Ssinﬁ cosa
The torque developed by the motor with hth har-

monic voltage is given by

(shX12+X12X135ithosa) %

i
| 1
K th12X1351n651na(sh 5. tTz sin B)_

2
7 zvh B
h XllRe [Kl—hsz;SsinBsina(l-sh5T2+h k2|(T' 31nB

| Tigcosa)singt sh(TéS+T;Ssinecoaxﬂ

T

For higher order harmonics:

V kX
Torques ~ ( ih— )2 —§lg— .
11 &
(Xlz-XlgsinBcosa)+th1381n651na(T' +T5 . sin “p)
LT
ciikET)
: e 1+n %K1 1 :
Primary copper loss:= R i ABIER)
g l+h2k2T'2 l
ﬁ

F'A2 +X§551n g

Secondary circuit o (i h)2 L2X12X1551nﬂcosa -J <+ (8.13)
copper loss 11 e 1+h k2T'2 %
3 g s

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 freg-
uency of the harmonic voltage. The input to the motor is

given by

sog
P

- (P —— | PRORATTR) +
h= (%) SRR 0

g a8 L R y
2X12+X1351n ﬁ+3X12Xlgslnﬁ.cosa+th12X13_1

: : ¥ ke
sinfsing (T4 *T3 sin g)

s 3
R
e
: b
Also, since h2k2T82>>l and h%k®T! %501,
’ v
e 2
P = ( pg=tey) |R,DTI +
h Ty e
i e e e
2X 2 4X%, 51 X, X 551 [[Boosw +
. ' 1 o z
hksing (T *T4 sin 8) |
k R
e

SRR
If the copper losses in the two circuits of the
motor at standstill with sinusoidal impressed voltage of

fundamental frequency are:

vy 14T 1 %
Primary copper loss: W g M 02 5) B
e il o et

2 gLl Ll .

Beatidaly ©p 0 T3 Xgthgs o, s Bk
2 7
1

copper loss cZ 1+ Tézkz R
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then, assuming that k for hth harmonic is approximately

equal to that with h=l, s=1,

P (hy? l+T'2<>< s )
rimary copper loss = ( 75—) W A R TS
G T!? G o
53 @)
; vh 211"'?1(2
econdary copper loss = ( )_ sz 5W.o i kB 36)

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

fundamental voltage torque at standstill is given by,

(X§2+X12XlBSinBCOSa)+

: ¢ g R
2 hkX,.singsin (TS +T sin B)

1
_\.{b. }.:E.S_. A o s KB
T, =G g 3 : -
1 Moes (X12+X12X1551n$cosp )+

sin B)k

1351nB51n (TH*T2

J

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).

$.2.3 Operation with non-sinusoidal supply

For analysis of the behaviour of an electrical
machine under harmonic excitation, it is customary for
the sake of simplification to neglect the saturation
cffects. 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 8.2.1 harmonics of the order of (3n+l)
result in forward rotating field while those of the order
of (3nt2) produce backward rotating field. Consequently
the nature of the torque developed corresponding to (3n+2)th
harmonic is opposite to that for (3n+1l)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

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

ir
1+3jk [hF (T4 sinB+T} € ' )sing+

-jP
:T/ Vhg (hg-1+s) (T} +T, € 'sina )]
1h / JhFX

F 4

it 189

1
1+jk LhF(T' sinp+T, e )51na+
‘JP
(hg=1*s )(T4 4T} €~ sinp)]

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

expression

/|—g VhF L—l*-(lfs)kT(!Osinﬁsing"f]2+k2[:(3n+l)
I = B
‘ th’ \/IL_—« %11 E1—(1—s)kT(;Ssinasinﬁ]2+k2E(3n+1)

(TéasinB+Tgocosfi)sin§+(3n+s)

(T} sing+T) cosf] )sinp+(3n+s )

(Té +T, sinpcosp’ )]23 .. (8.19)
(Tys+Tp Sinpcosp, )_12

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

is high enough to make ShF:jl, the current is given by
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[ 1-(1-s kT, singcosf; ] Prk® T (13 sing*
[ 1-(1-s)kT ;Ssinssinﬂj 2+k2E (T:})Ssinﬁ*

: : 2
Tp.c08 P )51nB+S(TéO+T}051nBcosﬁ ¥

+
i -_—
T;scosﬂ )Sin6+S(TéS+T}SSinBcosﬁ,)J‘
col,-,~ Vh T' \\2 :
zi( F) -2 | .. (8.20)
A\ (3n+1)X L
n=1 1k S 7

Similarly the secondary circuit current 1is

V.k
( i—l__ )2 .

‘1
110

2hFl =

) AR ; »
s“X]oX]zsin §+2SX12A1351nBcosﬁ

+

El—kT",SsinBsinﬁ (l—s)jz+k2L(Téssin6+<)
Téscosﬁ )sing+s (T4 +T, singcos P )]E{J
L gLz

.2 :
X1giXygsin ek aias

%
( F )2
/ TR, (30 % 13"

n=1

singcos(|

o kB RT)
The approximation taken for eqns. (3.20) and (8.21) is valid
only in subsynchronous zone, since the harmonic field slip
does not approach unity unless mn 1is 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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for primary and

to eqns. (3.20)

The total
from -
= 2
T I Pl

The total
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hg. With this consideration, expressions
secondary current may be written similar

and (8.21), if the order of harmonics is hp.

current in the two circuits may be obtained

By

torque developed with all the harmonics

considered is given by

where,

—
A
\
A

kX

T, = =
h 2 h
T XliRe /} r

/ SR

me

=

i {Bi28%)

(3n+s) -

X12+X138in6c08R +

e s

(3n+1)

(3n+l)Xlgsinﬁsh1ﬁ.

+ A
(Tés%%ﬁi.+ TésSln 9)

[ 1-kT},_singsin (1-s) T

2 ] . 1 (2]
k“[ (T} sing+T, cos/, ) (Bn+1).

sina+(3n+s)(TéS+T;SsinBcosﬁ):]2 o

2 18.23b)
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3nt3-s ; o
(*3;:5-)X12+X1551n9cosf2+(3n+2)X1351ng
- - s 3 n+3 S 2
kX \\\ sin 2, (T3 aRs 111 sin'g)
L ST - / V2
J 2 : ¢ —
s Xllﬁe AgEB he [:l+kT;551n6s1n02(1—s)_J? +

k2C (T4 sing+T} cosPy) .

(3n+2)sing+(3n+3-s).

(TéS+T;SsinecosF2)t]2

..(8.23¢)

8.3 Discussion

8.3.1 Toraue developed

The general expression for the torque developed at
any value of brush éeparation and brush axis shift, with
non-sinusoidal supply voltage is given 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 Pl and P2 are

% or zero for normal and crossed brush settings respect-
jvely. Thus, for a neutral set motor, the torque is given
by-

(i) For normal brush setting

- : 2= i :
2 15 2 Py
o SRR e SR 1+ak® (1! + 35571 .)7
Kie=ig5100 (;fgg)z _ (b3
1R 1 8 aarl onte’ &
TS k 1 __I . ohBe 24}
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(ii) For crossed brush setting

: g 3
2 lez o SX12+X1351n6 ol TE X12+X1351n§
T = B B vy 1+K2 (T +sT' )2 =i Ve 1+4k2(T1 .+ 228 i 2 +
11 81 . 88 17 T8 2
b 20 ants :
;2 (g y° Botl Rigmgasing. .
' Zntl Bl e Ly 2
1 k (Tsl+ st & TSZ)
3nt3-s : E
( Vig (2 32 XyotXyzsing
ante e ANtE=8 wy 12
k (Tsl+ Fnty Tsz)
..(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
frapidly~as the order of harmonic increases and equals to
the torque developed by the motor at standstiil under

that particular harmonic excitation. Therefore, when a
Schrage motor is made to run at subsynchronous spced, its
behaviour is similar to an induction motor under “he same
operating conditions, but in the present case, the decrease
in the net torque reduces as g 1s increased. In the
crossed brush position,{jl is zero and slip is negative.
This change in operating condition necessitates that Sh

is not taken equal to unity, although from the denominatof
»f the torque expression, unity may be neglected compared
to k2h2(T;l+T;25h)2 Consequently the torque expression

reduces tn that of Egn.(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 g and reduct-

jon in torque increases with increase in brush separation.

Figure 8.1 shows the calculated speed torque eurve
for a Schrage motor supplied with a non-sinusoidal supply

having the following harmonic contents in p.u.

Vl =1 V2 = 0.21
Nt 0.104 \/'5 = 0.446
V7 = 0.67 V8 = 0.045
V10= 0.93 Vll: 0.0051
V12= 0.284

It is obvious from the curves drawn for different
values of B , that the general nature of the tordue is
more or less the same as discussed above. The torque
reduction is more as the speed decrecases, 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 Egns. (8.6) and (8.7).
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Accordingly,

Primary copper loss = &
oo : ; P 2
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For a neutral set motor
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The rotor which carries two windings will he

heated up by the cdpper—losses of both primary anc

tertiary windings. Therefore, the rotor copper losses

are given by

Rotor copper loss

Primary copper loss +

B (B)

5 Stator copper loss

~2e

¢ (8.88)

The Egns.(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>>1l. Interestingly

the extra copper losses in both the members due to time

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

T (Vh/h)z. In terms of the standstill copper loss of diff-

erent windings with sinusoidal voltage, the extra loss with

non-sinusoidal supply is given by

Stator copper loss

Rotor copper loss

e A B 0
R e
Jefty )
1+ T 2 v,
e et o

S

W g .. (8.29)
T12
W il - 4 Y
B s )
0
S (B.88)

It may be easily seen that the total copper loss with

sinusoidal voltage of the same r.m.s. value 2s non-sinusoidal

voltage is more than with non-sinusnidal voltage, approxi-

mately in the proportion of Z(Vh)g/Z(Vh/h)Z. 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-
#ion to the harmonic nrder while eddy current loss to the
square of the harmonic order i.e.hysteresis loss would be
more approximately in the ratio of (ZhVE)/(ZVi), while
eddy current loss is more in the ratio of (2h2V§)/(ZV§).
Moreover the degree of saturation augmented by deep bar
effect would be more with purely sinusoidal voltage than
with any individual harmonic of non—sinuéoidal 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
3ﬁd brush axis shift of the motor. It hés been shown that
reduction in torque magnitude for a neutral set motor for
given harmonic contents, is different with normal and crossed
pbrush 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 toraque
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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CHAPTER 1IX

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.
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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 Zp and Zn are more
than that for supersynchronous setting. The value of Zn
decreases with speed for normal brush setting. But with
crossed brushes, variation in Zn is very little. Larger
the brush separation, lesser is the vari<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>