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SUMMARY

Stability in various types of electrical machine is described and
instability in a d.c. shunt motor is studied in detail . Commutation and
the demagnetising effect of the armature reaction on the main flux are
investigated in order to determine the exact cause of instability . Various
methods of measuring the machine parameters are described . An
equivalent model of the motor is develéped and computer solutions of
the speed/torque equations are compared to experimental observations

of instability in the actual machine .
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INTRODUCTION

It has always been the designer's objective to keep the operating range
of a machine well below the limits of stability. However, in the past , the
steady-state performance was of principal importance and to~day, especially,
as components in control systems, machines are subjected to more
stringent dynamic operating conditions, resulting in attention being focussed
on transient stability as distinct from steady-state stability. An example of
this could be a control-regulated feedback system such as in a rapid transit
system where the train speed calculated according to a pre-fixed profile is
compared with actual speed. Differences control the supply voltage to the
d.c. series motor,

Whilst the phé nomenon of instability has been understood in individual
types of machines for many years, it is only comparatively recently that
the generalised theory of electrical machines has been available to analyse
the performances of any type of machine in terms of equations of a _
primitive machine that may be transformed to those of the particular machine
under investigation. The primitive machine must contain all the essential
elements of all actual machines so that the application of the primitive -
equations to a particular actual machine will consist of applying constraints
to, or eliminating currents from, these equations,

This thesis considers the phenomenon of instability in a d. c. shunt
machine and proposes an equivalent circuit in terms of a primitive
machine that will enable the now well~established generalised theory to be
applied in order to analyse the phenomenon. A method is presented here
for deriving a linear transfer function of a d. c. shunt motor running at a
particular operating point. Thus the transfer function represents the
dynamic behaviour of the motor for small perturbations around the operating
point. While the form of the transfer function does not vary with the
different operating points , the coefficients do change.

In electro-mechanical energy conversion , one energy medium is

electrical in nature and the other is mechanical. The stable operation of
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such a system depends on the energy balance between the electrical and the
mechanical media. Whenever the energy balance is disturbed, the system is
potentially unstable. Itis possible to show the unstable behaviour with the
help of some mechanical models. A typical mechanical analogy for the case

of a synchronous motor given by Kimbarkl is described below :

IX

(a) (b)
Fig. 1.1

The voltage diagram for this machine is shown in Fig. 1.1(a) and the
mechanical analogy of the system is shown in Fig. 1.{b). Two pivoted
rigid arms representing V and Eb phasors, are joined at their extremeﬁes
by a spring representing the XI phasor. Lengths represent the voltages in
the phasor diagram. The length of the spring XI is proportional to the
tensile force ( for simplicity an ideal spring is assumed which returns to
zero length When. the force is removed ). Hence the tensile force can be
considered to represent the current and the compliance of the spring ( its
elongation per unit force ) to represent the reactance.

The torque exerted on the arm by the spring is equal to the product
of the length of the arm , the tensile force of the spring and the sine of
the angle between the arm-and the spring. The torque multiplied by the
speed of the rotation gives the mechanical power transmitted from one arm
to the other. The mechanical model is regarded as being stationary ,
rather than rotating at synchronous speed, just as we regard the usual

phasor diagram as stationary. The formula for torque ( power ) is
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analogous to that for power in the phasor diagram , namely the product of
the volt-amperes and the cosine of the phase angle. Since the XI phasor is
90 degrees ahead of the current phasor , the cosine of the angle between
the voltage and the current is equal to the sine of the angle between the
voltage and the XI phasor.

Loading of the machine could also be shown in the model described
above by applying constant and equal torques to the two arms. This is done
by attaching a drum to each arm and suspending a weight pan from a pulley
hanging on a cord, one end of which is wound on each drum. As the weights
are added to the pan in small increments , the two arms of the model
gradually move apart till angle § between them reaches 90 degrees at which
pPosition the torque is maximum. If further weights are added , the arms
fly apart and continﬁe to rotate in opposite directions until the cord is unwound
from the drums. Thus the limit of stability is reached at § = 90 degrees.
Although from 90 to 180 degrees the spring force (current ) continues to
increase, the angle between the arm and the spring changes in such a way
that torque decreases.

The above mechanical model may be extended to d.c. machines where
angle 6 is equal to zero and the voltage drop is purely resistive instead of

r'eactive under steady-state operations. The point B in the Fig. (l.2) for a

- d. c. machine can move up or down the slot in the arm representing Eb.
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As more and more load is applied , the value of Eb decreases , thus
increasing the length of the spring which represents the tensile force. Power
output is the product of Eb and I.

Another equivalent model of the electrical machine is also possible
starting from the torque equation. The torque of any electric machine is given
by

T = Te + Jpze + Dp®6
where Te is the torque of electrical origin.
Taking the special case of a cylindrical rotor synchronous machine
Te = (VEb/X ) sin 6
= K sin § if VEb/X = constant = K (1. 1)
Taking the synchronous speed as the reference » the torque equation (1. 1)
then becomes |
T = Ksiné + Jpzﬁ + Dpé (1. 2)
Under steady-state conditions the torque due to the second and the third

terms in eq. (l.2) becomes zero since § is a constant. The eq. (1.2) is

similar to the equation of motion for the mechanical system shown in Fig. (1. 3).

7 D

K
s T )

Fig., 1.3

The spring force is given by Ksin § where § is the torsional deflection of
the spring at any time.

Since all rotating electrical machires have a stator , rotor and
an air gap, it seems quite possible that mechanical models may be extended
to explain or exhibit unstable behaviour in all machines. The study of

these models in that case would throw some light on the behaviour of the
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machines under various conditions of operation. The principal difference in
behaviour between the mechanical models and the actual machines is that ,
due to the effects of magnetic saturation, configuration of coils and shape of
the magnetic circuit ( particularly the air gap ) . The compliance of the
spring is in fact dependent on several of the variables , so that non-linear
differential equations formulate the voltage and torque. Examination of
actual machine characteristics illustrates how far they deviate from the
simple mechanical models and show why'it is extremely difficult to develop
a single unified treatment for instability analysis that would embrace all
classes of electrical machines.

The electrical machine in operation develops a torque that is to be
balanced by the retarding torque developed by the load. Once such an
equilibrium is reached the machine is operating at a stable point. But now
if, due to some reason, there is some increase in load , then the machine
will have to slow down.to develop more torque to balance the increased torque
due to load. The machine characteristic in this case would be of the form

shown in Fig. 1. 4 (a).

Spe 7

.S'/Jcc’/

7or7-uc‘ (a) ) Trropsc (b)
: Fig, 1.4

But on the other hand if the machine characteristic is as shown in Fig. 1. 4(b),
a reduction in the load will cause the net torque on the machine to be
accelerating. Because of this type of characteristic an increase in speed

results in an increase in torque of the machine, with the result that the
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speed increases further until some part of the system fails electrically or
mechanically; in other words the machine runs into instability.

If a machine has the characteristic as shown in Fig. (1.5), then it is

S\/De&\/ \

7ar¢V ve
Fig, 1.5

evident that upto ﬁoint P the machine operation will be quite stable, but

after P the operation becomes unstable. In the case of a motor , the operation
of the machine is stable so long the slope of the speed -torque characteristic

is negative, but as soon as the slope becomes positive the machine runs into
instability. The same thing is true in the case of a generator, which is stable

so long the slope of the voltage-load current characteristic is negative, but

runs into instability as soon as the slope becomes positive. An exampl;a of such a

characteristic is shown in Fig. (1. 6).
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INSTABILITY IN VARIOUS TYPES OF ELECTRIC MACHINES
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INSTABILITY IN VARIOUS TYPES OF ELECTRICAL MACHINES

This chapter considers both a.c. and d.c. machines to show the type .

of instability they exhibit and under what conditions it takes place.
i) A .C . MACHINES

a) Synchronous Machines : Under steady-state conditions the synchronous

machine rotates at a constant angular speed with a constant torque angle §
between the rotor pole axis and the axis of the rotating field caused by the
three-phase currents in the stator. But if this relative position is disturbed
for some reason , a synchronizing power flows in the machine to develop a
synchronizing torque. The elastic nature of the magnetic link between
stator and rotor gives rise to the oscillatory tendency.

A typical outpﬁt—torque angle characteristic for a cylindrical rotor

machine is shown in Fig. (2. 1).

fower
m Limi? 0/ br/"’(,//'/’/}

A/2 70/:7/L/(' '“[}’/f‘s
Fig. 2.1

Up to 6=90 degrees, the machine gives stable operation. This machine has
two types of stability limits

- Steady-state stability limit and

- Transient stability limit
The steady-state limit is the greatest possible power under given conditions
of operation and excitation as the load is gradually increased.
The transient stability limit is the maximum power that the machine can
carry and remain synchronized when subjected to a transient condition

such as a sudden change in load, a fault or a switching operation.

The general stability of a synchronous machine thus concerns not only normal




operating equilibrium but also the ability to regain it after a disturbance.

b) Induction Machines : The normal full load torque in such machine is

less than the maximum and may be less than one half. I.. accelerating from
rest therefore, the motor runs through an unstable region in which a rising
speed gives rising torque. This may not be important , except where the
motor has to start against a considerable load torque. Fig. (2.2) gives a

typical speed-torque curve and the normal load range is shown by a heavy

line. A
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Fig. 2.2

The unstable region of the characteristic is not readily observable in
Practice, as the motor will not operate stably at any speed within the unstable
range except where special loading devices are used. It is possible to

obtain oscillations in this machine at no load if too much resistance is
included in series with the supply circuit to the machine.

ii) D .C . MACHINES

a) Series Generator : This machine has the type of characteristic shown

in Fig. (2. 3). The voltage depends entirely upon the value of the load current.
The first part of the characteristic re.pre sents unstable conditions as an
increase in current gives r.ise to an increase in voltage. Beyond the point

of maximum voltage, however, the series generator is stable.

b) Series Motor : The m.m.f. due to the field coils increases in direct

proportion to the load, the value of direct-axis flux will vary with the load

current according to the magnetisation curve. Owing to the armature
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reaction, even with the normal case of brushes-in the geometric néutral
position , the actual graph representing the total direct-axis flux is below
the open~-circuit magnetisation curve. ; the fall being quite considerable at
heavy values of current.

The initial portion of the speed -load current characteristic shown

g peed
Zoryve

Looo curren?
Fig. 2.4

in F1g (2. 4) is a rectangular hyperbola and if the effect of the g-axis
‘m.m.f. on the d-axis flux is ignored, the final portion of the graph will

merge into a straight line to give zero speed when I = V/rqr which is
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very many times full-load value. The curve for the total torque will be first
a parabola until the magnetisation curve ceases to be a straight line, but
ultimately will merge into a straight line passing through the origin when
the magnetic circuit is virtually saturated. The speed on no load will
normally be many times the full-load speed, hence series motors are not
used under conditions where there is any possibility of no-load working
being encountered.

c) Shunt Generator : This machine has a voltage-load current characteri-

stic shown in Fig. (2.5). After the load resistance is decreased to a certain
value, any further decrease, instead of increasing the load current ,

ultimately results in the current decreasing. So the complete external

Exterpel CASracterisdscs

Terminald
Vol f? €

Lowd cvrréenZ

Fig. 2.5

characteristic of the generator may be divided into two parts :

Initially , as the load current increases , the terminal voltage decreases
which represents stable f:onditions. For the later part of the curve, a
decreased current corresponds to decreased terminal voltage , so the action
is very unstable.

d) Shunt Motor : This machine would operate approximately at consta.nt.

speed so long the shunt field remains unchanged. A typical characteristic

of this machine is shown in Fig. (2.6). If the ratio field ampere turns/armature
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reaction ampere turns is less than unity and with a fair degree of saturation

b
e NI
~ " a
ﬁr?ue
Fig. 2.6

in the armature teeth, the fall in flux with increasing armature current
would be greater proportionally than the fall in back e. m.f. As a result

the speed would increase with increasing load torque as shown in Fig. (2. 6)
by graph 'b' instead of falling continuously as shown by 'a' for a machine
having a relatively strong field m. m.f.. Instability would thus result as the
motor would tend to take a further increasing current and might actually
accelerate. From the above discussion it is evident that a general approach
to the study of instability applicable to all machines is likely to be too
complicated to be of practical value. Consequently attention will now be

confined to the machine under inve stigation i. e. the d. c. shunt motor.




CHAPTER IiI

CAUSES OF INSTABILITY IN THE D. C. SHUNT MOTOR
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CAUSES OF INSTABILITY IN THE SHUNT MOTOR

Instability in the shunt motor,when operating with constant field current R
results in an increase in both the speed of the motor and the armature current.
The fact that the direct-axis field current is maintained constant indicates
that there is some phenomenon that reduces the direct axis flux resulting in
the rise in speed. Two possible reasons that may cause the reduction in the
direct-axis flux are examined below

a) Commutation as a factor contributing to instability : A negative voltage

induced indirectly by the armature current in the ds-axis which reduces
the effective m. m.f. of the field winding ; such a voltage might be
attributable to commutation which occurs when the rotor coils are situated
on the direct axis. This could be dismissed by the superficial argument
that, apart from an alternating current due to the tooth ripple , itis well
known that the field current maintains a constant value regardless of any
increase in the armature current. Thereforg, the ampere-turns produced by
the field itself are independent of armature current. However, solid iron
in the magnetic circuit, pole face windings and even laminated iron might
well provide a path for direct-axis eddy currents re sulting from inducea
voltages caused by mutual induction of unidirectional pulses of current in
the rotor direct axis .

If such unidirectional currents could be shown to exist, Fig., (3.1)
shows how the m.m. f. associated with them could produce an increase
in the leakage flux in the main field winding without decreasing the total
flux associated with this wiriding.

It has been shown by Jones and Barton3’ 4,5 that the process of
commutation does in fact cause two components of voltage in the d-axis
stator coil. One component is produced by the mutual coupling between
the coils undergoing commutation and the other component is due to a speed
voltage in the rotor coils during their travel over the non-commutating
zone, Joues and Barton have shown that the two components are opposite in

polarity and, although the duration of commutation is very short compared
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with the time taken for a coil to travel one pole pitch, the average values of

Fretd Cotl /ecvfye fd(/x flh

Fig. 3.1

the two components are assumed to be equal so that the net voltage produced
in the field winding is zero. That the average value should be zero during ‘
‘normal operation of the machine is reasonable but the possibility of an
unbalance occuring under abnormal cicumsfances » such as poor commutation
due to heavy load current, is worth investigating as a possible contributing
factor in causing instability. ‘ '

In the following analysis the ds-winding may be regarded as consisting of
a closed eddy-current path, rather .han the actual field coil', without
affecting the validity of the argument because the crux of the argument is in
the equality , or inequality , of the two voltage components caused by the
current in an armature coil.

To investigate commutation as a possible cause, compare the transient
impedance matrix of the commutator primitive machine given in eq. (3. 1)

with that derived from dynamic circuit theory,
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Tas T DagP Myp
M.p r. +L.p i L' p M'pb
7 - d dr dr .’ qr q (3. 1)
- M! - 1
4P 8 Ldrpe rqr+ Lqrp qu
|i
: Mp r + L
: a qs * Tqs®

From dynamic circuit theory, the voltage equations are given by the matric
eq. (3.2).

ri + p(Li)

(r + Lp + 3L/ 368)p€)i (3.2)

<
1]

This suggests that if measurements of resistance and inductance are made
on a stationary machine , the elements of the inductance matrix 1.(8) should
enable the dynamic impedance to be determined. Plotting the various
inductances , self and mutual,as functions of § permits the coefficients of
the speed voltages i.e. 31/36 to be determiﬂed. Because the L matrix is
symmetric, it follows that the 31, § matrix will also be symmetric.

The commutator primitive machine impedance matrix is clearly
non-symmetric, there are no 3L/dgterms given in the stator coils and the
terms associated with rotor speed voltages i.e. the primed inductances
form a skew symmetric matrix. It is evident that the commutator machine
impedance does not conform to the dynamic circuit theory eq. (3.1). The
validity of the co.mmuta.tor machine impedance matrix may be readily
verified by experiment. Open-circuit voltages may be measured when one
coil at a time is excited with a known current while the rotor is being
driven at a known speed. The results show that the primed inductances
are in fact equal to their unprimed values. .

However, it is noticed that Md and Ldr when they are primed ,
appear in the qr row. This may be explained simply by recognizing thé.t.
when, for ex;ample , the current in coil ds changes with time , a change in

flux linkages occurs, in coil dr. Hence an induced e. m.f. of mutual
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induction ( a transformer voltage ) is produced in coil dr. No e. m.f. of
mutual induction due to changing currentin coil ds can appear in coil gr
because the coil axis is perpendicular to the flux axis. If the rotor is moving ,
however, the direct-axis flux caused by the current in ds will cause a speed
voltage in coil qr. If the rate of change of flux linkages in the coil dr is

equal to the rate at which coil qr is ''cutting'' the flux, a condition that is
fulfilled when coil ds 13 excited with alternating current and at the same time
the rotor is driven at synchronous speed, then it is found that the transformer
voltage across coil dr is equal to the speed voltage across coil qr. This

is equal to M! . In this manner the commutator primitive

d d
machine impedance can readily be justified on an experimental basis.

proves that M

The incompatability of these experimental measurements with the
dynamic circuit théory eq. (3.2) remains unsolved. Measurements on a
commutator machine appear to show conclusively that no speed voltage can
exist in the stationary ds and gs coils.

In the case of a slip-ring primitive machine ( see Appendix II ),
experiments show that the dynamic circuit theory eq. (3.2) is verified
without any reservations. Speed voltages are present in the stator coils
and the impedance matrix is symmetric for all coils. It is apparent that .
if the dynamic circuit theory is universally true , then the description of
the commutator primitive machine is incomplete in some respect, In both
machines, measurements are made at the coil terminals. Currents entering
the terminals of a slip-ring machine are one and the same as those in the
actual rotor conductors. In the commutator machine, however, the currents
entering the rotor are radically modified by commutator action. In terms
of classical dynamics the slip-ring and the commutator machines comprise
holonomic and quasi-holonomic systems respectively because the time
integrals of the terminal .currents give the actual conductor charges in
the first case but not in the second because the position of a given conductor
is unknown. The difficulties encountered in attempting to apply dynarﬁi_c
circuit theory to the commutator machine led Jones and Barton3’4’ > to

ahalyse the process of commutation in terms of dynamic circuit theory.

e e BT
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They showed that by considering the presence of an extra short-circuited coil
to represent the coils undergoing commutation , it could be shown that there
is in fact 2 speed voltage produced in the stator coils but also an additonal

transformer voltage of opposite polarity. The existence of both these compo-

nents of voltage was established experimentally but , although they showed

their polarities to be in opposition, a proof was not given that they would

exactly neutralize each other. They concluded that if the components were
not equal in magnitude , then the flux pfoduced by the field coil of a d. c. L
machine would either grow or decay indefinitely due to the unbalance in the |
transformer and speed voltages set up by a rapid succession of coils
undergoing commutation. Because such a growth or decay cannot be observed
in normal operation of the machine, the conclusion was that the magnitude

of the components'must be equal. In studying stability of a commutator
machine , the possibility of therebeing a direct connection between field
weakening as a consequence of unbala‘nce of the two components was
considered to be worth exploring. Should such a connection be established

then it would have added to the known causes of instability in d. ¢, machines.

. 4 . . :
i} A summary of Jones' work : Consider a d.c. shunt machine shown in

Fig. (3. 2) with only two coils for the purposes of analysis. The same

expla nation could be extended to any commutator machine.

Fig. 3.2

Consider the coils undergoing commutation when the brushes are making

contact with fixed points on the rotor coils.The current in these coils changes
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from + I/2 to ~ I/2 during commutation and is not a constant value as is the
case with the rest of the armature turns not under going commutation. So it
is seen that the short-circuited turns carry different current during the
commutation period. These turns liec in the d-axis which is 90 degrees to
the axis of main armature m. m.f.

Hence the above commutator machine can be analysed by considering
a slip-ring machine which has one winding made of short-circuited turns

and the other of rest of the turns. This machine is shown in Fig. (3. 3).

Fig. 3.3

The inductance matrix of this machine will be of the form as in eq. (3. 3)

f a c
f Lf Maf Mcf |
L = a M L M (3. 3)
af aa ac
c M M L
: cf ac cc

The plot of variations of the above inductances with the angular displacement

is shown in Fig. (3. 4). Explanation of these curves is given below :

Lf = This is constant since a smooth rotor is assumed.

Laa = This varies because of the saliency of poles and is a minimum
at 6= 0 i.e. when the coil is lying along the g-axis

.Lcc = At 8= 0 the coil is lying along the d-axis and the flux path is

through teeth , rotor , two air gaps , pole shoes and the yoke

and this remains fairly constant until the coil comes underneath
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the pole shoes. As the coil comes under the pole shoes, the
length of the flux path starts reducing since the flux surrounding
the coil sides now travels through the teeth , the small length in
pole shoes and the two air gaps. Hence the value of Lcc starts
rising up since the inductance goes up as the reluctance of the

magnetic path goes down . So the peak of Lcc occurs at g= 90

degrees.

Mac = This is a function of the second harmonic of a sine wave.

Mcf = This remains constant when the coil 'c'is lying in the d-axis
which explains the trapezoidal shape .

Maf = This is a sine wave.

Considering the voltage equation for the field circuit only, since this
is the one that needs inve stigation :
Vf = ‘rfif + prif + Mcfpic - (aMaf/ae)iapG (3.4)
Since it is a two-pole machine and assuming that the brush width is such
that it short circuits two segments , then during the commutation it is
evident that two coils will be short circuited . So for evaluating Vf s consider
®=+B/2 and one specific pair of coils. The mutual inductance of this pair of
coils with field i. e. Mcf is shown in Graph 1(a) which is essentially tﬁe
same as Fig. 3.4(d) . For normal direct current operation , the current
in the coils ic as a function of rotor position € is shown in Graph 2(a) which
is constant except during commutation when the variation is approximately
linear . The term Maf in the equation for the field voltage as given in
eq. (3.4) will be replaced by Mcf since only one specific pair of coils is
being considered during a travel of 7 radians.
The last two terms of the field voltage ecuation are of interest here .
The value of Mcf » B=10 degrees and-the angle which the poles subtend = 45
degrees have been taken from the work of Jones in order to plot the form of
transformer and speed voltages in the field winding as shown in Graph 1(b)
and 2(b) . The positive pulses are seen to occur over the region where
M _is constant and therefore represents Mc

cf f
voltage. The negative parts of the curve occur when ic is constant and

i p8 1i.e. a transformer
c
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therefore represent a speed voltage (BMCf/BlG )icpe. Each pair of coils
therefore produces a transformer voltage during commutation and a speed
voltage during the remainder of its rotation . The mean value over each

half cycle of the total induced voltages from both sources is found to be zero,
This mean value of Vf in Graph 1i(b) and 2(b) is found by integration . Graph 3
gives the voltage produced bv one pair of coils over a complete revolution .
The reaction on the field of 2z completely uniformly wound armature may

be found as follows

Consider the instant at which the pair of coils concerned is in the centre of

the commutation zone. Their instantaneous induced voltage is given by the
positive peak in Graph 2(b) . The voltage induced by each of the remaining
coils is given by erecting ordinates in the same Graph 2(b) at uniforrmrly
displaced angles eciual to one commutator segment pitch . The voltage of

all the remaining coils will b.e in the negative region of speed voltage . Added
together they give the total voltage produced in the field circuit due to the
rotor currents . The net voltage from all the coils is the sum of the individual
voltages , both speed and transformer . If the mean value over each segment
pitch is zero then the instantaneous value can differ from zero only by a
small quantity at commutator ripple frequency . Neglecting this ripple the
effect of commutation on the field coil would be zero and it could be said

that the commutation itself does not contribute to instability in d. c. machines.

ii) Further extension of Jones' work : Itis possible to calculate mathe~

matically the areas under the transformer and speed voltage curves by
forming proper equations . For the salient-pole machine considered by
Jones , the two areas are c‘alculated below and then the same calculations
are extended to our machine which is a smooth air gap machine to see if

the two areas are still the same .

Transformer voltage 'Vtr : This is given by the relation given below :
.= 1 1
Vtr Mcfplc volts
but pic = iCZw/B if linear perfect commutation is assumed .
Hence V. = M i 2w/ Bvolts
tr cf ¢
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The area under the rectangle for a rotation of B/2 will then be equal to
Area ( transformer voltage ) = Mcficw volts. rad.

Note that this area is independent of B .
Speed voltage VS : This is given by the following relation

v = wi oM t/39 volts
s c c

Let the angle subtended by the pole arc be a and also assume that the shape
of curve for Mcf follows a cosine wave in between the flat portions . This
is a fair assumption from a practical view of machines . The peak value of
the trapezoidal wave is Mcf . Let the cosine wave being followed by rest of
the curve be defined by Acosf ,

Then M = Acosa

cf
and A

M /cosa
cf

Hence speed voltage Vs wicA sin8 volts

The area under the speed voltage curve from 0 to 90 degrees will be given by
0
wi r9 Asin6d6
c va
— Awi cosa
c .

Area ( speed voltage )

Substituting the value of A ,

Area ( speed voltage ) - MC icw volts. rad.

f

Thus it is seen that both the areas are equal and have a value of M fi w
cf c

volts. rad.

Case of a smooth air gap machine : Because of the smooth air gap the shape

of the curve for Mc will not be trapezoidal but a cosine wave since the

f
reluctance of the magnetic circuit is same for any value of 6. The peak of
this cosine wave will have a value equal to Mcf instead of A for the salient
pole machine . The plot of ‘Mcf for the two cases is shown in Fig. (3.5) .

The transformer voltage and the speed voltage for the smooth air gap

machine will be of the form shown in Fig. (3.6) . The area of the transformer

voltage will remain the same as calculated above in the case of the salient -
pole machine.
Area of the speed voltage curve will be given by

9 .
J"O?aMcf/aG)cosewlc de

Area ( speed voltage )

-—wi M volts. rad.
c cf
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Hence it is seen that the net voltage in ds~axis winding iszero in the case of a

MCF —
&) g - @
d
/4
37%_ 2R
a—Smood au'rﬂ'f‘\/o mechsy e
6-J'd//e»,{/za/g I dine .
Fig. 3.5
o ]
- 'f“_ (CLie & TP T I
/,/’ [
//' ‘ A/ = 3K/ 2 A
J/'Octc-’ Va//‘;}‘e

Fig. 3.6

smooth-rotor machine also . But in the case of a smooth-rotor machine
there will be a speed voltage during the period of commutation also s
which is not the case in a salient-pole machi ne .

We can , then, confidently rule out commutation as being the
cause of producing a reduction in the ds-axis flux which in turn gives

rise to instability .

SN e
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iii) To establish the direction of transformer and speed voltages in terms

of positive d-axis flux : Although it has been shown above that both the

transformer and speed voltages being produced in the ds winding exactly
neutralize eachother , it would be of interest to know the polarity of these

voltages with respect to the d-axis flux .

dg s

+

O_—EB 1 (2)

- 0—p——
Fig. 3.7 Fig. 3.8

In Fig . ( 3.7 ) the direction of the voltage and hence the current in the
conductors of the pair of short - circuited coils during the period of
commutation is determined by using the left hand rule. With the direction
of rotation shown , the coil 1-1'is about to undergo commutation whereas
the coil 2-2! has just passed through commutation . So just before the
commutation the polarity of the e. m.f. is such as to produce a positive
m.m.f. on the d axis and just after the commutation the e. m.f. has a
polarity that produces a negative m. m.f. Hence the effect of the coil pair
undergoing commutation is to convert the magnetising effect into de-
magnetising effect . Thus it is possible to fix the direction of current in the
short-circuited coil in Fig. 3. 8(a) such that it produces a demagnetising
effect on the d axis . The direction of the transformer voltage induced
in the ds-winding and hence the direction of m. m.f. due to this voltage
can be easily fixed as shown in Fig. 3. 8(b). '

So it is evident that the transformer voltage induced in the ds~winding

is magnetising which makes the speed voltage demagnetising since the two
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have been proved to have opposite polarities,

b) Demagnetising effect of armature reaction

This is investigated below first for a salient~pole machine and then for
the case of a smoothrotor machine .
Considering a salient~pole machine , the effect of the armature current
on the flux distribution is studied for the following two cases
1) when magnetic saturation is entirely absent and
ii) when magnetic saturation is present .
i) In the absence of magnetic saturation , the value of the flux density at
a point in the air gap may be taken to be proportional to the ampere-turns
acting along the magnetic path passing through that point . It is then permissible
to determine separately the flux distribution curves due to the main field
coils and the armature . The corresponding ordinates of these curves may
then be added to obtain the total flux distribution curve , due to the joint

action of both the main ds-winding and the armature winding .

///
. . -
|pve—y K o

N /b/

Gt = Main Fleds i T~

6 - F/'e[/ /UC fa) ”’MQ’Z(U/E CU’/&);/ d'——”DTOK
C = Bral grels. :

|

Fig. 3.9

The field form as shown in Fig. (3.9) is thus severely distorted and is no
longef a symmetrical curve about the direct axis centered on the pole shoe.
For this case,assuming riegligible reluctance of the iron parts of the magnetic

circuit and the brushes in the geometric neutral position , it can be shown
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that the value of the useful flux per pole is unaltered from its value on no load
because the decrease in flux on one side is compensated for by an increase on
the other side . So the only effect is that the distributibution of the flux is
altered ,

ii) Effect of magnetic saturation : The value of e, m.f, generated in each

conductor of the armature is determined at any instant by the flux density in the
air gap at the point through which the conductor is passing. If the flux density
in the air gap is increased much above the'no—load value , the maximum value
of voltage existing between adjacent segments of the commutator may become
excessive . _

By normally working the armature teeth at a higher degree of saturation,
the effect of the armature reaction upon the flux density under one pole tip is
very much reduced , Aalthough at the same time the actual value of the total

flux is reduced thereby . This is illistrated in the Fig. (3.10) which has been

| 4 ‘
| |
| .
b | :
i , l QA= Field yndey no-louf
/ b= Fiett ypnobr
‘ a " lowdod Conet'?s par.
— o
— |
: |
Fig. 3.10

constructed for a uniform gap under the pole-shoe and brushes in the geometric
neutral axis . Since the value of the resulting m. m.f. due to the combined
effect of armature reaction and the main field winding varies uniformly over

the pole arc i.e. according to a linear law , the field form under the pole-
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shoe will be simply a reproduction of the portion of the magnetisation charz-
cteristic for the teeth and air gap portions of the magnetic circuit . This is

shown in Fig, (3. 11) .

F
Feeetd ﬁ“f/
7/
F
2 /n p g veet] + gy
“arsr .
7%

Ampere - HFvrns

Fig, 3.11

The actual field form for the loaded machine can then be constructed as shown
in Fig. (3.10) . For the interpolar parts of the field form , an accurate )
enough approximation is can be made from the shape of the open~-circuit field
form .

So it can be concluded that in a machine with an air gap of constant
length over the whole of the pole arc , it is evident that with teeth worked at a
higher degree of saturation , extreme saturation will be obtained in the teeth
at the leading tip and , as a result , the total flux per pole is seriously reduced
when the machire is heavily lbaded .

For the case of a smooth air gap machine which is the actual machine
under study , graphs similar to Fig. (3. 10) have been drawn for the resultant
field form to find outthe percentage reduction in the d-axis flux . The area
under the flux wave form between the brushe s,which are assumed to be on the
geometric neutral axis , has been evaluated for three different values of the
armature curreni and then the se are compared with the area when the armature

current is zero . The difference in the areas for these two conditions represent
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the change in d-axis flux . Table (3.1) shows the results of this study and the

corresponding field f >rms are shown in Graphs (5) to (7).

Table (3. 1)

Percentage reduction in d-axis flux

ds I 2A 4A 8A
qr

1.0A 2.3 6.0 18

A simple test on the machine can illustrate the effect of q-axis m.m.f,
on the d-axis flux or vice vsersa . The open-circuit voltage Vr is measured
across the brushes by rocking the brushes from 0 to 2w and Vr is then

plotted agairst the brush shift . Figures (3. 12) to (3. 14) show typical results
that will be obtained .

Fui t s A
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Orly ds-axis excitation present
Fig, 3.12
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Only gs~axis excitation present

Fig. 3.13
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Fig. 3.14

If the resultant is still below the saturation value , then
V.in Fig. (3.14) = /7 of V. 2t a=0in Fig. (3.12)
or at a=n/2 in Fig. (3.13)

If the resultant exceeds the linear rarge of the magnetisation cur-e , then the
above result is no longer true..

Another simple test to show  the weakening effect of the armature
m. m.f. on the direct axis flux is to drive any d. c. generator with the field
separately excited from a regulated power supply . If the generator is loaded
to give a heavy armature current when the field excitation is weak , opening
and closing of the switch to apply and remove the load produces no perceptible
effect on the field c.urrent . However , if the test is repeated for the same
value of the armature current but a higher field current so that the magnetic
circuit is partially saturated , a transient is oberved in the field current as

shown in Fig. (3. 15) .

Zds

t1= moment of closing load switch

t2= moment of opening load switch
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The reduction in flux can also. be explained in a different way . Since the
ds-axis m. m.f. is being kept constant by the shunt field current , the flux is

reduced because the reluctance of the ds axis increases .

Since Flux = m.m.f. /reluctance
= Ni/R

And also Inductance = Ndg/dt
= N%/R

So if the value of reluctance R has increased , then the value of the incremental
inductance should fall since N is constant . So for a constant value of m.m.f. ,
the only way that the value of inductance can fall is by altering the open-

circuit characteristic as shown in Fig. (3. 16).

al

o

d I%,-,_ /'/)C/(lw,-/}v/

F
Fig. 3.16

Reduction in the slope of the curve at points a, b, c and d indicates a fall in the
value of L. .
Tests I, II and IIl in ché.pter VI further confirm experimentally that

the armature current does cause a demagnetising effect on the d-axis flux .

B




- 30 -

EQUIVALENT MODEL OF A D. C.SHUNT MOTOR AND ITS DYNAMIC
BEHAVIOUR

a) Equivalent model : The effect ofa reduction of d-axis flux which increases

with increasing armature current can be simulated by assuming a fictitious
winding on the ds axis producing an m, m. f. in opposition to the main field

winding on the ds axis . This equivalent machine is shown in Fig. (4. 1) .

s,
s, —main field W/'na’/"ly
é ds & C{.{\, - )C/'CZ'/'ZII'O vs LV/f/r/O)/; Stmutie &4 »;/7
e hf:ujn eZrs /'/E;" e// ecs of

, m srinafare ¢ urrén?.
:l’" - b# |

Fig. 4.1

Using the primitive commutator machine and the principles of electro-
mechanical energy conversion , it is possible to predict the dynamic behaviour
of this modified equivalent machine at varic;us operating points . The impedance
matrix of the primitive machine shown in Fig. (4.1) is given by eq. (4.1) .

(see Appendix I)

dst ds2 qr
esl | Tggr T LyggyP M, ,p
Z = ¢és2 M12p LdsZP + rdsZ (4. 1)
’ 1 1
- M b8 -
qr M1 ) M2 po rqr + Lqrp

The actual machine is connected as shown in Fig. (4. 2);the ~onnection matrix

'C'is given in eq. (4. 2) .
i i

ds qr
1dsl
- _ (4. 2)
C = 1dSZ i
i 1
qr
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Fig, 4.2

The impedance matrix Z' of the actual machine is given by

VAR C’c ZC (4. 3)
Substituting the values in eq. (4. 3) gives
: ds qr
| .
3 d
.7 ° rdsi+ I"dsip — M P ‘5
. (4. 4)
—— - 1 + 1 T
qr Mizp Mipe Ldszp M2p6+ lqr+ Lqrp l
Note : r is considered and included in r
: ds2 _ qr
| The torque equation is given by
T = JpZG + Dpf -~ iGi for motor
~ s - - 1 12 b
Gi M1 14s + M2 lqr
. . - - 12 pat -t
iGi ( M1 1ds + M2 lqr)lqr
-iGi = M, i, i - MN! 2
i ds qr 2 qgr : 2
= 12 . - 1t
T Jp 8+ Dp6 + M1 lds?qr M2 lqr
Hence three equations for equilibrium for the machine are given below :
- . ; i ' .5
Vds (g1t Las1Pligg M, P, - (4.9)
= - 1 - s + ' <\ .
Vqr ( M1 po Mizp)lds + (Ldszp + Lqrp +rqr M2 pS)lqr (4. 6)
T" = (Jp + Dpp6+ M - M 2 (4.7)

t '
i 1dslqr 2 qr
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Taking p8 as analogous to voltage and " analogous to current7, inertia will
then be represented by a capacitor of value J in mks units and the damping
coefficient D by a conductance , it is then possible to make an electrical
analogue for the above three equations i.e. eq.(4.5) to (4. 7) using the three

port circuit shown in Fig. (4. 3). (see Appendix II1).
245
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This electrical equivalent represents the transient model and can be reduced
to give a steady-state model by making all terms involving p equal to zero .

The steady-state model is shown in Fig. (4. 4) .
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b) Dynamic behaviour of the machine : The basic assumption in the forth-

coming analysis is that all the machine parameters are constant over a certain
region of operation . As long as the machine is operating in a small region
about some steady-state point , the parameters can most reasonably be
assumed constant and linear analysis can then be performed .

Incremental technique is extended by introducing a piecewise-linear
model . Such a model assumes the machine parameters to be constant only
over a certain range of operation and when the operation proceeds to another
region , these parameters take new values . A linear set of differential equations
describes such model in each region of operation . In order to obtain linear
equations of the motor at a given operating point , each of the dependent
variables will consist of two terms

- the steady-state value of the variable that permits the motor to operate
at the operating point in question , designated by subscript 0 .

- a small perturbation of the variable around the operating point
designated by subscript 1 . This will represent the time ~varying portion of

the variable .

Yas T Yao T Vat & e T Vg0 T Vgt
- - - 3 - ___ L] + »
'ds ‘a0 T lat ’ Yar g0 T gt
- |
™ = T 4+ T , o
.0 1 w = @y + W,

Substituting these variables in the three equations of equilibrium i.e. eq. (4.5)

to (4.7), the following equations are obtained :
_ ' 4 . L4
Vaot Va1 T (Fgert Las 1Pt iy MyaPligot Igq)

p+L pt+tr +
qr

= {-M - P+ + {L
Vo Vqr = Lo Mylegte) - Mopligetig) 4oLy o qr
' o
M2 (wo + wl )}(1q0+1q1)
T + T =(J§+D)(m to ) F M ME i WD i) - MUE 4i )
0 i 0 i 17d0 "d1" g0 “qt 2 "q0 "qi
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On expanding the above equations , we get

- ‘ + L P, - ;
Va0t Va1 T (Faet® LagiPlgo * (Tggqt Lgg Pligy = My,piy,
= - + + M_'p )i - ;
Vq0+ ti M1 woldo Ldszp Lqrp + rqr M2 m0)1 0 M12p1d0
! - 1 3 - ] 3 - T
My'oolay ~ My'eig - Mylegdy, - My,pigy + (Ly op + LaP*
; + M. i "o i
rqr)lqi + M w11q0 Zwilql +M2 w01q1
T + T, = (Jp + D)oy + M1 ML 2 +(Jp+ D)o+ M i, i
o' 1 1 'a0'q0 ~ M2 $ta1tgr t
M,Moi o -M_t 2 - 2Mo g
1741 qO 2 ql 2 qO qt

The valuesof higher order terms involving the product of incrementals are
Erae
negligible . Subst#imting the steady~state values from the above equations , we

are left with only the time-varying portions of the above equations which are

given below

v = (r

at astt Tas1Plqy = MypPi

- - t - ¥ e, 1
vqi (. M1 @, M12P)1d1 + (Ldszp + Lqrp + rqr+ M‘2 c.>0)1qi +
15 -
(M, 0 = My 'Tgp)e;
- e . 1s - 2M ¢ .
Tli' (Jp + D) w1.+M1 1q01d1 +(M1 10 21(10) qt

Let the Laplace transforms of the 'above time-varying quantities be represented by

capital letters and that of w(t) by 2, . Also assuming that the initial values of
these quantities are zero for all time-varying variables and taking the

Laplace trnasforms , we have the following equations :
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(08) = lrggqt LggPlyy = My,sl (4.8)
Var{®)  ® (Myleg - My 8Ty + 0Ly s thgrStigr T Ma o)

(M40 - Mz'iqom1 (4.9)

Tir(s) = (Js+ D), + Mt oolag t (M g0 2 1\/12'1010)1(11 (4. 10)

Then the incremental equivaleni circuit for the motor is given below in Fig.

(4. 5)
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Fig. 4.5
On drawing the block diagram for the above circuit » we have
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Fig. 4.6
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Using the block diagram in Fig, (4. 6) , itis now possible to simulate this on
an analogue computer for further detailed study of the motor,

But as we are interested in the variation in speed , or rather the re sponse
Qi s with a torque input which may be a step input . So \Th vq1 = 0 and the
block diagram of Fig. (4. 6) reduces to the one shown in Fig. (4. 7).

B P
At \ g p ' b
sy F.5 LM, , g k/"'% “‘. 2 Ky 0/, 13 /(5
el A, i.ﬁ'
) ]
[
Fig. 4.7

To find the transfer function @, /T1 » signal flow technique is used 8 and

thé“sjfgnal flow diagram is shown in Fig. (4. 8) .

-7 ] G 2z -y
> .(\? N >
\A
\, g
\ e D‘;‘ -k(
% /
—Ke\, . H3
\_\\ 44
3"‘\' HI
Fig., 4.8
A = 1 - GK5K6H1 - H1H2H3 + GK6K2H1H3
Szi _ G(1 - H1H2H3)
T1 1 - K5K6GH1 - HinH3 + K2K6GH1H3
" g8 2 + B,s +8B
1 2° 1 0
T = — > (4. 11)
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1/7

!
(Lqr+ Ldsz)rdsi+ (rqr + M2 wO)L

J{ (Lqr +Lg ) L

- !
ast = MM e,

dsi = M12]

(rqr+M )rd "

) P
T gt Lag2) Tggg = My, )

J(L + L
qr

MiZ(DM

dsz)rdsi
1
+ MlcoOJ)

!
{ {J(rqr+ M‘2 wo) + D(Lqr+ L

12

dsz)} h

2

+ -
J{(Lqr LdsZ)Ldsl MiZ]

DLdsl(r M2 )+rdsi{J(r +M )+D(Lqr+ Ld 2)]

- 10 1 - ! 13 - 15
My aDM "0y = Lygy(2M, q0 M1 a0 (Myigo™ My o)

s 1y - 13
F MMy tigotMytige - Myt o)

2

+ L, -
J{(Lqr dst MiZ }

dsZ)L

D(r o Myle0) = (2M, 4 - MM Y- M)

Tdst 2 'q0 1 a0~ 2 g0’ ast

2

J {(L +L Lygy - M3

qr ds2
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c) Results obtained from the equivalent model : It will give support to the

equivalent model developed above if it can be demonstrated that instability
results from the substitution of numerical values in the equations that are
known to produce instability in the actual machine . Also , it should be
possible to show that an increase increase in'Ids will restore stability , such
an increase corresponding to a compensating effect for the d-axis flux
weakening that initiated the instability .

Experimentally it was observed that motor was unstable at the operating

point defined below :

i = 3.1A , i = 0.8A , w = -2650r.p.m. = -278 rad. /sec.
qo do o
Open circuit voltage at 1800 r.p. m. = 28 volts
M,'" = o.c.voltage/w i = 28/0.8 x 0.188

i  o'do

= 0.186 H/rad.

T = M, 'i_ i = 0.186 x 0.8 x 3.1 =0.462 N. m.

e 1 "do"qo
Since the machine was on no load , we have
Dp6 = Te Hence D = 0.462/278 = 0.0017 N.m. /rad. /sec.

To determine the demagnetising effect of iqr » the equivalent iqs is first

calculated and then the corresponding value of the drop is read from Graph(1 1)
iqs = 140 x 3.1/324 = 1. 34A '

Voltage drop from Graph(11) = 1.5 yolts

Hence B Mz' = 1.5/188 x 3.1 = 0. 002551 /rad.

Now if a sinusoidal distribution of the flux is assumed , then MZ' will

have the same value as the mutual inductance between the qr and ds2

windings as it would if ds2 were on the gq-axis .

1 : "
Hence M‘2 k/L LdsZ
2, 2
= [}
LdsZ MZ [k 'Lqr
= 0.00255 x 0, 00255/0. 82 x 0.05
= 0,0002H

The value of k=0. 8 was found experimentally by exciting the qs winding with
alternating current and measuring the voltage induced in the qr W1nd1ng .Knowing

the turn ratio it is possible to calculate the value of k . Using this value of
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Ldsz » itis ncw possible to calculate the value of the mutual inductance M

. between the ds1 and ds2 windings.Since both of these windings have been .
assumed to be on the ds axis , the value of k can be assumed to be unity .
Hence My, = Why i Lis2

= /0.4 x0.0002 = /0.00008 = 0.009 g
Using the above values and rqr= 0.5Q2 , the transfer function is given by
eq. (4.12) .
Q 42.252 + 1090s - 1240
1 .
Tl i s3 + 26s2 - 10.5s + 108 12

To find the step response of the transfer function of eq. (4.12), a digital
computer was used to solve the following three fir st~order differential
equations obtained from the transfer function using state space techniquesg.

(see Appendix IV)

}'ci = --.?.6:{1 + x, + 42.2
Ji2= 10.5x1 + X, +.1090
}'{3= ~-108x1 - 1240

Qi = %

Now for the same fixed torque , which is the no-load torque and hence
assumed to be constant , the above calculations were repeated for the

following operating point :

iy = 354 ,i = 0.91A , w = 1100 r.p. m.

do qo o

The results are shown in Graph (9) . This shows that the system which was
unstable at ido = 0.8A has now become stable at ido = 3.5A . Also this
system at ido = 0.8A becomes stable when M12 is put equal to zero i.e.

when there is no fictitious winding ds This is exactly what is expected

2
from the motor , thus supporting the validity of the above equivalent model .
The value of r . substituted in the above equations requires some
q .
comment because several computer runs showed that instability did not

occur until r - was reduced to a value of 0. 5Q which is well below the
q
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Practical value measured in the laboratory . (see Graph (13) )

The equations were derived for incremental disturbances about a steady-
State operating point , Observations in the laboratory , especially when
oscillationsinthe motor speed occurred , showed that the speed and armature
current iqr were always in excess of the steady~state values immediately
Preceding the onset of instability . Consequently it was decided to choose a
new set of values to represent the mean operating point about which the
oscillations were occurrm .(see Test V)

The step response of the motor was now calculated at a new operating
point defined below :
iqo = 15A , ido = 0.8A » = 3000 r.p.m. and rqr = various
values ranging from 1 to 292 . Graph (14) shows the variation of the ampli-
tude of the oscillation in speed with different values of rqr within the
Practical range . The system is found to be unstable for all values of rqr
within the range of the practical values . Graph (14) has been drawn for

amplitude at a time of 1 second after the application of the step function .

d) Discussion of results : From the various calculations using the above

model , it was found that the value of rqr = 0.5 ohm gave results corres-
ponding to instability . Substitution of the more realistic value rqr = 1.8 ohms
damped out any oscillations unless the other parameters were changed to
represent the average values following the application of the step function .

Since the equivalent model is based on small increments about an
average value , it was decided that for more accurate results , the values
of operating point as de scribed in c(i) above should have been higher . From
experimental observations , a value of iqo = 15A and w, = 3000 r.p. m. were
selected and step response of the model was determined for various values
of rqr between the practical range of 1Q to 2Q . This system was found to
be unstable .

Graph (14) shows the variation of amplitude with various values of .rqr
and it can be seen that~system is stable when rqr is made much larger

than 292 .
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By reducing the value of iqo » Say to a value of 10A or 7.5A , it might
be possible to obtain oscillations with the value of rqr between 1Q and 2Q . It

is evidentally very difficult to fix the operating point about which the

oscillations should be assumed which would agree with the practical results .

Another variable factor is the proper value of rqr . Since as the value
of iqr goes up the value of rqr falls down which Ithus creats a cumulative
effect in making the system more unstable . So what exact value of rqr
should be taken is again a matter which makes the analysis more of an
approximation .

To get results which would agree exactly with the experimental values,
the assumption of small increments cannot be valid since the oscillations

have quite a large amplitude as observed during the experiments . For such

a complete solution the initial values of parameters should be those corres-

ponding to conditions immediately preceding instability . Then , for successive

instants in time following instability , the parameter values require repeated

revision for each instant . Since this way the analysis would be very laborious

and time-consuming , an incremental model analysis would be more
straightforward , although less accurate , if the operating poin. is to be
taken as the average value about which osc’'llations take place .

The equivalent model is thus more useful in determining whether the
steady-state conditions are close to the limit of stability rather than in

analysing the conditions during oscillatory instability .
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MACHINE PARAMETRES

When the motor is to become a componentin an actual system , itis
essential to know the exact value of the various parameters of the machine
in order to predict its dynamic behaviour . The methods used for their
measurement will be governed by the actual conditions under which the motor
is going to operate . For example if the value of the inductance is to be
measured then , depending upon the actual conditions of operation , we will )
have to use the value of apparent inductance , transient inductance or

incremental inductance . For steady-state operation of a. c.machines the

apparent inductance is to be used ; for a sudden change of operating conditions

the transient inductance is to be used and if it is an oscillatory system with
small oscillations 'then incremental inductance value will have to be used . So

now depnding upon which value of inductance is to be used » the method of

its measurement will have to be selected . I

This chapter des-cribes , briefly , the different types of parameters
and the various methods available for their measurement so that given the
actual working conditions of the machine » the appropriate method can be
used . A table at the end of the chapter gives the values of the paramet‘ers
and method of measurement used for the purposes of analysis of the shunt
motor . .

Referring to eq. 4.4, the impedance matrix Z' of the actual mackhkine ,
dst * Tqr * Tast Pase > Tgr o My My
and M12 . Also there are mechanical constants J and D » which appear

the various parameters are r

in the torque equation .

a) Machine resistances : The resistance T isi could be measured by means

of the voltmeter-ammeter , Wheatstone ; or Kelvin bridge methods .
The resistance of the armature consists of that of conductors , carbon
brushes and the brush contact resistance . Since the carbon has a non -
lineéar resistance , its value varies with current and also the contact
resistance varies with speed . Thus the total armature resistance cannot

be assumed to be constant . Three methods for the measurement of rqr
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are outlired below :
i) A simple method of measuring rqr will be to run the machine at a constant
speed and find out the values of resistance for the various values of armature
current using the voltmeter -ammeter method . The armature is supplied with
a variable voliage d.c. supply . This test can be repeated for various speeds .
There will be an ertor in this method due to the speed voltage generated
by the residual magnetism which may add to , or subtract from , the external
voltage applied to the armature depending upon the direction of residual flux . .
One way to overcome this error is to repeat the tests with the direction of
rotation reversed . The mean of these two curves will give the correct results
provided that the brushes are mounted so that they bear radially on the
commutator surface .
ii) Another methoa for the measurement of rqr hasl been suggested by
Saunder s10 . In this method short-circuit current and open= circuit voltage
characteristics of the machine , as functionsof the field current , are obtained
when the machine is being run as a generator for two different speeds w, and

1

w, This test is confined to the lower portion of the saturation curve where

cross magnetisation due to the armature current does not introduce a net

demagnetisation of the poles .

“i A Lypreal Corve of
A o S £, ;

i ¥

Ey,
[ m:/

Tpe

I‘l&'l L[J - 17/,1,
Fig. 5.1 Fig. 5.2

Then if Ka. is the speed voltage constant for voltage measured at the brushes

because of the armature current , we have ,
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E /I = r - Kow
2

qrl “qrt qr 1

= r =« Kow

Also Equ/Iqu qr a 2

From these two equations , we have

1

T = —~—

qr w, =W

w, {(E
i

qri /Iqri) B (wiEqu/Iqrz)}

The assumption made in this method jis that rqr is constant at all speeds which
is not strictly true . But the error may not be significant since the effective
resistance is more a function of armature current than of speediz .

To plot the variation of rqr with speed , it is necessary to maintain the
field current and the short-circuit current constant throughout the speed range.
This is because rqr has been shown to vary with different field currents when
the speed is maintained constant . The adjustment of the short-circuit armature
current at each speed will be made by a variable resistance put across the
armature terminals . Instead of E‘:lr s the above equation for rqr will have

E o Vt where Vt is the voltage across the.variable resistance .
q

iii} The third method , believed to be original , is applicable only in cases
where the gqr-axis m.m.f. can be simulated by a qs-axis m. m.f. The fnachine
is run as a generator and a voltage vs. armature current characteristic is
plotted , field current and speed being maintained constant . The voltage drop
because of the loading consist of two parts : a drop Iqrrqr and the drop due

to the demagnetising effect of Iqr . Now since it is possible to produce the
effect of IClr on the flux by using the gs winding , another graph of voltage vs.

equivalent Iqr can be plotted . The drop in this case will be exclusively due to

the demagnetising effectof I . From Fig. (5. 3) the armature resistarce will be
r ,

T = bc /I
qr qr

The range of values of rqr was taken from the results obtained by using

method (i) above . These results are plotted in Graph (13) .
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b) Machine inductances : The value of inductance may vary depending upon

the actual working conditions and hence it is necessary to be familiar with

|
H
1

different types of inductances before going into their measurements . Inductance |
is defined as the change of flux -linkages with exciting current . For practical |
purposes . an assumption is often made that flux is proportional to the current .
However , due to the presence of saturation , inductance is a variable
quantity . Hence in all inductance measurements effects oi saturation and
hysteresis should be considered .

Mutual inductance is said to exist when a current flowing in one c.:ircuit
sets up a flux that links with second circuit . Then mutual irductance M12
is given by :

M, = Nye, /I,

There are three different types of inductances

i) Steady~state or apparent inductance

ii) Transient inductance

iii } Incremental inductance

i) Steady-state or apparent inductance : It should be considered when
there is a. c. excitation giving symmetrical working on the B~ H loop . This
can be measured by the conventional voltmeter -ammeter method .
ii) Transient inductance : If a load is suddenly applied or if a short circuit

occurs or if the input voltage changes by a step , the sudden change
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introduces eddy currents in any solid iron parts of the machire resulting in
transient magnetomotive forces that change the air gap flux . The appropriate !
inductance cannot be explained in terms of the B-H loop because the eddy

current magnetomotive forces distort the hysteresis loop during the transient

period . The general effect is to reduce the value of inductance below the

steady-state value due to high frequency components of current causing
eddy-current magnetomotive forces which oppose the original m. m.f. and

drive the flux into leakage paths . During the transient period , the inductance .
increases from the initial value to the final steady -state value .

iii} Incremental inductance : If a d.c. machkine is driving a load with a

fluctuating torque e. g. a d. c. motor driving a reciprocating compressor , the

torque fluctuations produce corresponding current pulsations in the armature
circuit at a frequéncy proportional to the rotor speed and an alternating
current is thereby superimposed on the direct current . The inductance
offered to this small component of alternating current is calied the incremental
inductance .

Thus the incremental inductance depends upon the magnitude of both

a.c. and d. ¢c. magnetisation and upon the magnetic history of the core . The ,

as shown in Fig. (5. 4) .

1 Z f
Z//

Fig. 5.4

In general , in dealing with the incremental inductance , one must

distinguish between the consequence of superimposing an incremental d. c.
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magnetisation and an incremental a.c. magnetisation . In the former case it
is also necessary to distinguish between the effects of positive polarity
increment and a regative polarity increment ; each increment gives a loop
but one loop slopes upward and the other downwards as in Fig. (5.4) . The
butterfly shape of the loop comes from the fact that both positive and negative
increments of magnetisation are illustrated . The incremental permeability
and hence the incremental inductance is proportional to the slope of the line
joining the tips of this loop .

c) Measurement of transient inductance : Two methods are outlined below :

i) A transient method suggested by Bowers and quoted by Saurzders12
This method calls for the measurement of the time constants by means of
oscillograms when step values of voltage are -applied to the various circuit

elements . Fig. (5. 5) shows the circuit necessary to obtain L 1 and M

ds igr .

Oscillogram re.:a/ﬂ'y g
C/a:/'/'./ Zhe con'ted,
€ A
b f — N\ — — o
0‘(39“, S Yt l-'d,g
|
!
!
|
ti
Fig. 5.6

Even though the armature rotation ' may introduce some erroneous results ,
it is considered better to have it rotating slowly , say at ten percent

speed . This will take into account some effects of commutation . If there is
a coupling linkage between armature and the field , this test should be
performed at standstill i.e. w = 0 .

This method is laborious in that interpolation of the oscillograms

| Sepesid
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consumes a considerable time . Also it is difficult to associate the value of
inductance found by this method with the degree of saturation because the flux
during this period is produced not only by the actual coil m.m.f. , but by
the resultant of this and the eddy current m. m.f..
ii) D. C. Methods : Jones3 , Prescott and El-Kharashiiéarid Barton5 have
used these methods employing direct current . Fundamentally all these d. c.
methods are similar : they differ in the device employed to measure the flux
linkages . The principle involved will be clear from the following :

For the two circuits (1) and (2) the e. m.f. induced in circuit (1) by a

change in current iz in circuit (2) is given by :

e, = d(MiziZ)/dt
During a period frgm t1 to t2
2
'rtl eydt = (Mpph") = (M550
Where the current changes from iZ"-'f to iz" during the period in question . If
the current reverses from I2 to -I‘2 , then
feldt = 2M LI,

M, - fe,dt / 21,

The integration can be carried out by a flux meter , a ballistic galvanometer
or an electronic integrator . The circuit diagram for this method used by

Prescott and El-kharashi16 is given in Fig. (5.7) .
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_—_'os\——"—"‘/\/\/\_—— Mft’:f ¢ =/};1‘[/d/ //UX ] (‘dI/A
2 . (3) '
’ @ = Fruwl flox v €otl A
% [ Z, = tuitinl comen? 1w corlH
Wy Z; = Coyven? /‘éw;;,/ iy ZRe Coil A
ar Zime Z) afrer gof’”/';y S
Fig, 5.7

3 .
The circuit used by C. V. Jones is given in Fig. (5. 8) .
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d) Measurement of incremental inductance :

i) A. C. Method suggested by Saunder si%
This method involves the use of alternating current of either low or

power frequency in place of the direct current employed by Bowers . Figs.
(5.9) and (5. 10) show the development of the equivalent circuit . The circuit
in Fig. 5.9(a) permits the superposition of direct current upon alternating
current emplcyed for the measurement of inductance , while the cirduit in

Fig. 5.9(b) finds. the inductance of an essentially unsaturated machine .
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Fig. 5.9 (contd.) Fig. 5.10
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ii) A. C. Bridge method : Bridges can be used to measure the resistance ,

inductance or capacitance . Most of the bridges can be set up in the laboratory

using 60 Hz. Hay's and Maxwell's bridges are especially useful for this
purpose.. Withdirect current superimposed , the incremental inductance is

measured .

The values of inductances to be used in inve stigating the dynamic
behaviour of the equivalent model should be the incremental inductances
since this model is based on small perturbations being assumed about the
operating point , For this , the A. C. method suggested by Saunders or the
A. C. bridge method are suitable .

Over the linear range of operation » the values of incremental
and  apparent inductances are the same . For the calculations using the
model in chapter IV (c) , the values of apparent inductances were used
since a ds-field current of 0. 8A does not cause magnetic saturation in the
d-axis and similarly acurrentof 3. 1Ain the gr-axis does not cause saturation
in the q-axis . The values‘of apparent inductances Ldsi and Lqr were
obtained using the voltmeter -ammeter method with excitation of 1A at 60Hz .

The values of rotational inductances were calculated from the open-
circuit voltage characteristic given in Graph (4) at the appropriaté point
of operation .

The equivalent machine also contdins -a'fictitious winding representing
the demagnetising effect of the armature m. m.f. on the d-.axis . An indirect

method is used to find out the self inductance LdsZ and the mutual inductance

|
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with the dsi winding,denoted by M The voltage drop due to the demagnetising

effect of armature current was filzmd from Graph (11) . Since this drop in
voltage is due to a negative speed voltage , it is possible to calculate the value
of the speed coefficient Mz' between the armature and the fictitious winding .
If a sinusoidal field form and a uniformly distributed winding are
assumed , then it can be shown that the speed coefficient is the same as the
mutual inductance between these two windings i.e. the fictitious winding and

the armature winding .

I =
Hence MZ k1 ‘/LdSZEqr

and M12 is given by
= /
M12 kZ LdsZLdsi ‘ =
Coupling factor between the fictitious winding and the armature

where k1 =
winding which can be assumed to be same as between the ds‘\i
winding and the armature winding . i
k‘2 = Coupling factor between ds'i and ds2 windings which may be

assumed to be unity .

e) Mechanical Constants

i) Measurement of Moment of Inertia J : There are various methods for the
measurement of J, but only one method , considered to be the most accurate
will be de scribed here . Under this test a small peg is attached to the shaft
of the rotor . Over this peg a loop at the end of a length of a string , to which
a weight is attached , is hooked . The weight is dropped through a known
height and the number of revolutions that this flywheel makes before it
comes to rest, The initialiangular velocity is also measured . This is the
velocity at the instant the string leaves the peg .

mgh = 1/2 mv2 + 1/2 coz (1 + n1/n2 )

Where :
= Mass of the weight

m
h = Height through which the weight is dropped
© = -Initial angular velocity

n, = Number of turns required to wind up the weight to the

LT s e e e e e e e
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starting pojint
n, = Number of revolutions made after the string leaves the

peg .
The value of moment of inertia for the machine under study could not be
deterrmned experimentally because of some practical problems of connecting
the drum . The generalised machine is used with the work-load machine
permanently coupled to the shaft and a torquemeter in the coupling makes
it difficult to fit a drum for the purposes of measuring J ., Hence the value of

J was taken from the manufacurer's data :

ii) Measurement of the Rotational Loss constant D : If the motor is running
at nc load the only damping torque on the motor is due to the mechanical and
iron losses which is Dp8 . Also the torque of the motor is given by
Md'idsiqr which can be calculated from readings during the test . The value
of Md' will depend upon the operating point on the magnetisation curve . Hence
D would be given by

D = Md'idsiqr/pe
f) Effect of various parameters on the stability of the motor : From the
study of the transfer function for the motor any increase in rqr , Jand D
will make the motor more stable . BuTT' any increase in the value of M12
makes the motor more unstable . This means that if the motor also has
speed control through armature resistance being varied with the help of a
series resistance of the armature s it may not run into instability for a case
in which the motor would otherwise be unstable . Also the use of a compen-
sating winding would neutralise the armature m, m.f. to some extent and
hence will reduce the value of MiZ" .thereby making the motor more
stable . _
Table (5.1) shows the values and the methods used to determ1ne them for

the various parameters for the purposes of analysis of the dynamic

behavicur of the motor .
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Table 5.1
Parameter Method used Value
L Volimeter ~ammeter 4 H
dsi
Lqr Voltmeter ~ammeter .05
rqr Method a(i) page (43) .2 to 1,89 Graph(13)
Mi' from o. c. characteristic . 18¢ H/rad. Graph(4)
Mz' from o. c. characteristic . 00255 H/rad. Graph(4)
M12 as on page 50 -51 .009 H
- . H
LdsZ as on page 50 -51 0002
J Manufacturer's data . 0237 kg. -m.2
D Method e(ii) page (52) .0017 N.m./rad. /sec.
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To compare the field forms produced by gr ~axis and gs=-axis m, m. f.

The purpose of this test was to establish whether the effect of
the armature current on the field form could be simulated by an
equivalent m. m.f. produced by the qs winding . If it can be shown
that such an equivalence is valid , then an accurate measure of
the reduction in the d-axis flux due to gq-axis m. m.£f. can be under ~ -
taken . The justification for this is given under Test 2 for which
Test 1 is a prerequisite .

The two gqs windings were connected in series such that
the m. m.f.'s in them add to each other . The number of turns
on the gs coil is 324 and there are 140 turns on qr coil . Hence
the value of equivalent Iqs that will produce the same m. m.f.
as Iqr is given in eq. (6.1). (see Appendix V)

324 Iqs = 140 Iqr (6.1)

Before starting the experiment , qs, qr and the ds-axis
windings were completely demagnetised by applying a decreasing
alternating voltage at 60 Hz through an auto-transformer . The
machine was then driven as a shunt generator at a speed of 450
r. p..m. . To obtain the field form , the voltage produced in a
search coil , due to rotation in the field caused by a qr-coil m. m. {.
was plotted by a pen recorder . The relatively low speed was
chosen to suit the recorder chart paper speed that would give the
most satisfactory scales . Pen recordings on charts (1) to (3)
were obtained for armature current values of 1A, 2A and 3A .
the equivalent current iqs in the qs w~inding being 0. 43A , 0. 86A
and 1. 29A . Plots of the field forms are found to be similar for
the two sources of magnetomotive forces and hence the gs coil
can be us'ed to produce the same effect as the armature current,

on the direct-axis flux .
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To show the demagnetising effect of the g-axis m.m. f. on the

d-axis flux .

The aim of this test was to prove experimentally that there is
a reduction in the d-axis flux caused by the g-axis m.m.f. .
For this test the result of Test { (that a qr -coil m, m,f. can be

replaced by an equivalent gs~-coil m. m. f.) was used . The ‘

windings ware demagnetised by an alternating voltage applied
to the windings as in Test 1 . The machine was run as a generator |

at 1800 r.p. m. . The voltage generated in the qr -coil which is

a speed voltage , is proportional to the d-axis flux . Hence if

the field current in the ds winding and the speed of the machine

|

are maintained constant , the voltage across the brushes , which
are in the neutral axis » should be a measure of the d-axis flux .
So any reduction in the voltage across the brushes would mean a
reduction in the d-axis flux, if the speed and the ds coil current
are maintained constant . This is the principal used in this test .
To observe the demagnetising effect of the g-axis m, m. f.
on the d~-axis flux , either of the two windings i.e. qr or gs
could be used to produce the g-axis m.m.f. . But it is rﬁuch
better and more accurate to use the gqs winding to observe the
effect directly . This is because it is not possible to measure
aécurately the carbon brush and contact resistances which vary
with armature current and speed re spectively . This variation
makes it difficult to determine the reduction in generated
voltage at various values of armature current. So the gs winding
was used to produce the equivalent m.m.f. to simulate
the effect of armature.current . The machine was run at a
constant speed of 1800 r,p.m. . For various fixed values of ds-
axis winding current Ids » the gs-axis m. m.f. was varied and
the corresponding values of open-circuit voltage across

the brushes were plotted against gs - winding current Iqs'

Graph ( 11 ) shows these curveswhich were
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obtained during the test and it is evident that there is a fall in

the open-circuit voltage which is an indication that there is a

reduction in the d-axis flux . This proves that the g-axis m.m.f.

does have a demagnetising effect on the d-axis flux .

It is extremely important for this test that the brushes are placed

exactly in the neutral axis whichisat 90oto the d axis since a

small shift of the brushes from this axis will also produce a

demagnetising effect. Hence a separate test as described below

was performed to determine the neutral axis most accurately .
The graph of open-circuit voltage vs. gqs-axis m.m.f. as

described above , when plotted for both positive and negative

gs-axis m.m.f, should give a symmetrical curve about the vertical

axis of the graph . This is the princitle used for the determination
of the neutral axis . The experiment was repeated for various
fixed values of shift of the brush axis about the marked neutral
axis on the machine . The graph was found to be symmetrical

at 357.5° on the scale fixed on the machine . These graphs are

shown in Graph {10) .

Effect of g-axis m. m.f. on the d-axis flux .

This.is another test that confirms that q-axis m. m.f. -produces

a reduction in the d~axis flux . The principle used in this test is
that the voltage induced in the search coil in the machine when
the machine is rotating , is proporional to the rate of change of
flux-linkages'. Since the number of turns in the search coil is
constant , the voltage induced will be proportional to the rate of
change of flux ., Hencé the area under the voltage wave form gives

the flux in the air gap . Before starting the experiment all the

three windings i.e. qr .gs and ds were demagnetised as in Test 1 .

The machine was run at a constant speed of 450 r.p. m. and for

a fixed value of I I was varied from Oto 8A ., AtI =0,
ds , gs qr

o
the neutral axis is exactly at 90 to the d-axis and can be

e UIUES VU U
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identified on the pen recordings at points where the voltage is
zero . As the value of Iqr increases , there is a shift in the
voltage wave depending upon the resultant of the d and g-~axes
magnetomotive forces .

In order to be able to recognize the neutral axis points of
the pen recording Iqr= 0 on other recordings when Iqr—+" 0, it
is necessary to have some reference on the pen recordings . For
this purpose , the position of a fixed point on the rotor was marked
on the pen recordings with the help of a relay which operated the
"event marker' on the pen recorder whenever that fixed point on
the rotor touched the relay contacts .

To find out the reduction in the d-axis flux , pen recordings
for Id;= 1.5A are given in Chart (4) to (11) for the purpose of
explanation of the method. The points 'a' and 'b' on Chart (4)
represent the brush position on the neutral axis when it is exactly at
90o to the d-axis . The area of the curve between these points is
measured . The position of these two points , which represent the
original position of the neutral axis with respect to the shifted
neutral axis on recordings for Iqr# 0 , can be identified by
superimposing the recording of Chart (4) on the other recordings
and making the event markings of the two to coincide with €ach
other . The position of points 'a' and 'b' of the original axis
could be then marked directly on the pen recording placed below .
The area of the other recordings between these points will be
the value of thé flux in the d-axis
A table below shows the percentage reduction in the in the d-axis

flux for Ids= 1.5A and various values of I -

Table 6. 1
I _(A) 2 3 4 5 6 7 . 8
qr A
Percentage
reduction 0 0 0 7.7 15.4 28.2 43.5
in flux
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Effect of compensation of the armature m. m.f. on stability .

The machine was driven as a shunt motor with a supply voltage
of 50 volts for the armature . The choice of this low supply
voltage for the armature was necessary since under the weak
field and a supply voltage of 110 volts , the speed of motor goes
out of the safe limit fixed by the mechanical strength of the
machine . The motor was run on no load which also included the
rotor of the drive motor . For the armature current being taken
by the motor under the no-load conditions , the gs winding was
excited first to produce a m. m.f. in the same direction as that

of the armature current . The rise in the speed was noted for

various values of Iqs until the machine finally ran into instability .

The direction of the qsvwinding m. m.f. was then reversed so
that now it is in opposition to that produced by the armature
current so that there is a compensating effect . The variation of
speed was again plotted agairist different values of Iqs . No
external resistance was included in the armature circuit , other-
wise the machine would have been more stable . Graph (12) shows
the plot of these curves for various fixed values of Ids . It-is

is evident that the motor becomes very stable when there is

compensation of the armature reaction by the gs winding .

Sustained oscillations of the motor

The shunt motor is loaded by the d. c. generator coupled to it
which supplies a resistance load . There are two ways to obtain
sustained oscillations in the motor .

The first is by keeping the generator lcad curzent constant
but decreasing the motor field current very slowly and in small
steps . As thé field current is decreased , the speed of the motor
goes up . After making the adjustment to the field , a delay of a
few seconds was allowed so that the motor settled down at the
new operating point . At a particular value of field current the

speed of the motor will increase and then will immediately slow
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down to the steady-state value of the speed . This process is
repeated at this operating point and we get oscillations at the
rate of about 10 cycles per minute . If the field is now decreased
further , the speed of the motor will keep on rising until the
armature circuit breaker opens because of excessive armature
current . On the other hand if the field current is increased
slightly , the motor runs stably . The oscillations will also die
out if the armature resistance is increased slightly .

The second method of obtaining the above oscillations is by
keeping the motor field current constant at a low value but
increasing the generator load current which in turn increases the
motor armature current . As the load is increased slowly and
in smé.ll increments , there is no significant rise in the speed of
the motor until at a particular operating point the motor speed
suddenly increases but then again slows down to the steady -state
value . This is repeated giving oscillations at a frequency of
about 10 cycles per minute . As in the fir st method the oscillations
could be made to die out either by decreasing the load current
or by increasing the motor field current or by increasing the

armature resistance .

InAa.ddition to the above tests , the following tests were also
performed in order to obtain the machine characteristics :
i) Open-circuit voltage characteristic as a shunt generator
(Graph 4)
ii) Speed characteristic as a separately excited shunt motor

(Graph 8)
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CONCLUSIONS

Although all electrical rotating machines have many common features,
a single analytical approach to instability applied to a primitive machine is
not feasible . Each class of machine has its distinctive characteristics and
whereas a high-resistance armature in a d. c. machine will have a damping
effect it will , in the case of synchronous and induction machines , stimulate
oscillations in speed . Therefore , in studying instability , each class of
machine has to be treated individually .

It has been shown conclusively that commutation , whether good or poor ,
does not contribute in any way to instability in the d. c. shunt motor (if the
brushes are on the geometrical neutral axis ) .. The demagnetising effect of
quadrature m. m.f. on the direct -axis flux has been well established as the
principal cause of instability . Further , the reduction of the armature
circuit resistance with current resulting from the non-linear resistance of
the brush material , reduces the damping , thereby making the motor even
more prone to instability when the quadrature m. m.f. increases .

The equivalent model of the motor can be used to test whether or not
the motor will be stable at the particular operating point under consideration s
but may not prove to be very accurate if it is desired to study oscillations
during instability .  If the motor is found to be unstable at an operating point ,
then any one of the follwing three operations will restore stability : compensa-
ting for the effects of armature reaction , increasing the armature resistance ,
or increasing the direct-axis field current . An advantage of using the
equivalent model is that the fictitious direct -axis coil provides a demagnetising
magnetomotive force assiciated with the armature current and leaves the value
of the principal speed coefficient as a -function of only field excitation .

Many methods are available for measuring the machine parameters
under appropriate conditions of excitation . The method used for determining
the reduction of direct-axis flux by exciting the quadrature -axis stator coil
gave , with very little trouble , a clear idea of the reduction of total flux per

pole in the machine for various field currents . It also enabled the value of the
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speed coefficient appropriate to the fictitious direct-axis stator coil to be
determined with little difficulty . The value of armature resistance presented
the greatest problem due to its non-linearity . It has a critical effect on
stability and is difficult to estimate under actual working conditions . The
disparity between the theoretical results and those from actual tests could

be attributed chiefly to the values taken for this parameter .
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APPENDIX I

KRON'S COMMUTATOR PRIMITIVE MACHINE

The first primitive machine is assumed to consist of a cylindrical rotor
and a salient-pole stator . There are two sets of brushes at right angles in
space that serve as reference axes . Two pairs of coils ds and gs are on the
stator and dr and gr on the rotor . The convention adopted here is that
rotation is positive clockwise and direction of rhagnetisation is upward along
the direct axis and from left to right along the quadrature axis q . Fig. (I.1)

shows the machine described above .

Fig. 1.1

If' _tﬁe coils are considered one at a time and the equation of voltage is
written in ‘the. form :
Applied voltage = Sum of voltage drops
The resﬁlting equations can then be arranged in matrix form as shown in

eq. (1, 1)

ds ~ dr qr qgs
€4 ds rds+Ldsp Mdp 0 0 ids
€ ir dr Mdp rdr+ Ldrb . Lqr'pe Mq’pe idr -
eqr N qr - Md'pe ’ -‘Ldrpe rqr+ Lqrp qu ) iqr
eqs qs 0 ’ 0 qu rqs+ qup iqs .

g2y
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If fir st ,the rotor is considered stationary and only ds coil is excited , there will
be

-A voltage drop due to the resistance of the coil r, and thisis r, i
ds ds'ds

- An induced voltage in coil ds which is Ldspids

- An induced voltage in coil dr which is MdpidS

If now the rotor is made to rotate in the assumed positive direction there will,

in addition ,be a voltage drop between the quadrature brushes -M _'p08i

and Md' may be called a mutual inductance between the coils ds aétl'xd qrcel;isting
only as a result of rotation because these coils are mutually non-inductive .
The right hand rule gives the sign .

Three components of the impedance matrix can be abstracted as shown

below from eq. (I.1)

i) The resistance R , elements of which appear along the diagonal .

ii) The inductance matrix .

and is given in eq. (I.3) .

ds dr qr gas
ds T ds
dr T
R = dr (1. 2)
qr rqr
qs. T s

The inductances can always be abstracted from

the complete impedance matrix by selecting terms with p . It is symmetrical

ds dr qr gs
ds Lds 'Md
L. dr My Lr (L 3)
T L M
d qr q
s M L
4 q qs
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The self inductances appear along the diagonal and the mutual inductances in
the other spaces . They give rise to the induced voltages which , by their
similarity with the voltages induced in the transformer » are often called
'transformer voltages' .

iii) By abstraction from the impedance matrix the terms with p 6 there results

a matrix G which is not symmetrical and is given in eq. (I.4) .

ds dr qr qs
ds
dr L r‘ M
G = 4 = (L. 4)
- 1 - ]
- Md Ldr
qs

Since p@is the speed of the rotor and the components of G are the coefficients
of p6 , these are referred to as speed coefficients . They give rise to the
voltage drops that are called'speed' or 'generated! voltages and a machine
with four coils arranged as in Fig. (I. 1) will have four speed coefficients

and four generated voltages terms . The principal torque in a machine is

d ds

The principal generated e. m.f. is produced by the flux Md'ids being cut by

produced by rotor current i rin‘i:era.cting with the stator-produced flux M _'i
q

the rotor conductors on coil qr .
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APPENDIX II

SLIP - RING PRIMITIVE MACHINE

This machine is shown in Fig. (II. 1) .

Fig. IL 1

Coils 'a' and 'b' are windings at 90 degrees to each other and connected to
slip rings . A salient-pole machine is considered for the purposes of
generality . When the rotor is in motion , the values of mutual inductances
and rotor self inductances aré not constant but are. functions of the rotor
angle 6. The impedance matrix of this machine can be derived from two
approaches:
i) The dynamic circuit theory approach
ii) By transformation from the commutator primitive machine
According to the dynamic circuit theory , in a stationary circuit

neglecting saturation

e = Zi = ri + Lpi
But when the coils are in motion , the Lpi term is no longer applicable ,
since in a salient-pole machine , the inductance changes with 8. So the above
voltage equation has to be re-written as .

e = Zi = ri + p(Li)

= ri + Lpi + ip8 3L/36 _ (IL, 1)

The inductance matrix L, for the sliprring machine will be of the form

shown in eq. (IL 2)




g e

-« 11,2 -
ds a b qs
ds Lds Madcose -Mbdsme 0
a M _.cos® L -1 sin2 8 M sin8
L g = ad aa AB aq (1. 2)
b -Mde1ne -LABstG Lbb Mchose
gs 0 M_ sinB M, cos®B L
ag bq qs
where Lad+ La Lad - Lag
- _.ada  agq =
Laa > + > cos2B LS + LDCOSZG
L + L L - L
_ bd bg bd bq
L - = -
bb > > cos2 @ Ls _ LDCOSZS
ds a b qs
ds 0 -Madsu16 -Mbdcose 0
3L a -Madsule -ZLDsmze —ZLABcosze Maqcose _—
- - 2 i ~ 1
96 b Mbdcos 8 ZLABcos ) ZLDS1n2 3] Mbgsm )
gs 0. M  cosB -M, sin$ 0
ag bg
substituting 4 Mad= Mbd= Md
M =M =M
a “bq

It is now possible to write the impedance matrix for the machine by collecting

all the terms as given in eq. (I 1) 'tq give eq. (IL.4).

S0 s e s e e o

23
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ds a . b as

Mdpcose —Mdpsme 0

L - 3 1
a Mdpcos 8 ra+ pl LS LABpsn‘12 8 qus1ne

|’ LDCOSZS )
zZ = :
b ~Mdps1ne - LABp51n26 rb,+p(Ls + qucose
LDCOSZG)
s 0 1 M psing M pcos®8 r +pL
q - qp qp gs P gs

(II. 4)

This is the impedance matrix for the slip-ring primitive machine and note

that it has 14 elements and is symmetric ,

ii) By transformation from the commutator pPrimitive machine

Fig. II.2

On writing the currents in the slip-ring machine in terms of idr and i

Fig. IL 2(a) and (b) , we get

dr 1acose.- 1bS1n6

i

i
qr

Hence the transformation matrix or connection matrix 'C'! can now be

i sin® + i, cos®
a b

written as given in eq. (IL. 7).

usin
r g

(II. 5)

(II. 6)
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ds a b as
T
ds 1 0 0 ! 0
a 0 cos@ -sin g 0
c = (IL. 7)
b 0 sin 8 cosh 0
gs 0 0 ) 0 i

The impedance matrix Z' of the slip-ring machine can now be derived as below:

e = Zi

H

ZCi'
= (r+Lp+Gp0)Ci' + Lp8i'dL/3§

The condition of invariance of power gives

e = Cte
= Ct(r + Lp + Gp6)Ci + CtLi'pSBC/ae
2" = C,2C + CLps 3C/39 (L. 8)

When the equation for Z'is solved , the impedance matrix of the slip-ring
machine is found to be given in eq. (II.4) . Itis evident , then , that due to
the constraints imposed by postulating invariance of power when transforming
from the commutator to the slip ring primitive machine , the transformation
eq. (IL. 7) gives a truly equivalent machine . However , the commutator
machine impedance matrix eq. (., 1) contains only 12 elements and for that
reason it is more frequently used for analysis purposes due to voltage
equations having fewer terms . Even when the actual machine has slip rings ,
such as a wound rotor induction motor , analysis in terms of an equivalent
commutator primitive machine is quite valid and simpler than analysis in
terms of the slip ring primitive . In cases where slip rings are connected

to another stationary circuit or machine , the analysis has to be started in
actual i. e. slip-ring reference frame in order to be able to write the equations
of current constraints . Subsequently an equivalent commutator machine may

may be used . On the other hand s when the actual machine has a commutator
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and an analysis of commutation is required , the only valid starting point for
the analysis is the slip-ring primitive. Thisis due to the fact that the process

of commutation itself is ignored in the commutator machine equations .
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APPENDIX III

EQUIVALENT MODEL OF THE COMMUTATOR PRIMITIVE MACHINE

The method of establishing the equivalent model of a machine could be

best explained by considering the commutator primitive machine shown in

74
Fig. (IIL 1) . <

Ton
Fig, III. 1

The terminals of the four electrical windings and the mechanical shaft
of the machine represent the places where energy can flow in or out of the
primitive machine . The assumed positive sense for all winding terminal |
voltages is so chosen that the energy is flowing into the winding or the port
if poéiﬁve power is assumed . Thus if the winding currentis actuallly
flowing'in the assumed direction, then a positive terminal voltage indicates
an instantaneous flow of ener‘gy into the winding . For an electric motor which
converts electrical energy into mechanical energy, we would expect that the
average port power would actually be positive at the electrical ports of the
device . But with a generator , converting mechanical energy into electrical
energy , average power will be regative in certain ports .

For the single mechanical port , physically the shaft of the machine ,
the assumed positive direction for the angular velocity w' is taken to be
clockwise . In order to again have a positive mechanical port power , -
corresponding to energy flow into the mechanical port, the assumed direction
of the externally applied torque T" is also taken to be clockwise . If the
energy,in reality , is flowing out of the mechanical port , then either wr or

T" will turn out to be negative or opposite to the assumed positive direction

EmerTeay
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and the mechanical port power will be a negative quantity .

a) Electrical equilibrium equations ; As given in Appendix I, the electrical

equilibrium equations of machine shown in Fig. (Ill. 1) are given in eq. (IIL 1) .

Vds rds+ Ldsp Mdp 0 0 'ds
s M.p r., +L_p L 'ps M 'p8 i
dr - d dr dr 'gr q dr (IIL. 1)
- ! - ! + .
vqr . Md P8 I"'dr o rqr Lqrp qu 1qr
v 0 0 Mp r +L »p i
qs _ g qs gs gs

- b) Mechanical equilibrium equations : There is only one mechanical port and

the equilibrium equaticn for this port is formulated in the same fashion as
as for the electrical equilibrium equations . The torque externally applied to
the shaft must be opposed by certain generated torques . These generator
torques include inertia effects , a viscous or windage torque and a compliance
torque due to the twisting of shaft and lastly a torque exerted on the rotor
from electrical origin . This mechanical torque of electrical origin is actually
the interaction between the electrical and the mechanical ports and makes
the energy conversion process possible .

In any practical machine the twist of the shaft is small enough to be
considered negligible . Therefore the compliance torque is neglected in all
torque equations . Now the torque equation for the machine in Fig., (III. 1) can

be written as given below

T' = Jpw + Dw + T, (III. 2)
where " = externally applied torque
and Te- = torque of electrical origin

Positive T" means that an external torque is applied in the direction of

positive angular velocity w . All the remaining torques oppose the applied

torque and are taken as being positive when opposite to the direction of

positive angular velocity . The energy conversion could be represented in
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in the block form as shown in Fig. (IIL. 2) .

Electrriwl Forts /e chanical fops
o ,
fstn——= -+ f—————

Foy g~ '
SToRAGE

Vs ———]
Fig. IIL 2

To formulate Te , we define the quantity Pe as that portion of the total power
supplied at the electrical ports , not going into either loss or storage , then

' T, = -P /o : (IIL. 3)
If the quantity Pe is instantaneously positive , then Te according to eq. (III 3)
must be negative . A negative Te means that the torque of electric origin is
in the direction of the positive angular velocity . This means that the electric
currents are generating a torque which is trying to turn the rotor in the
direction of the positive speed . If the rotor actually turns in the direction
of Te » we have motoring operation or the conversion of electrical power to
mechanical power . Pe is the electric power supplied to the electric pofts

converted to mechanical power .

c) Ideal transformer : Before going into the electro-mechanical model . it

is necessary to introduce , a rather unusual , idealised circuit element . The
usual ideal transformer in Fig. (IIL 3) is this element . The port currents
are defined positive when taken into the dotted side of each windin_flg . In addition
the port voltages are taken positive in such fashion that energy flow is into

the port for positive current and voltage . The ratio of turns is marked as

1 :' N indicating that winding 2 has N_times the number of turns as shown in

2 - 2 +
c O . A e
§ T o i 4
} = >
7 Ea Vi
C > \
2
A | >
“ |

Fig. III. 3
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winding 1 . By definition , the ideal transformer imposes the port constraints

Vo = Nyvy

i, = -111/N

2
Multiplying the above equation by i2 gives

vzi‘2 = -Viii
Receiving a power P1= vii1 at a port 1 , the device transfers the energy
without any loss and delivers an equal power P2 = -vzi at winding 2 , The
minus sign indicates flow out of port 2, provided this flow is into port 1 .

d) Primitive machine equivalent circuit : The complete set of equilibrium

equations for the primitive machine is obtained from eq. (Iil. 1) ard (IIL. 2) .

These five equilibrium equations , one for each of the five ports are given

below
Vis T (Tagt DggPligg * Mgpig
Vir - Mdpids + (rdr+ Ldrp)idr + Lér'peiqr + Mq'péiqs
Vqr - -'1\/Id'Pe ids- Ldr'pe j.'dr * (rqr+ I'qup)iqr * quiqs
vqs = quiqr + (rqs+ qup)iqs
T" = Jpw + Do + T

(]

Now it is possible to draw a complete equivalent circuit of the five-port

primitive machine and it is shown in Fig. (III.4) .
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APPENDIX IV

STATE SPACE FORMULATION OF TRANSFER FUNCTION

The most general form of the transfer function'is given by eq. (IV. {)

Y(s) B s™+ B  ,s" e .. tB.s+B |
_ n ne-l i 0
- n n.“i - (IV. 1)
V(s) . s + a _4S + ........... + ais+o.0

It is desired to obtain the state-space formulation for a case when %?-0 , and
the transfer function then reduces to as in eq. (IV.2) .

n=-1 n-2
s

Y(s) _ Boogs  t B s Tt +B;s+B (1V. 2)
V(s) s an_isn~1+ et eee e + a,s + 2,

X, .,

Fig. IV.1

Defining the output of each integrator as elements of a state vector x , the

corresponding state equations are given below :

o, T - ‘ 0— _x - '—B -
X1 ey i | o ..... e { et
XZ . -un_.z 0 1 R .. 0 XZ B
. . ne=2
+ - YJ‘
*a-1 It 0 I ! *n-1 B,
% -a 0 0 veviviennn S0 x B

ey




PR

-V.1 -

APPENDIX V

DETAILS OF GENERALISED MACHINE SET

Various experiments were performed on the Westinghouse generalised

machine set working as a shunt machine ., Details of the machine are given

below :

ROTOR

i) Mechanical specifications
Moment of inertia of rotor 0. 26 1b-ft2
Roror core length 3.00 in. net
Number of rotor slots ‘ 28
Slot skew | 1 slot pitch
Commutator O. D, 3.0 1in.
Number of commutator bars 56

ii) Rotor punchings

Material : Electrical sheet steel
Silicon content . 1-1. 3%
Thickness 0. 025 in.
Area 11.9 in.2
Weight 3.4 1b per inch
length

iii) Electrical specifications
Number of rotor cbnductors 560
Number of parallel paths . 2
Number of turns per coil 5

Winding : 2- pole contincus , full pitch coils , four coil sides per slot .

Bar connecticns : Bar No. 1 through one coil to bar No. 2, Bar No. 2
through another coil sharing the same slots , to Bar No., 3 etc .
Wire sizes : Coils are wound with two number 20 AWG (No. 21 SWQG) ,

wires of 0, 032 in. dia.
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Rotor resistance (at 250C) . 0. 46 ohms.

Inductances

Lr = rotor self-inductance 0.05 H (for excitation current of
1 ARMS at 60 Hz

STATOR

i) Mechanical specifications
Stator bore 4.631 in,
Stator outside diameter ' 7.50 in.
Length of stator iron 3.00 in net
No. of stator slots 36

ii) Stator punchings

Material
Area

Weight

Electrical sheet steel

19.5 inz

6 1b. per in. length

iii) Electrical specifications

Winding 4 groups , 9 coils per group , 18 turns per coil, coil

span : 11 slot pitches

Wire sizes : Coils are wound with one number 19 AWG(No. 20

SWG) , wire of 0. 036 in. diameter
Stator resistance (at ZSOC) 1.4 ohms per
winding

Inductances

,Ls (series) = stator self-inductance from Bis to BZS )

stator connected Bls- Biis to BZS - Bzis

0.40H

1
L® (parallel) = stator self-inductance from B °. B1 S ,
s is is

- B

s
stato™ connected Bi to B

2 2 1

= 0.10H.

Note : Values of inductances are for excitation

of 1 A RMS current at 60 Hz
2

Moment of inertia of the Rotor Drive Motor (armature and shaft) = 0. 30 1b-ft ,
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The stator coils are connected into four groups of which two are symmetrically
on the direct axis and the other two are on the quadrature axis . Terminals

are brought out from each of the groups so that the pairs of coils on each

axis may be connected either in series or in parallel ., 'I:he winding data

gives the current sheet representation as shown in Fig., (V. 1). Due to some
slots being shared by coils of ds and gs windings , some ampere-turns are

cancelled and a trapezoidal force distribution around the air gap is produced .

(e

Fig. v.1 i
The number of turns on both direct and quadrature stator windings are 324 .

In the case of the rotor winding , the machi~= has 56 full pitched coils
in 28 slots and each having 5 turns . There are two parallel paths each
carrying a current of Iqi_/Z giving an overall m. m.f. of 1401qr ampere~-turns,
if the coils undergoing commutation are ignored . The armature m. m.f,
distribution,therefore, around the air gap is triangularin shape .

When the gqs winding i}s connected for armature reaction compensation
the two groups of gs coils are connected in parallel so that each coil carries

a current of I r/2 or 162 Iqr acting in the conventional negative direction .




ST AN B ks b e et £ Aed e e

(1)

(2)

(3)

(4)

(5)

Jones ,

Kimbark, E. W,

Clayton , A.E.

O
=

Jones , C. V.

Jones , C. V.'

Barton , T.H,

(6)
(7}

(8)
(9)

Kron s G.
Meisel , J.

Benjamin , C. Kuo

Derusso ,P. M.
Roy > R. J.
Close s C. M.

REFERENCES

‘Power system stability' volume I ,(Jochn Wiley and

and Sons, Inc., New York, 1967) .

'"The performance and design of direct current

machines' . (Pitran) .

'An analysis of commutation for the unified mackine

theory!' . Proceédings ILE.E. Monograph No., 302,
Septernber, 1958 (105C , pp 476-88) .

'"The unified theory of electrical machines'. (Londor,

Butterworths , 1967 .

' A practical commutator primitive for gereralised
machine theory'.: Transactios A,I.E. E., Power
apparatus and systems, June 1960, No. 48 Vol. 3
pp. 277-81

'"Tensors for circuits' . (Dover)

'Priaciples of electromechanical energy conversion',
(Mc Graw-Hill Book Company, New York, 1966)

'Autcmatic control systems'., {Prentice Hall)

'State variables for engineers ' (Wiley, 1965)

(10) 'Generalised. Machine Laboratory Manual'. MB-1902 C-59(Westinghcuse

(11)

(12)

(13)

Marsh , J. V.

Saunders, R.M.

O'Connor , J.

Cybulsky , J.

Electric Corporation)

'Measurement of machine parameter s and steady-
state performance of a d. c. synchronous tie'.
Technical report No. 66-1(January, 66), Univer sity
of Ottawa .

'"Measuremewt of d. c. machine parameters'.

Transaction A.I.E.E. 1951 vol. 70 pp. 700-706.

: Discussion of paper under reference (12).




(14) Rutta , A.R.

(15) Sharma, K. J.

(16) Prescott,J. C.
El-Kharashi, A, K,

'Difference between inductances and speed
coefficients in a practical machine '. B. A. Sc.
thesis , April 1967 , University of Ottawa .

'"The inductances of a d. c. machine under transient
conditions'. M. A, Sc. thesis, 1564 , University

of Ottawa .

'A method of fneasuring self inductance applicable
to large electrical machines!. Proc. ILE. E. ,

April 1959 , Paper No. 2871M .




Bty

B

GRAPH 1

DERIVATION OF SPEED VOLTAGE CURVE
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GRAPH 3

TOTAL VOLTAGE IN ds WINDING CAUSED BY COMMUTATION
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GRAPH 4
OPEN - CIRCUIT VOLTAGE CHARACTERISTICS
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GRAPH 5

CALCULATION OF REDUCTION IN d-AXIS FLUX DUE TO
s ARMATURE M, M., F,
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GRAPH 6

CALCULATION OF REDUCTION IN d-AXIS FLUX DUE TO
ARMATURE M., M. F.
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MOTOR SPEED CHARACTERISTIC
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GRAPH 12 .f |
EFFECT OF q-AXIS EXCITATION

ON MOTOR SPEED
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éRAPH 14

COMPUTED VARIATION OF AMPLITUDE OF OSCILLATIONS
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