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Abstract

The thesis presents a method of analysis of direct current
machines using thyristor assisted commutation., The method is
based upﬁn the General Machine Theory and the formulation of
voltage and torque equations from the theory is shown to be
successful. These equations have predicted the performance of
the machine over a wide range of operating conditions. A computer
programme has been developed to deal with the mosf complex
operating conditions and, by suitable simplifications, the programme

is readily adaptable to compute steady state characteristics.

A subsidary theme of the thesis is to show how the output of
thyristor assisted machines may be controlled by an electronic
method of rocking the brushes. The method is simply demonstrated
on no load or light load conditions but 1oading effects produce
some limitations. Sufficient experimental results are given to

illustrate the method.
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(* denotes that letter is usually a subscript)

Roman Alphabet
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b brush arc
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c * shorted armature coil during commutation .

d " direct axis of ﬁachine

e base of natural logarithms

£ .* field winding
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iA * series connection of interpole and armature windings

1 current

J inertia

K constant

1 length

L self inductance

M mutual inductance

m unit of length, metre

N unit of force, newton

o) differential operator (d/dt)
P pover

q quadrature ;xis of machine
r radian

R resistance
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8 segment arc
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t time

T torque

v velocity

\'j unit of voltage, volt
v voltage
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Greelk Alphabet

,6 beta coefficent in differential equation

¥ gamma damping factor
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(A 'omega rotational speed, radians per second

Abbreviations

a+Co alternating current

d.a.cCe. diode assisted commutation
de.Ce direct cﬁrrent

e.b.5. electronic brush shift
f.s.d. full scale deflection
Pelle per unit

t.a.c. thyristor assisted commutation

Other symbols and abbreviations as defined in the text.
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Chapter 1 Introduction

1.1 Object of Thesis

The general object of the work was to consider methods of
analysing the performance of direct current machines with thyristor
assisted commutation (t.a.c. machines). Eventually, the method of
analysis shoﬁld enable the characteristics of a machine at the
design stage to be calculated and corrections made to obtain the
best performance. For standard d.c. machines many years of experience
have produced well defined ﬁrocedures which are based upon essentially
steady state methpdé. For conventional machines this is valid
'becaﬁse the mmfs and fluxes are relatively fixed. T.A.C. machines
have a wide commutating zone and the mmfs and fluxes are variable
‘over a wide range. Coﬁséquently, a dynamic type of analysis wés
thought to be more applicable to the t.a.c. machine and a method
based upon the general machiﬁe theory was used. Such a method depends
upon the knowledge of inductance parameters and there are considerable

problems in calculating them.

To test the validity of the method of analysis, the inductances
were measured on an experimental machine. If the measured values
gave accurate predictions of the performance of the machine when
used with the general theory, then a further stage in the analysis
is to consider how they may be calculated from design criteria. Until
the validity of the method has been tested, there is little point in
attempting the calculations. During fhe work, the analysis and
experimental work showed that the séeed of the motor could oscillate
under certain operating conditions. Although it is more important
to be able to calculate the standard characteristics such as speed
torque, the prediction of such phenomena provided a very good test.

-SEuAl sy,
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The main theme of the thesis is to present a method of analysis
of the experimental machine based upon the general mﬁchine theory.
The formulation of equations from the general theory has been
successful and these equations have predicted the the performance of
the machine over a wide range of operating conditions. A computer
programme has been developed to deal with the most complex operating
conditions and by suitable simplifications, the programme is readily

adaptable to compute the steady state characteristics.

A subsidary theme is to show how the output of t.a.c. machines
may be controlled by an electronic method of rocking the brushes.
The method is simply demonstrated under light or no locad conditions
but loading effects produce some limitations. The concept is
interesting and some experimental results are given but the method

has by no means been investigated-fully.

1.2 Historical Background

Early analyses and practical experience had shown that
commutation problems were responsible for many of the difficulties
found in d.c. machines. Improvements in the form of interpoles and
compensating windings had helped but significant improvements could
only be achieved by a removal or modification of the commutator and

commutation process.

With the introduction of semiconductors many papers were
ﬁublished on the control of d.c. machines by using these devices.
In general, these methods incorporated some form of armature voltage
control; they did not remove or modify the commutator. Ideas of
usiﬁg thyristors and diodes to assist the commutation process were
published ('*1) and it was thought that the switched winding or |

armature would be better placed on the stator with the field winding



on the rotor. In 1964, a practical design for a d.c. motor with
assisted commutation was described by Bates, Sridhar and Tustin (1.2)
and the results of tests on a small machine were given a year or so
later (1'3). Bates et al. showed that once the commutation process
was no longer dependent upon the carbon brush for the successful
reversal of current in the armature, it was possible to get a much
improved performance from the machine. This additional performance
for a given frame size well justified the cost of the extra equipment.

(1.4)

Recent machines have been built up to power levels of 400 hp

Other schemes also exist.for assisting the commutation process.
Andrews (1.5) suggested the use of a 1;minated brush consisting of
four or more slices insulated from each other. A thyristor was
cgnnected to each slice and, by suitable arrangements, the current
can be transferred from slice to slice without the slice actually
makiné or breaking contact with a commutator bar while it is still
carrying current. Other methods usually involve turning the machine
inside out, putting the field system on the rotor and the armature

(1.6)

winding around the stator

Each method offers advantages over the conventional machine.
In general, these new methods remove some of the more restrictive
commutation problems and allow more power to be obtained from a
given frame size. The disadvantages are usually those of additional

equipment with their extra cost.

1.3 Theory of Operation of T.A.C. Machines

The t.a.c. machine uses a conventional armature winding but
instead of a single commutator, there are two part commutators. Each
part commutator has only eight or so segments and the tappings from

the armature winding are connected to alternate segments. Four



brushes feed current into the armature and are arranged in two pairs.
Each pair is connected in parallel and to the thyristor. The thyristor
is triggered by a contact operated from a synchronising ring on the

shaft. Figure 1.1 shows the schematic arrangement.

Commutation of the current in the armature winding takes place
as follows. Assume initially that thyristor T2 is conducting and
that the current is flowing into the armature via brush b22 and
ségment 521 as shown in Figure 1.1. When brush b11 is just fully on
S$12, T1 is fired into conduction. Commutation now proceeds under
the action of the interpole induced voltage in the closed circuit
formed by T1, b11, S12, the coil C12, 321, b22 and T2. -The polarity
" of the voltage is such that the current through T2 tends to reduce;
that through T1 to increase. As long as the current through T2 is
reduded-to zero before.bé2 leaves S21, the brush will leave tﬁe
segment carrying no current and there must be no sparking. All the
current now enters through T1. As the brushes move, bl12 will take
over the curfent from b11 and eventually, b21 will just be on S23.
The commutation process repeats as T2 is fired. This time T1 goes
'off' while T2 comes 'on'. The process repeats each time the leading

brushes are just completely on the beginning of an active segment.

Threé points are worthy of note. Firstly, as long as the current
through a trailing brush is brought to zero before the brush leaves
the segment, no sparking will occur. This implies that there is a
minimum value for the interpolar induced flux but no maximum. There
appears to be no reason why the interpole cannot be made much stronger
than necessary so that commutation will be complete well before the
brush reaches the end of the segment. While this would give the
machine a degree of protection against shock loadings, it is possible

for the t.a.c. motor speed to oscillate continuously when using an
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overwound, series connected interpole winding. This oscillatory

nature is shown and discussed in later chapters.

The second point is that at no time does the brush bring about
commutation. They act only as a sliding contact between the armature
winding and the external circuit. The switching of currents is done
entirely by the thyristors. The firing of a thyristor is always
carried out thn the brush is sitting completely on a segment -
never when it is bridging two segments. This eliminates the possibility

of uncertain contact between the brush and segment.

The third point follows from the second. As commutation is
not §tarted until a'brush is completely on a segment and must be
finished before the brush on the other part commutator leaves the
segment, commutation takes place in discrete intervals and not
coniihuoﬁsly as in conéeﬁtional d.c. machines. The interval ié
determined by the brush and segment geometry and by the strength of
the interpole flux. Between these intervals there is no commutation
and the machine acts as a slip ring machine. T.A.C. machines, there-
fore, operate with two zones. A commutation zone is followed by the
sl;p ring zone and the relative times of each zone obviously depend

upon the time of commutation.

1.4 Introduction to the Thesis

The use of conventional machine analysis allows the steady
state characteristics of a machine to be easily calculated but does
not generally permit detailed information to be obtained under
changing or transient conditions. For standard machines, the mnfs
and fluxes are relatively fixed owing to the small commutating zone

+..0 . . . .
of about Z2°, The commutation zone in t.a.c. machines is not small

(i.e. 320 in the experimental machine) and the commutation process



is not continuous. At the end of each zone there is a large change

in the armature axis position and so the mmfs and fluxes are continually
moving. The method of analysis was based upon a general type in

which the dynamics are included from the start, Such a method is

the general machine theory and the starting point for the analysis

is the voltage and torque equations for four mutually coupled coils.

In chapter 2, these relationships are formulated into dynamic equations
which take account of the differences between conventional and t.a.c.
machines. These differences include the two zones of operation, the
large angles over which the armature axis can move and the presence

of thyristors in the armature circuit.

The method of analysis requires the variation of‘the inductances

. with rotor angle to be known and while these variations are easy to
measure it would be difficult to ealculate them, If, however, by
using the measured values, the characteristics can be accurately
predicted then the validity of the method will be confirmed. The

next stage in the analysis would be to consider methods §f calculating
the inductances from the physical and electrical parameters of the
machine. It is first necessary to prove the method and the inductances
were measured on a small experimental machine. The results aré given

in chapter 3 and the method of measurement in Appendix A.

Using the equations and the variation of inductance, the analysis
is continued in two ways. First, a formal method using differential
equations is used to show the form of behaviour under various
operating conditions and this method is shown in chapter 4. The
second method uses the equations as the foundation for a computer
programme to accurately predict the performance of the machine. The
computer programme and detailed comparisons between the predictea and

actual behaviour of the t.a.c. machine are given in chapter 5. The



computer programme is fully described in Appendix B. In both the
formal and computer analyses and also in the experimental machine,

the steady state characteristics of the series connected interpole
motor would degenerate into a continuous speed and current oscillation
under certain field current and load torque conditions. Although

such oscillations are of little practical use, their accurate
prediction enables the analysis to be used with greater confidence.

The oscillations and methods of prevention are discussed in chapter 6.

Since commutation is no longer performed by the brushes but
rather controlled by the thyristors, the commutation zone is not
limited to a small zone about the interpolar axis. By using a small
commutating zone, the average position of the armature axis may be
adjusted and an effect obtained which is similar to rocking the brushes
in.a conventional d.c. machiﬁe. To ﬁove the-armafure axis, a control
unit was constructed which electronically rocked the brushes by
delaying the thyristor firing pulses. The concept is explained in
chapter 7 and the method amply illustrated by the machine's performance
on light and no loads. Loading effects create some further limitations
and widespread application of the method may not be possible. The
results show the scope of the methpd but it has by no means been fully

investigated.

Practical details of the machine and the electrical and electronic

circuits are to be found in chapter 8 with further detail on certain

points given in Appendix C. It ule—iwoRl—itSirRi—i-ho—apo-rimenianl

TFhe thesis is concluded by the comments and recommendations which are

given, along with the general conclusion, in chapter 4.9



Chapter 2 Derivation of Machine Equations

2.1 The General Machine Theory

The d.c. machine may be represented by four windings two of which
are on the stator and two on the rotor. The stator windings consist
of the field and interpole windings which lie along the direct and
quadrature a#es respectively. The rotor windings are part of one
complete coil but it is convenient to separate the winding into two
parts. The current flowing in those turns which are shorted by the
brushes will not, in general, be the same as in the rest of the armature.
By the action of the commutator the axis of the short: circuited turns
"is cénstrained to lie along the d axis. Figure 2.1 shows the position
of the windings; the axis of the shorted turns being displaced by an

‘angle (@) from the d axis.

In the t.a.c. machine there is a period when none of the armature
coils is shorted by the brushes ana thyristors. During this period
the machine operates as a slib ring machine - there being no commutation
of current in the armature winding. The coils 'a' and 'c' of Figure
2.1 may be replaced by a single armature coil - coil 'A' - whose axis
lies along the quadrature axis. It can be shown that there is a
displacement of %so between the axes of the two armature coils 'a'
and 'A' with respect to the rotor shaft. (so is the commutator segment

arc).

2.2 The Voltage Equation

The voltage equation for the four coils shown in Figure 2.1 may

be written in the matrix form of



d axis

i Field
s ¢ Interpole
6560 q axis
A e
Fig. 2.1 Four Winding representation of a D.C. Machine
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Vs R+ pLt BM;; PMia PMe
V. _ p Mg R ~pL pPMia PMic
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where p is the differential operator d/dt.

The general term pry'Iy may be expanded to obtain

M _.I = M _.pI_ + I..pM
p 28 g P

Yy Xy ¥

which may be rewritten as

M -= M - I + I -wnd M de
p PI, y @ a0/

oI
Xy ¥ Xy

where (O is the rotational speed in radians per second.

To solve the above matrix equation, the value of d(Mxy)/dE> is

required. That is, thevariation of Mxy with the angle © must be

obtained.

23 The Nature of the Inductances

The self inductance of each winding and the mutﬁal
between pairs of windings were measured and the results
in detail in Chapter 3. 1In this section, only the form
inductances are indicated so that the derivation of the

equations may be continued for the t.a.c. machine.

inductance
are given
of the

machine

The stator self inductances were independent of rotor angle but

dependent upon the coil current. All the inductances were affected

by saturation and care must be taken to ensure that saturation effects

11



are included in the analysis. The rotor self inductances were
dependent upon rotor angle at low currents but at rated field and
interpole current the effects of rotor angle were negligable. The
mutual inductances were very dependent upon rotor angle, the variation
of inductance being of a sine or cosine function. Table 2.1 gives

the form of the inductance waveforms, their values and derivitives

around the commutating zone.

2.4 The Action of the Commutator

In a conventional machine the commutator limits the variation
of ® to a small range #%S about the po;ition.az 0°. $is the angle
of commutation and has a typical value of 50. With this small angle
(iZ%o) any cosine function may be assumed to remain af its maximum
value throughout commutation and, also, the mean value of any sine
function to be zero. This assumption is not valid in the t.a.c.
machine since the commutation angle is not small and, except in the
special case of commutation taking all the available angle, the

average armature axis position will not lie along the quadrature axis

(©@=0°).

To simplify the initial analysis the agsumption that any cosine
type of function will remain at its maximum value is.used. This
introduces a maximum error of 4% when commutation occurs very rapidly
but under more normal conditions, the error is typically 1.5%. Sine

functions are included as such and are not approximated to zero.

2.5 The Commutator and Slip Ring Voltage Equations

The voltage equation of section 2.2 may be expanded to give the
commutator and slip ring voltage equations for the t.a.c. machine.

For the commutation period, the voltage equation is

12



Inductance Type of Value around Value of derivative

Waveform e = 0° around © = 0°
Self
A
L, - L, 0
i i
A
La - La 0
A
Lc - Lc 0
A
-LA - LA 0
Hutuél'
Me s - 0 °
A . A
My o sine f.a.sm(e) Mp o
r.S A
Mf.A sine Mf.A.s:Ln(e) Mf.A
Mf.c cosine | Mf.c -Mf.c.s:m(e)
M. cosine M, -M, .sin(e)
i.a i.a i.a
M;a cosine YA ¥ ,-5in(6)
A L
M, . sine M, . sin(e) M
Ma.c sine Ma.c .sin( 20) 2Ma.c
Table 2.1 Values of Inductances and Derivatives

13



A

where Mxy represents the maximum value of th

a

V}_ R;_ + L;_ P — -&f‘l. Sme.F - A&‘.,,ue.w
“qu W M;‘ N F
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M{c ‘P M. w '2"(\1kr.~w

e inductance M

In t.a.c. machines, as in conventional d.c. machines, the interpole

winding may be connected in series opposition to the armature winding

and the voltage equation may be rewritten as

~ ~

V; R& * L;r 51;" sn®-p
—M‘A W
Via ~Miasmop R: « pli
My « +pla
- —2":4(0. P
+ Z'M‘:,.SW\G w
Vg - ﬁ{gSmB w -—p\u_'lme- P
M},_ P “ﬁi‘-u 4-234.;;'\.\
My-sin28.p

where V,
ia

"M’(_f_-hne'“
Py;-F;

"ﬂ,}_-l:n@-f

B
MAL-JmZB'f x
Mac' [P\
R{ -« ALC -'7

armature windings and Iia is the current through them.

is the voltage across the series connected interpole and

During the slip ring period the short circuited coils become

electrically part of the armature winding and the slip ring voltage

equation, for series connected interpoles, is

14



\(f’ R‘f r L"’F “':14A.s:n9.f’ I_;
- P#A.(»
= x
Via ~Masm®-p Re + Lip Tin
~Mpa o Ra +Lap
—Zﬁaiﬁ.r
2 ﬁin'hng-w

For series connected interpoles, the resistance and inductance
of the armature and interpole windings may be denoted by Ria and Lia

in the commutator equations and by Ri and Li in the slip ring

A A

equations. Therefore

R, = R, + R
ia i a
and L, = L. + L - 2M,
ia i = Ta ia
and similarly for RiA and LiA' Since d(Li)/dt and d(La)/dt were
found to be zero,
PLig+lia = Ly-PLj, + Lepl;,

- 2M. .pI, + 2M, .w,.sin(e).I,
ia ia ia ia
which is consistent with the voltage equations above.

2.6 Average Values

The voltageé and currents in the machine obviously dépend upon
both the commutator and slip ring equations. The overall equation
relating voltage and current is therefore lengthy and rather cumbersome.
The above equations are correct for either instantaneous or average
values of 8 but if only the average values are required some
simplification of the equations may be made. For example, the average
value of the curreﬁt in the short circuited armature winding is zero
and so any term containing Ic will also be zero and may be deleted

from the equations.

15



For average values only the following assumption was made.
The mean value of a machine parameter is the sum of x times its
commutator value and (1-x) timés its slip ring value. x is defined
as the ratio of the commutation time to the sum of the commutation

and slip ring times.

2.7 Power and Torque Equations

The power input to a circuit containing resistance and self and

mutual inductance is

vel = i2.r + i.p(L.i) + i.p(M.i1)

which may be expanded to give

voi = i%.r + iz.pL + L.i.pi + i.i,.pM + i.M.pi, '
However, -
d(%L.iZ) / dt = %ia.pL + L.i.pi
S0
v.i = i2.r + p(%L.iz) + %iz.pL + i.i1.pM + i.M.pi,

If there is no rotary motion then ©pL = pM = O and all the power
supplied to the circuit is either dissipated as heat or used to
increase the energy stored in the self and mutual fields. If rotary
motion does occur, then the powers associated with the terms pL

and pM must provide the power for-that motion. The power converted
to mechanical power must therefore be

.L!

)
11
Ny=-

-?L -+~ i.L'.rM

. dL .. dM

t
Ny—-

From the previous voltage equations the power converted during

the commutation period is
~ A z
Ptonm = - M,‘,q- w. I;In + M;_‘Q- snB - w - I"Q
~ MW T T+ 2 Myw T Ti

16



and this may be simplified to
Ptbnm\ = - MF.-U. I‘; T -+ MC. SN ® - W . Iczu
if only the average power converted is required since, as previousl
Y g y

stated, the mean value of IC is zero. The power converted during the

slip ring period is given by
A .
Z
PS'I'P - - Mfﬂ"’"' I; . I;-A + M[ﬂ"""o T It'.A

The total average power converted from electrical to mechanical power

or vice versa is

P = x.P_ + (1-x).P
comm S

lip
The converted power provides a torque which overcomes friction
~and drives the load - any excess accelerates the system. The total

mechanical power requirement is

Power = Torque . speed

P (T + J.dw/dt) . @

The total electrical and mechanical powers may be equated to obtain

x.P + (1-x).P

comm slip (T + J.de/dt).w

This is an expression which links the electrical and mechanical
parameters of the machine and together with the voltage equations may

be used to analyse the performance of the t.a.c. machine.
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Chapter 3 The Self and Mutual Inductance Parameters

3.1 Measurement of Self and Mutual Inductance

During the derivation of the voltage equations the variations of
the inductance parameters with rotor angle were required. The form
of the variations, i.e. sine or cosine functions, were given in Table
2.1 and in this chapter the detailed waveforms are shown and discussed.

The inductances were measured using the direct current inductance

bridge developed independently by Jones (3.1

(3.2)

El-Karashi . Details of the theory, the operation and ﬁractical

and Prescott and

difficulties in usihg the bridge are given in Appendix A. The
measurement of the inductances was done using currents in the range.
0.05 to 2.0 of the rated value for that coil. Initially, much smaller
cufrents (typically 0.001 A.) were uéed but fhese ﬁroduced misleadiﬁg
results due to leakage effects. The effects of hysteris were
minimised by- taking the average of two readings using equal current

flow in opposite directions.

3.2 Self Inductances

The self inductances of the field and interpole windings were
independent of rotor position but dependent upon the value of the
current flowing in the coil. There was little cross saturation: a
change in the field current from zero to rated value produced a 14%
reduction in the field self inductance but only a 3% change in the
interpole self inductance. The variation of the self inductances of
the field and interpole windings afé shown in Figure 3.1 (a) and (b)

respectively.

The rotor self inductances were dependent upon both rotor position

and the field and interpole currents - i.e. upon the d and q axes

18



Self Inductance - Lf - Henry

600+

= 50mA

\

150mA
yood T T T T T T TTTT=1, = 1oma

H
H
1]

300~

200

100+

(0] —1 T T
0 90 180 270 360 -

Rotor Position

(a) Tield Self Inductance - Le

Self Inductance - L; - Henry
0.35

0.30 = _‘r/’”///li 2
— — = — — — — — —- _I. =k

0.25 =

0.204_ __

50mA

0.15 = .
0.10

0,05 -

0.0 T T T |
o 90 180 270 360

Rotor Position

(b) 1Interpole Self Inductance - Li

Fig. 3.1 (a,b) Variation of Self Inductance

19



(¢) Main Armature Self Inductance - L, » LA

Self Inductance - Henry

0.12 -
0.10 —_—
7 RN
8 7/ \\ /, \\/A
0.067 ~ =7 =T (1)
0.06 - La
0.04 L _____/LA
- - T = = (ii)
0.02 - L,
0.0 T T . T T
0" 90 180 270° 360
Rotor Position
Conditions - (i) If = 0,04 Ii = OA
(ii) If = 0.3A Ii = 10A
Self Inductance -~ Henry
0.016-J
0,014
L
0.0124 T %
_ (i)
0,010
0.008 -
0,006 +— — 1,
© (44)
0,004 -
0.002 -
0.0 1 1 1 1
o 90" 180" 270 360

Rotor Position

(d) Armature Shorted Turns Self Inductance - L,

Fig. 3.1 (c,d) Variation of Self Inductance

20



saturation levels. At and around the rated values of these currents
the effgct of rotor angle was negligable, The variatiqn of the self
inductances of the main armature (La)_and the total armature (LA)

‘windings are shown in Figure 3.1 (c) while that of the short circuit

turns (Lc) is shown in Figure 3.1 (d).

3.3 Mutuél Inductances

The mutual inductance between the field coil and the main armature
windings (Mfa-and MfA) changed appreciably with rotor angle —'the
variation"being of a modified sine wave - Figure 3.2 (a). The
variation of the mutual inductance between the field and the armature
shorted turns (Mfc) was that of a cosine function - Figure 3.2 (b).

The variatiop of the interpole - armature inductances followed a
cosine wave - Figure 3.2 (c)-wﬁiist that of the inierpole-- éhorted

turns was a very modified type of sine wave - Figure 3.2 (d).

The variation of the main armature - shorted turns mutual
inductance (Mac) with rotor angle was a sine wave of double the
frequency of the other mutual inductances. The magnitude of Mac
was very.dependent upon the d and q axes saturation levels and at
rated curfénté in thé stator coils, the magnitude of Mac was almost

negligable - Figure 3.2 (e).

Lastly, the variation of the mutual inductance between the
field and the inte;pole coils at different rotor angles was measured,
Figure 3.2 (f). Since the two windings are in space quadrature there
should be no mutual inductance between them. A slight variation was
recorded and this may be attributed to positioning errors of the rotor,

interpole or the main field poles.
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3.4 Saturation

Throughout the above figures the effect of saturation may be
observed in changing the values of the mutual inductances. For two
of these inductances, the' maximum value of that inductance was
measured over a range 6f exciting currents. Figure 3.3 (a) shows

the change of M. with field current If. The value increased to a

fa
maximum at around 0.05 A. and then began to fall owing to saturation
in the direct axis.. A similar situation existed in the q axis and
Figure 3.3 (b) gives the change of &ia with interpole current I;.
The effect of saturgtion is very evident, the maximum value of Mia

being almost halved as the interpole current was increased from 2

to 10 amperes.

3,5 Derivative or Slope?

In the voltage equations, it is the derivative d(Mxy) / de
which is requiredaround the positioniezoo. However, it has been
found by trial that the value of the slope AMXy /o around the
position 6-0° gave better results than did the differential values.
This is to be expected as the variations of inductance with angle
were not pure sine or cosine functions but contained higher harmonics.

As an example, the differential value of M a was 12% higher than that

f
calculated from the slope AAMfa /846 . This latter value differed by
less than 3% from that obtained experimentally from the open circuit

characteristic of the t.a.c. generator.
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Chapter 4  The Analytical Solution

k.1 Differential Equation for Series Interpole Machines

An accurate formal solution of the equations of the t.a.c.
machine would be extremely complicated because of factors such as
saturation which affect the values of the inductance coefficients.
By simplifications and approximations involving errors of not more
than 10% the forms of the solution of the differential equations
may be shown. A computer programme is later developed to give a

more accurate prediction of the machine's performance.

A

If M is assumed to be equal to ﬁ

fa then from the power

fA

equations
(—M;nIJ - Mi_n-sme-._.‘:';.).Ih = T -+ J.du/de

or, by rearranging
ry

Mip-sme - Ify = My T . Tia =T =T %% - O

which is a quadratic equation in IiA' If commutation takes all the

available angle then the average value of © is zero and a unique

solution exists for IiA’ viz

(T + J'dw/.u)/(— ’:'I;.H.I;)

For all other cases, © will not be zero and IiA will be given by

ILH H Mlﬂ . IJ : M[ﬂ . I_“ I + 4 MI.R Sn@ (T +J det)‘] 2
2-Min-smO 2M;, - 5mO (M.[n'

The binomial expansion

-t 4 -1 -2 3
(1 +9" 2 e opy ——M;_,) . 3).5.)“7

may be used to obtain

Iéﬂ H MEQIE 1_- ';‘(n.I[ - T -+ I'dw/dt o M;n-Sme- (T *':r'd“/dt) ,

———————————

2Mig5me 2Mipsin6 M, T, (M- 3, )°

which, on taking the negative sign and setting 9:00, reduces to the

simple expression for IiA as above.
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Using the values given in Table 4.1 which gives typical values
of the machine parameters it can be shown that the last term in the
above equation is small - less than 10% - compared to the other terms.

Taking the negative sign, the expression reduces to

T - 3‘"“/dk . I“"\;“.s\ne-(’ra- 'S.du/d‘_)
y + H
Mia - T, (Mlﬂ'IJ)

This expression may be differentiated with respect to time to give

Ikn £ =

. T d2w Z Mig-sm®. (T+ T-dw/de)
ipn . 2
P My, | dt (M- Ip)
Having obtained expressions for IiA and PIiA’ these may be

substituted into the armature voltage equations that were derived in

-Chapfer 2. In the slip ring voltage equation

A

A A
V'L = "Msn's'“e'PIL - M‘Fn.w.I‘ + RLR'I'LB "'L.;_,,.F’I;,,l + ZM‘:R'SlhB-w.I;g
"the first term, i.e. that containing pr, may be neglected since later
computer studies indicate that the magnitude of this term is some

three orders smaller than the other terms in the same equation.

After substitution the following non linear, second order
differential equation is obtained.

Lo T [dﬂa _ z-»‘«m.s.ne.(mrd%t)]
' 3 Y F .
M I dt (@R.I")

+ Rgﬂj [I -_ Z'MLQ-SMQ'T —_ Mf_ﬁ-sme' T- du/dl—] dw

7 A W 2 rm

P I, CRERS e 5, e
+ z-r;liﬁ-$|n9~J' [' - 2"3\;9- m®-T MCB-SI"e'j':w/d"] w-dw

Mea T, - 7,)° & 3) ot

-~ [M}H-I{ - zr:l\'.ﬁ-s"\e‘_r]-u
Mea- I

Men Ty
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Typical Motor Parameter Values

Parameter Symbol Value
Voltage vi_a’ viA 200 volts
Voltage Vf. 200 volts
Current Ie 250 mA
Current Iia’ I 5A 3. amperes no-load
Resistance ' R, 2.6 ohms
ia
Resistance RiA 2.9 ohms
. . A - A - .
Inductance Lia’ iA 0.1 henry unsaturated
A A
"
Inductance Mi.a’ Mi.A 0.1 henry
A A
"
Inductance Mf.a’ Mf.A 5 henry
Inertia J 0.5 Nm sec2 incl. dynamometer
Torque Ta 3 Nm » " "
Speed w 1800 rev/min
Angle e -7°
Table 4,1 Typical Motor Parameter Values
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This equation is probably only soluble by numerical means because

the values of the terms are not constant but depend upon many factors
such as speed and satuation. Again by reference to Table 4.1, those
terms which are dominant in the above equation can be used to show

the forms of the solution. Using only the dominant terms, the equation

reduces to

L'Lﬂ'J- . d%w. - Rin'I - zﬂén"'ﬂs'w-i]ﬁ - F"’(,,.I_‘-u
Mo T, a4 Ma- I Myn- Ty o€

- - [Véa + .Rin'T
M‘;n-TJ

4,2 Forms of Solution

If the commutation process is allowed to take all the available
angle the average value of © is zero. The differential equation then

becomes

2 A
ﬁ + 522 . d_u. + (Ma‘n‘I}) . W - - \/i.ﬁ - M,}R'I} —_ Ri.n . T
d kl L\-ﬂ dt Ll\-ﬂ . :r Lu’,a . J- L".ﬂ, T

This is a second order, differential equation and, if the coefficients

are considered constant, the auxiliary equatien has the solution

w = E_Bt. (k,-eosl. (l3b) + kz slnk(lal-))
and the particular solution is

wo = - Viﬂ‘ﬁ‘_nIi - QLQ-J-
(Mya- Tg¥

The response of the motor speed to a change of say, supply

voltage is a stable, well damped response of the type shown in

Figure 4.1 (a).

If the commutation process does not take all the available angle

then the value of © is no longer zero. The differential equation
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d_“: - R;_n + Z-Mén NILE - I 2 +(M;9-I!)z. w = —Vtﬂ-ﬁgn-a - Ra-J
d ¢ - Lin de Lig-T Lia-T

may be written in the form

(D’ -~ 2.x.p‘+ ﬁ)u =k

Unfortunately, this equation is still non linear because of the
W.dw/dt term and because the coefficients themselves depend upon
saturation. However, it is the general form of solution that is
required, not the detailed solution for which the computer model is
to be used. It may be noted that the ‘change in speed is small - less
than 10% of the mean speed and so, to an approximation, the term
(Rin * Z'M(_n-s"\ 9-w)/}_tn
may be regarded as being a constant coefficient of dw/dt. Therefore

¥ = (?m + 2'31.;9-3--\8-:.))/ 2-Lin

6 - () /D
The auxiliary equation
mZ 2% m - ﬂ = 0O

has roots of

and the solution is
_ Jx*-p-€ ~[x*-p" ¢t
w = e yt.]\‘,ﬁ.e_ + k«_.e s

The response of the system will depend upon the value of the damping

term .

Under conditions of rapid commutation the average value of ©
is negative: the more rapidly commutation takes place, the larger
is the negative value of ©. The damping term ¥ will decrease in

value as ©increases negatively. It is possible for the value of
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© to have a negative value and any. disturbance will not produce a

steady state result - the machine will be unstable.

If the response of the motor to a step change of armature voltage
is calculated using the above equation then, as the value of © becomes
more negative, the response changes from being over to under damped
and eventually completely unstable. Figures 4.1 (a) to (d) show the
typical forms of the response to a constant step change of armature
supply- voltage at different angles of commutation. In Figure 4.1 (a)
commutation takes all the available angle; in Figure 4.1 (d)
commutation is completed in about 5 to 10%.of the maximum available

angle.

From the above approximate analytical solution and using typical
numerical values for the inductance parameters, etc., the frquency'
of'oséillation should be aboﬁt 0.7 Hz. The frequéncy of the speéd
oscillation as measured experimentally was O.4 to 0.5 Hz; an error
of some 25%. To obtain a greater accuracy, more terms must be included
in the equations which then become quite lengthy and difficult to
manipulate. For the moment, it is sufficient to accept this error
and to rote that the response of the motor may, in certain conditions,
become oscillatory or unstable. The performance predicted by the

analytical solution was, in general, observed on the t.a.c. motor.

4.3 Comparison of Analytical Solution with Experimental Motor

As the angle of commutation is reduced the response becomes
more underdamped until eventually a point of no damping is reached.
Any parameter change tending to increase the speed would, from the
equations, cause the-speed to increase indefinitely. The experimental
motor does exhibit these types of response but the speed does not

increase ad infinitum. Consider the case when, according to the
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analytical solution, the speed should increase without limit after a

change of say, supply voltage.

For the speed to rise an accelerating torque must be provided
by an increase in the armature current. This increase through

saturatioq,reduces the -value of ﬁiA' As .the value of ﬁi falls, the

A
damping term (¥) changes from a negative to a small, positive amount
and the motor speed begins to oscillate as a highly underdamped

system. The speed and current then fall; the value of ﬁi rising as

A
the current falls. The damping term once again becomes negative and
the speed and current try to reach -o. The current is limited by

the diode action of the thyristors to be always positive or zero and
‘theréfofe the current reduces only to zero. The speed then falls
'owing to the load and frictional torques until the thyristors become

" forward Biésed'aliowiné armature current to flow once again. The
damping term is initially negative and the speed and current
immediately attempt to reach + . The cycle repeats as the effects

of saturation restrict the range over which negative damping can

occur. Outside this range the damping is small but positive and the
responses of the speed and current of the t.a.c. motor under conditions

of rapid commutation are similar to those of a highly underdamped

system.

Two points are worthy of note. First, that the diode action is
not essential in preventing the speed and current from reaching - w.
Saturation effects occur in both directions of current flow and would
prevent excessive speeds. Secondly, computer studies.have confirmed
that saturation is indeed responsible for preventing excessive speeds
and currents. If saturation is neglected, both speed and current

attempt to reach very high values (i.e. greater than 100 times rated).
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L, L4 Differential Equation for Separately Excited Interpoles

The analytical method for the t.a.c. motor which uses a separate,
constant interpole current is very similar in outline to that for
series interpole excitafsion. The simplifications that are used are
those that were stated during the previous analysis and are not,

therefore, repeated.

Starting from the power equation for the motor
(T+ J- dwde)-w = —MIR-I_{.'IH""“' - Miﬂ-$|n9- w. TL-L:;

an expression for I, may be obtained

A
Ia s — (T-f-J'd“'/g(e) / <'o\.fn'I4. + I:']:n's"\e-l-c) '

which is then differentiated to obtain pIA as
2 A ~
PIn = - (:r.d H/dtz> / (M““TJ- -~ Miﬂ‘ ‘;”‘e'ILD

foese 'ex'pressiorls may be éubstituted into the voltage equation .

Vn H _M_‘.ﬂ'“'I.‘- - M“H'S'“E'PI-; - McA-Suﬂe-U' IC + MLRPIC + RR'TQ - LRFI;
to obtain a differential equation as before
—'A LQJ- .d2u _ RQ'J- -d-_w . P‘;l}ﬂ.l:[_-l.b
M‘ﬂ I} hd M;n S§n® I;_ d t' M[,HI_; - ﬁ"'\ﬂ sne I dt
a s A
= MLA‘SHQ'W IL = Vq -+ ?n T + M‘FH-Slne-rI“ - MLHP IL

M'F”I} .M (A snO-I;

Since the interpole current is constant, and the rate of change of

If small, the differential equation may be simplified to

o Ra e (ML Fuse T M T o
3 t2 L dt La. T

-+ QM*AI“’ + MLQ.SMS' IL)'MCA wm® T - w

La.J
= —Vﬂ(p‘;a-l} * 't"m-s-n‘g-I:_> — Ra.T
L,q.J' LQ'J

.35



This is a differential equation of the form

(l)z + 2.%-D + /3.> w = kr

where |
X, = Ra /2-Ln

and it is noted that the damping term depends only upon the resistance
and inductance of the armature circuit. It does not depend upon the
mutual coupling between the interpole and armature windings, the speed
or the angle by which the average armature axis position is displaced
from the quadrature axis. To any particular parameter change, the
motor speed will have a final steady state value. The degree of
damping will however depend upon the other terms in the above

differential equation.
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Chapter 5 Comparison of Computed and Experimental

Characteristics

5.1 The Computer Programme

The programme uses the voltage and power equations which were
developed in Chapter 2. 1In outline, the programme first calculates
the saturation effects of the various currents flowing in the coils
and adjusts the values of the self and mutual inductances accordingly.
"Using the equation for the short circuited coil the time of
commutation is obtained which, together with the speed of rotation,
enables the average value of © to be calculated. The voltage and

power equations are rewritten in the form
d(z) / dt = function ( voltage, current, speed, etc. )

and the rates of change.of cﬁréent.aﬁd spéed-are eﬁaluatéd. .From
the present values and the rates of change, an integration method
can compute new values of current and speed. These values are then
used to obtain new rates of change. By repeating the process, the

machine's performance may be calculated.

The accuracy of the simulation de?Ends? opv%ously, upon the
accuracy of the numerical values used for the parameters of the
machine. It also dependé upon the type of integration proceedure.

A simple slope method using a large step length will not be as
accurate as say, a fourth or fifth order, variable step method that
contains an error checking routine. The computing time required for
the simulation will be greatly affected by the type of integration

method that is used.

The programme was written to be run under the control of CSMP
- Continuous_Systems Modelling Program - which is a general programme

developed specifically for the dynamic modelling of systems.
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5.2 Steady State Comparisons

The generator characteristics were ¢alculated from a programme
similar to that descibed in Appendix B. The predicted open circuit
characteristic was about 3% higher than that measured on the t.a.c.
machine - Figure 5.1. "The shape of the computed and measured curves
were extremely similar. Also very similar were the computed and
measured regulation curves of the generator as shown in Figure 5.2.
The predicted curve was again 3% higher than the measured character-
istic.

The 3% error may be attributed to the approximations made during
-the derivation of the voltage and power equations. The values of the
slope of the inductance coefficients were measured or calculated at
_the position 8:005 At different values of ©, the slope may change
slightly. For example, the voltage waveform during the periods of
commutation and slip ring operation predicted by the computer were
more peaked than those observed on the experimental machine. 1In
Figure 5.3 wave form (a) shows the experimental machine voltage wave-
form and (b) is the waveform from the computer. The average value
of the computed curve is some 4% higher than that observed. If the
variation of the slope over the range of © is used and not just its
average vaiue at 6:00, then the computed waveform becomes less peaked
and its average value is within 1% of the experimental curve - Figure
5.3 (¢). Unfortunately, to include this kind of detail in the
computer programme would significantly increase the computing time

necessary to perform the simulation of the machine's performance.

It must be remembered that all the inductances were measured
with the rotor stationary and it is only to be expected that some
modification of the inductance waveforms would occur when the armature

is rotating under normal operating conditions. With these facts in
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mind, "the accuracy with which the computer model predicted the
generator characteristics is considered sufficient for the model to

be used to study the transient behaviour of the t.a.c. motor.

The steady state characteristics of the motor were calculated
and compared to those obtained experimentally. The speed - field
current characteristic for the series interpole machine is shown in
Figure 5.4: curve (a) being experimental, curve (b) computed. The
speed-load current characteristic is given in Figure 5.5: again (a)
is experimental and curve (b) computed. The 3% difference between
the computed and experimental characteristics is again apparent but
of more importance is the great similafity between them; Under weak
field and light léad conditions both the computer model and the

experimental motor exhibit the same kind of osci}latorj performance.

5.3 Transient Comparisons

As a test of the model under changing conditions the self
excitation curve of the generator and the starting performance of the
motor were simulated. TFigure 5.6 gives the measured and computed
self excitation curve and, to within 4%, the computer has successfully
predicted the output voltage. The starting performatice of the motor
is shown in Figure 5.7 and again the computer has simulated the
machine fairly accurately. Below a speed of 60 rps the results are
not totally valid because of the method of determining the time of
commutation. This method is discussed in Appendix B. Nevertheless,
the model predicted the motor speed to within 5% of the measured

values over the speed range of O to 120 rps.

The responses of the motor to a step change in one of the
parameters were recorded on the experimental machine and then compared

to a simulation of the same change. The step disturbance applied to
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both the machine and model was that of switching out a resistor of
3 ohms in the armature circuit. Under light running conditions the
armature current was nominally 2.5 A so that 7.5 V were dropped

across the resistor. Shorting out the resistor causes the armature

to see a step increase of 7.5 volts.

The response of the machine speed and armature current to the
above change was recorded at four different levels of field current.
In each case the interpole winding was series connected with the
armature and the t.a.c. machine was mechanically coupled to the
dynamometer. At maximum field current (i.e. minimum speed) the
response was that of a well damped system - Figure 5.8 (a). The
computer simulation for the same conditions gave a more rapid initial
. increase in the current waveform but after 0.2 seconds, the waveforms
mét;héa éiosely - generally.to Qithin-iB%. As tﬁe field éurrent was
reduced and the nominal motor speed increased, the responses of both
the motor and model became underdamped and eventually, continuous
speed oscillations were obtained. Figures 5.8 (b) to (d) show typical
responses as.the field current is reduced. Only the current waveforms

are shown as these gave a more critical test of matching.

Before discussing these results, two more tests of the machine
and model are given. The first is the response to the above step
change of voltage but with the armature current at its rated value -
Figure 5.9 (a). Secondly, the response of the motor to the removal
of a load torque is given in Figure 5.9 (b). Around the rated current
the responses were stable but oscillations were again produced when
the load torque was removed and the motor left to run under light
load conditions. The computer simulations agreed closely with the

experimental measurements.

Il



Armature Current - amperes
10 4

8 -

computed

measured

0 . { ! B! { {

0 2 b 6 8 10

Time - seconds

(a) Motor_Current Response - Iy = 0.250 ampere

Armature Current - amperes

10 -

computed

measured

Time - seconds

(b) Motor Current Response - I, = 0.225 ampere

Fig. 5.8 (a,b) Motor Current Responses

45



Armature Current - amperes

127

computed measured

Time - seconds

(¢). Motor Current Response .- I, = 0.200 ampere

Armature current - amperes

12 =

10 - computed ﬁeasured

6 8 10

Time - seconds

(d) Motor Current Response - I, = 0.175 ampere

Fig. 5.8 (c,d) Motor Current Responses

L6



Armature Current - amperes

16

14 -

computed

[

— e e e e e

measured

0 | | l- I 1
(o} 2 4 6 8 10

Time - seconds

(a). . Motor Current Response - If = 0.175amvpere

Armature Current - amperes

12 -

107 computed

measured

8

0 2 4 6 8 10

Time - seconds

(b) Motor Current Response - I, = 0,175 ampere

Fig. 5.9 Motor Current Responses

L7



5.4 Discussion on the Computer Model

The voltage and power equations have been satisfactorily developed
into a computer programme capaﬁle of predicting the performance of
the machine over a wide range of steady state and transient conditions.
The computer model does in some cases predict that the motor will
oscillate continuously whereas the experimental motor does have a
final steady speed. Computer studies have shown that the response
of the motor is particularly sensitive to changes of angle and saturation
criteria. A difference of 2° can significantly alter the form of
response as is shown in Figure 5.10. At an angle of 6=-8° the
response is underdamped and oscillatory but at 9:-60, the response
is critically damped. A change in the starting position of commutation
by as little as 1° can alter the matching of the results. At 1800
re;/min, a tiﬁe'delay of O.1Imé wés ;qqivéleﬁt to'the rofof ﬁoving
through an angle of 1°.  The design of the first triggering circuit
was such that time delays of this magnitude were feasiblé. Saturation
effects may also prevent accurate matching and as a test of the
sensitivity of the model, a simulation was repeated using different
saturation criteria. The effect of a 15% change in the maximum value
of ﬁiA (at IiA = 2 A.) can be clgarly seen in Figure 5.11. Curve (c)
was obtaingdusingthe saturation curve of Figure 3.3 (b) while curves
(f) and (g) were produced by the above +5% and -5% displacements

respectively. Curve (f) is oscillatory but curve (g) is overdamped.

Nevertheless, the model may be used to distinguish those areas
of operation in which the performance of the motor is undesirable
from the point of view of stability. The model can predict the
performance of the t.a.c. machine with sufficient accuracy over a

wide range of operating conditions.
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5.5 Commutating Ability of Machine

At low speeds (below 50 rev/min) and at starting the interpole
induced voltage is insufficient to ensure complete commutation of
the armature current., Commutation is completed by the brushes as in
a conventional d.c. machine. During this period the commutation
process is usually accompanied by slight sparking at the trailing
edge of the brushes. To determine the speed'range over which the
t.a.c. machine can operate it i1s necessary to be able to compute the
commutating ability of the machine. That is, to be able to compute
the range over which the interpole induced voltage is always
sufficient to commutate the current in the armature before the

brush leaves the segment.

Tpis range may be éalculatgd by .using the voltage equation for

the armature shorted turns -
V¢ = ﬂFCrI,ﬁ - ’q;‘-u- If.a -0-2‘/“44,..«.:.1‘-, + R, T, + Lc-PIc.

‘ (series interpole excitation)
The time required for the reversal of the armature current is
evaluated and compared to the time between the start of each
commutation period. The maximum ratio of these two times depends
upon the brush - segment geometry and is given by (s-2b)/s where s

is the segment arc and b the brush arc.

The commutating ability of the experimental machine was computed
from the above equation and is given in Figure 5.12 for two values
of armature current. The maximum ratio is 0.71 for the machine and
from the curves, the machine should be able to commutate satisfactorily

down to about 35 rev/min. In practice, slight sparking was observed

up to about 40 - 45 rev/min.
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Chapter 6 Discussion on the Speed Oscillations

6.1 Comparison with Conventional Machines

(6.1)

Moullin discusses the possibility of speed oscillations
occuring in conventional d.c. machines and shows that a prime cause
is the demagnetising effect of the armature mmf. This causes the
motor speed to rise with increasing armature current if thé machine
is operating uﬁder such conditions that the speed rises with decreasing
field flux. The motor thus has a rising speed characteristic.,
Should the armature current increase for any reason, the torque
developed will be in excess of the load requirement and the system
will ‘be acéeleratéd. This increase of speed causes more armature
current to flow which, in turn, increases the speed still further.
-The .speed and current tend to rise towards infinity until the motor
protecting devices (e.g. fuse) prevent any further increase. However,
if the lqad torque also increases with speed it will tend to counter-
act the rising nature and it is feasible for the motor to hunt about
a fixed speed. The hunting is clearly dependent upon the motor and

load torque characteristics and a rising characteristic is necessary,

In the t.a.c. machine, the armature axis may be considerébly
displaced from the neutral axis and the demagnetising effect of the
armature mmf will be considerably larger. With the axis displaced
from the neutral axis speed and current oscillations were recorded
in the experimental machine with series connected interpoles. Hunting
could occur for the samereasons as above but in the experimental motor
it was saturation and not load torque requirements that prevented
excessive speeds and currents. Initially, the speed and current rise
as described above but eventually saturation prevents the armature

mmf from any further proportional increase and the current begins
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fall as the speed approaches the value set by the overall flux.
the current falls, the demagnetising mmf becomes smaller tending
slow the motor. The motor thus requires less current. The process

cumulative and the speed and current reduce still further.

Eventually the current'falls to zero where it is prevented from going

negative by the diode action of the thyristors. The speed falls due

to

load and frictional torques until the thyristors become forward

biased and the cycle repeats.

The cause of hunting is similar in the t.a.c. machine and in

conventional machines and is due to a rising speed-torque charact-

eristic produced by the demagnetising effect of the armature mmf.

"The effects are likely to be more pronounced in the t.a.c. machine

because of the greater displacement between the armature and neutral

‘axes.’

6.2 Methods of Prevention of Speed Oscillation

The demagnetising effects of the armature mmf may be compensated

by including an extra winding on the field system of a conventional

machine. This winding is series connected with the armature and

produces a magnetising flux that just counteracts the demagnetising

amature flux. The rising characteristic does not then occur and

hunting is prevented. Such a winding may also be used in the t.a.c.

machine but, for exact compensation, the strength of the compensating

winding would be dependent upon the relative position of the armature

axis. Although this winding could be designed to prevent oscillation

of the motor speed it could also produce a severe droop in the speed

torque curve if the armature axis position was behind the neutral axis.

Such a method is hardly satisfactory and other methods of preventing

oscillations were considered.
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In Chapter 4 the equation of motion of thé t.a.c. motor using

overwound, series excited interpoles had the approximate form

»

d*w . Ria + 2:Mia-5mnb. w0 | do - !M["E!>z- w

a# Tia ot Lia-T
= - Viﬁ - R;ﬂ.T . Mfﬂ&
I*-”fn Lin-J
or

(D’ + 2.¥D - /a)-w =k

where b/is the damping factor and is
¥ = <R£a + Q‘ﬁih-s:n e-w)/ 2-1L4

The response of the motor depends upon the numerical value of ¥ and
as long as ¥ has a positive value, no matter how small, a steady state
result will always be obtained. The first condition for a final

steady state speed is

RLQ -+ Z'p([_,q-Sm@-w > O

If K»O, the response is very overdamped and as ¥ is reduced the
response becomes progressively less damped ﬁntil, at &= 0, continuous
oscillations will occur - there being no damping present. Taking as
the limiting cése 0= 0, the variation of speed with angular displace-
ment (©) of the armature and neutral axes was of the form of a
rectangular hyperbola - Figure 6.1. The limiting boundary depended
upon the magnitude of the armature resistance and the armature and
interpole current. Stable operation was obtained if the operating
point lay below the respective boundary. For stablity at high speeds
a low value of ® was required and vice versa.

The condition for stability as given by the above expression
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may be plotted as a single straight.line boundary as shown as line
'a' in Figure 6.2. Stable operating points lie above and to the left
of this line; unstable points to the right and below the line. The
degree of stability of an operating point may be judged by its
distance from the line. A very overdamped stable response will be

in the upper 1left of the figure whereas a damped but oscillatory

response will be just above the line.

Typical loci of stable responses - loci 'e' and 'f' - and of
unstable or oscillatory responses - loci 'r' and 's' - were plotted
on Figure 6.2. The stable responses crossed the boundary into the
unstable region as given by the expressions above. It is possible
“to cénstruct a modified boundary -~ line 'b' - such that stable points
existed only to the left of this new line while the loci of unstable
‘or oscillatory responses existed in both regions. The modified
boundary always lies to the right of, and below that given by the
damping term in the approximate equation of motion. It is only
possible to construct the modified boundary from the results of

either practical measurements or from a simulation of the motor.

6.% Discussion of the Stability Criteria

The inclusion of more terms into the equation of motion of
the motor would tend to move the modified boundary nearer to that
predicted by the theory. The approximate equation does not account
for interaction between the voltages and currents of the field and
armature circuits. For example, there is a slight transformer
coupling between the field and armature which imparts to the motor
a better performance than that that would be predicted by the simple
equation. The effect of this coupling may be observed by simulating

on the computer model the responses of the motor with and without this
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coupling term included. Without the term the oscillations were of

a higher frequenéy and of a different waveshape compared to those
obtained with the term included. In Figure 6.3 the inclusion of this
term predicts that a steady state result will eventually be obtained
whereas without it, the model predicts that the motér speed will

continuously oscillate.

There are other terms that are not included in the simple
differential equation and which also affect the overall response.
Nevertheless, the use of this simple equation and of the average
values of the motor parameters can give an indication of the

liklihood of stable operation.
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Chapter 7 Control of the T.A.C. Machine by Delayed

Thyristor Firing

7«1 Effect of Delayed Thyristor Firing

For all commutator machines it is a general rule that the
direction of the armafure mmf and flux is determined by the position
of the brushes on the commutator. If the brushes are displaced from
the neutral axis by an angle ©, the armature:axis would also be
displaded by this angle. The total flux now acting on the armature
is a combination of the field and the interpole fluxes. Depending
upon the positions of the brushes and the mode of operation of the
machine, the interpole flux contribution may assist or detract from
the main polar flux. In conventional machines it is the commutation
process that dictates that the'bru§hhpqsi?iops be restraipgd close

to the neutral or quadrature axis.

With thyristor assisted commutation, the commutation process is
not performed by the brushes. These only act as a means of passing
current into and out of the armature winding. As long as the current
in part of the armature is reversed before the brush leaves an active
segment, there will be no sparking at the brushes. "The use of an
overwound interpole, a separately excited interpole or even part of
the main field péle can all bring about commutation. There is, there-
fore, no reason why the output of the machine cannot be controlled,
at least over a limited range, by shifting the position of the

armature axis away from the neutral axis.

7.2 Practical Method of Moving Axis

The displacement of the armature axis from the neutral axis may

be achieved in one of two ways. The first is to alter the time of
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- commutation and the second is to change the angle at which the
commutation process starts. If the time of commutation is made
variable by altering the strength of the interpole current then it

is not possible for the average armature axis position to be behind
the neutral axis. By definition, commutation is deemed to be taking
the whole of the available angle when the average axis position lies
along the neutral axis. For the axis to be behina the neutral axis
commutation mugt be taking more than the available angle and sparking

at the brushes will, most certainly, be seen.

If the angle of commutatioﬁ is made small (20% of the maximum
angle) then by contfolling the start of this small commutation band
"the éverage armature axis position can vary over a fairly wide range
about the neutral axis. Since the band is small, sparking will not
.dccﬁf'ﬁhiess the sfart.of the band ;s.éo near the end of a seghent
that commutation is not completed before the brush leaves the segment.
With a series connected interpole the degree of overwinding was nof
sufficient to make the angle of commutatipn very small. By using a
constant, separate interpole excitation a small commutation band
could be obtéined for light loads (O.4 rated and below) thus enabling
a freliminary investigation of the method to be madé. The limitations

caused by loading effects are discussed in a later section.

A practical method of shifting the armature axis is to use
rapid commutation and to adjust the starting pdsition of the commut-
ation process. The brushes were left physically along the neutral
axis but, by triggering the thyristors only a variable time delay,
their effective positions could be readily chénged. The armature
axis position is being changed by electronically rocking the brushes

by delayed thyristor firing.
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7.3 Motor Characteristics - Light Loadings

For steady state, light load conditions the speed - field
current characteristics are shown in Figure 7.1. Figure 7.1 (a)
is for series excited interpoles and at low field currents, the
steady state speed with minimum delay time degenerates in to a
continuous oscillation about a mean value. The speed response of
the motor depended upon both the deiay time énd the value of the
field 6urrent. The delay time alters the relative position of the
armature axis and the kind of speed responses are very similar to

those shown and discussed in chapters 4 and 5.

Figure 7.1 (b) shows the speed - field current response for the
motor with a separately excited interpole (Ii = 10 A). The range
of control was much greater than that obtainable with series excitation
but this must be qualified by the effecfs of loading which will be
discussed in the next section. The speed respénse of the motor with
séparate excitation was overdamped for all values of delay time.
Unfortunately, with separate excitation, the méximum armature current
is limited to a value some 1.4 timgs the interpole current. To exceed
this value would cause sparking owing to commutation failﬁre. To keep
within this figure large step changes must be made in two steps and

the response time becomes much longer.

The linearity between the input voltége to the thyristor delay
control unit (chapter 8) is given in Figure 7.2. Over the range
indicated in the figure, a linearity of 2% or better was obtained
using separate interpole excitation but of only 5% using series
interpole excitation. A reason for this is the much smaller and
mo?e well defined zone of commutation obtained by using separate

excitation.
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7.4 Effects of Loading on Motor Control

7.4.1 Commutation Angles

The previous sections indicated the.rangg of control possible
with separate interpole excitation when the motor was running on light
loads. This range cannot be obtained with greater loadings because
of the limitations imposed by the commutation of the higher currents
and by the overall speed-torque characteristics of the motor. Figure
7.3 shows the measured commutation angle as a function of the armature
current for a constant interpole current of 10 amperes. The commut-
ation angle was measured with minimum and maximum firing delay times.
Minimum delay corresponds to the thyristors being fired as soon as
the brush is fully on the segment while maximum-delay means that the
- firing is .delayed so that commutation. just finighes before any part
of the brush leaves the segment. The points for maximum and minimum
delay all lie about the same curve and by extrapolating the curve,
the maximum commutable current is about 16.5 A. This value has been
confirﬁed by experiment. The commutation angle is independent of
delay time but very dependent upon the armature current. For small
loads (say 3 A) commutation is completed in 2° allowing the axis to
lie within the range t15° around the neutral axis. At rated current
this range is reduced to Z11° and above the rated current, the range

falls rapidly to zero for a current of 16.5 A.

7.4.2 Speed - Torque Characteristics

From the machine equations the steady state voltage and torque

for the experimental machine are
VA - Mg,,.w.‘[; + Rn-Iﬁ + M,;n-sme-..a-‘[-;

MJR.I’(-I} -+ Miﬂ'SmS- T, -Ta

To(qu e
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With 9:00, the speed -~ field current characteristics for a range of
torque may be computed. Neglecting for the moment the restriction
that only currents below 16.5 A can be commutated, Figure 7.4 shows
the speed - field current characteristics using typical vélues of:

the machine's parameters. At high tofques ( 2760 Nm) the speed falls
as the field current is-reduced while at lower torques and high field
currents the characteristics have a rising nature. Also shown on the
figure is the constant current line of 16.5 A i.e. the maximum current
that can be commutated. For the experimental machine, its speed -
field current characteristic is of a rising nature over its normal

operating range.

Considéring only this range the effect of introducing the maximum
variation of the armature axis position was computed. The maximum
variation is, of course, reduced at the higher torques'in.accordance
with the curve shown in Figure 7.3. Figure.7.5 gives the computed
speed - f;eld current characteristics for constant torques of 0, 5
and 1OINm. Figure 7.6 gives the speed - torque characteristics for
constant field currents of 0.125 and 0.275 A. From these figures,
the range over which tﬁe motor épeed may be controlled depends upon
both the load torque required and upon the-field current. The
available speed range at rated output is 50 to 7?0% of that at light

or no-loads for the experimental machine.

Of particular note is the large speed reduction with load tofque
using minimum delay and the small change with maximum dglay. This
occurs since the commutation angle increases at the higher currents
and the mean armature axis moves towards the neutral axis. The speed
torque characteristics for minimum and maximum delay thus approach
those for the 'normal' machine. This can be clearly seen in Figure

7.6.
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The range of control of the t.a.c. machine is not constant when
using the thyristor delay method. It depends upon the nominal speed
torque and speed - field current characteristics and upon the
commutating ability of the machine. For the experimental machine
only, a range of at least t?% in the motor speed has been demonstrated

for loadings of rated value and below.

7.5 Generator Characteristics

The no load or open circuit characteristic of the t.a.c.
generator using a separately excited interpole is shown in Figure
7.7.+ The strong interpole acts as an auxiliary field pole and its
effect is determined by the relative position of the brushes. With
minimum firing delay the interpole assists the main pole to produce
a larger oﬁtput_voltage. The converse -is .true for maximum delay.
With series interpole excitation there is no interpole contribution
under open circuit conditions and the output voltage is therefore
ihdependent of firing délay. The effects of loading are given in
Figure 7.8 and, as in the motor, they cause a reduction in the range

of control.

7.5.1 Generator Response

The response of the t.a.c. generator to a change in the effective
brush positions was compared to an equivalent change in the field
current. A constant, separately excited interpole (Ii = 10 A) was
used and the desired changes of voltage were

(i) from 0.5 to 0.75 p.u.

and (ii) from 0;5 to 1.0 p.u.

The waveforms of the output voltage are shown in Figure 7.9 . The
response using thyristor firing delay was about two orders of magnitude

faster than those obtained using field current control. Tests have
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shown that the electronic method produces a change at the beginning
of the next commutation cycle. This is therefore not a time constant
but a time delay and on the experimental machine this time delay had
a maximum value of 4 mS at 1800 rev/min. The response time of the
armature current was limited by the armature time constant (0.03 S)
while the response using field current control was limited by the

relatively long time constant of 0.7 seconds.

7.5.2 Linearity of Generator Control

The design of the electronic control unit permitted an external
a.c. or d.c. signal to modulate the mean time delay set by a manual
control. The change in output voltage for a range of input voltages
was measured for two values of field cﬁrrent - Figure!7.10 (a) - and
. within the range indicated there was less than 2% deviafion from a
stréight.line:. A similar fes£ 5etwéeﬁ output voitage éndlfield
current for a constant time delay also gave a linearity of 2% as shown

in Figure 7.10 (b).

7.5.3 Gain and Frequency Responses

The response of the generator to a sine wave input to the control
unit was recorded for a range of frequencies from 0.003 Hz to 106 Hz.
The magnitude of the input sine wave (Vin) and the variation of the
output voltage (Vout) about the mean output voltage (VA) were measured

and the gain of the system calculated as

Gain = 20. log10 (Vout / Vin) db
The phase displacement between the input and output waveforms was
recorded for each frequency. The results are given in Figure 7075
7.11 (a) as a gain - frequency and phase-frequency plot and 7.%1 (b)

as a gain - phase diagram.

A similar test was made using the field current control with a
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constant time delay setting. These results are also shown in Figure
" 7.11:80 that they may.be easily compared with the electronic method.
The gain-phase diagram shows that both methods of control are second
order types but that they contain a dominant first order term. The
gain-frequency responses show the electronic method to have a larger
bandwidth; the -3db point being at 5 Hz compared to 0.2 Hz for the
field control. Calculations confirm that the dominant time constants
are that of the armature for the electronic method and of the field

for the field current method.

In general, the time constant of the armature circuit is less
than that of the field circuit and so the electronic method using.
thyristor firing delay would produce a faster response time than that

of the more conventional field current method.

7.6 Discussion on the Control of D.C. Machines

The contfolling parameters of a conventional d.c. machine are
the field current, the armature voltage and the speed. With the t.a.c.
machine there is the possibility of delayed thyristor firing control
which_alters the effective positions of the brushes and hence of the
armature axis. To determine theé relative mérits of each method it
is instructive to consider three points. First the range over which
the method is applicable; secondly, the ease with which the controlling

parameter may be éhanged and thirdly, the response of the machine to

a change in this parameter.

As shown and discussed in previqus sections, the range of control
using thyristor firing delay is dependent upon a number of factors,
particularly the armature current. The other methods of control are
independent of armature current and generally permit a much wider

control range.

78



The second consideration is ease of control and included with
this is the power necessary for that control method. Thyristor
methods of control require firing or triggering circuits, the
complexity of which depends upon the type of control required. Since
the firing circuit is an essential part of the t.a.c. machine the
addition of a delay unit involves only a small modifiéation. Power
requirements are small - in the order of milliwatts. Control by the
more cbnventional methods of field current or armature voltage control
is usually more simple, i.e., a variable resistor in the field circuit,
but the power required is higher - typically watts for field‘current

control.

The third consideration is the response time of the system to a
change in the control parameter. The thyristor delay method takes
effect- from the beginning of the next commutation cycle as is
illustrated by the increase in armature voltage in Figure 7.12. There
is a time delay rather than a time constant with this method and the
time delay is given by the time between successive commutation periods.
Clearly, this time delay is dependent upon both the speed of rotation
and the geometry of the part commutators. but at normal operating
speeds (i.e. rated value)., the time delay will generally be smaller

than the time constant (L/R) of the field or armature circuits.

The firing delay method of control has advantages of little
power requirements and a fast response time. It is limited by the
range over which it is at present applicable. The use of the control
method may be in the accurate control of motor speed or generator

voltage over a small range (say ~10%) about a mean value.
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Chapter 8 The Experimental Machine

8.1 Details of the Experimental Machine

The experimental machine consisted of a speciélly constructed
stator in which a conventional armature from a 2 hp direct current
motor was placed. The stator was laminated so that any flux pulsations
could be measured and not be damped out by the formation of eddy
currents. Moveable field and commutating poles completed the stator
iron circuit. Eight tappings from the original motor commutator
were taken to alternate segments on a new two part commutator fastened
to an extension of the shaft. A dynamometer was also connected to
the shaft so that the experimental machine could be tested under
motor or generator conditions. Figure 8.1 shows the layout of the

machine and details of the magnetic :circuit.are-given in -Appendix C.

A schematic diagraﬁ of the electrical connections between the
original and new commutators is shown in Figure 8.2. Since the
ofiginal éommutator had 57 bars, there were 7 bars between most
tappings but eight bars between two tappings. The output voltage of
the t.a.c. generator showed no discernable difference between the
tappings spaced 7 or 8 bars apart. TFigure 8.3 shows the output voltage,

the ripple being due to slot effects.

8.2 The Part Commutators

Each part commutator had eight brass segments around its
circumference and an air gap separated each segment from its
neighbour. Normal carbon brushes were arranged in pairs such that
at no time could they bridge more than two segments. The brushes
wefe held in conventional brﬁsh holders and were run at average

current densities of abopt one third of their rated values.
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At speeds greater than 1800 rev/min intermittent sparking was
observed under the brushes. Extra pressure on a brush would help to
réduce‘the sparking under that -brush and also under the other brush
of the same pair. The longer the machine ran, the worse the sparking
became and marking of the commutator surface was observed. The
waveforms of the currents in the‘brush circuit were monitored and no
irregularity was noticed in the current to the brush pair - Figure
8.4 (a). The waveforms for the leading and trailing brushes showed
some very rapid transfers of current - Figure 8.4 (b). When the
trailing brush just makes contact with the segment there is an
immediate current sharing. In this position, the instantaneous
current density along‘the edge of the brush may be many times ( »20)
greater than its rated value. A similar situation exists as the

leading brﬁsh'is just about to-leave the segment. -

To eliminate this_transfer, a different design of commutator
lgyout was used (8'1)and the brush pair replaced by a single brush.
Figure 8.5-shows the schematic layout of the modified part commutator.
Subsequent running of the experimental machine showed no apparent
commutator surface damage and no under brush sparking. Further loﬁg
duration tests are required before any firm conclusions about the
relative merits of the two commutator designs may be made. Recent

tests by Bates (8.2,8.3)

have shown that carbon fibre protecting
brushes can be extremely helpful in reducing surface damage. Such
brushes may be necessary on large machines with their higher current
ratings but, for small machines, the modified commutator may be

sufficient to prevent marking and sparking by eliminating the rapid

current transfers.
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8.3 Brush Positions and Commutation Angles

In a conventional machine commutation takes place in.So,
beginning at %80 before the neﬁtral axis and finishing at %So after,
The mean armature axis position thus lies along the neutral axis.

By analogy, the commutation process in the t.a.c. machine is arranged
to commence at %(S—Zb)o before the neutrai axis so that if commutation
takes all the available angle, the mean axis position is still along
the neutral axis. The maximum angle over which commutation can

take place is the segment angle less twice the brush arc (8°4).

If commutation is completed in a smaller angle the effect will be to
move the mean position away from the neutral axis by some angle ©.

This new position will be in front of the neutral axis in the direction
of rotation and so © is defined to have a negatiﬁe value. This value
Qiil.incréase.iﬁ ﬁagnitude aé éheupr;c;ss-og-coﬁmﬁtation ﬁécoﬁes
quicker for any given speed. It can be shown that the average armature
axis pbsit;on is identical fér both commutator and slip ring modes

of operation and that the value of ©® will lie between %(S—Zb)o and

0° for sparkless commutation with no thyristor firing delay.

For the experimental machine the §9g@gg§ﬂg{g_ﬂgg Eﬁo and the
brush arc 7%0; the maximum commutation angle was 32°. Commutation
was arranged to start 16° before the neutral axis in the direction
of rotation. The motor was éarticularly sensitive to small éhanges
of angle and to obtain similar characteristics for reversible

running, the starting angle of the commutation process must be

accurately set.

8.4 The Triggering Circuits

To fire the thyristors at the correct time, a means of

synchronising the triggering circuit with the speed and position of
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the shaft was required. A simple way was to gate the triggering
circuit by using a contact made with a conducting surface in an extra
ring which rotates with the shaft. The need for reliable triggering
is emphasised. If a thyristor fails to trigger into conduction either
through a fault in the trigger circuit, bad contact with the
synchronising ring or by the failure of a fhyristor itself, then
sparkless coﬁmutation will not occur. As the brush leaves an active
segment a spark will be drawn from the trailing brush edge back to
the segment. Commutati;n may still occur as the brush establishes
itself on the next segment and the reversal of the current done
purely by fesistance commutation. The arc will‘extinguish only to
-reappear at the end of the next segment. A more likely possibility
is that of flashover where the arc does not extinguish bué is drawn
"until it reaches the brushes of the opposite polarity. The failure
of a thyristor to conduct, from whétever cause, will lead to severe

sparking and commutator damage.

The requirements of the trigger circuit are two fold: it must
provide an output signal sufficient to initiate conduction and it
must do so at a time determined by the synchronising ring. In general,
a thyristor will be triggered by a voltaée of +3 to +10 volts Being
applied to the gate. This voltage may be either a d.c. level or it
may be in the form of pulses - the minimum pulse width being deter-
mined by the time constant of the circuit. Figure 8.6 shows the
oscillatory waveform of the series interpole motor with different
firing pulse widths. With a narrow pulse, the thyristors need to be
more forward biased before the current can reach latching value (
about 30 mA) before the pulse is removed. Further information on

triggering circuits may be found in References 8.5 and 8.6.
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8.5 The Electronic and Electrical Circuits

The first trigger circuit used a free running, 5 kHz square wave
oscillator which produced two ahti-phase outputs. These were fed to
blocking amplifiers which only trﬁnsmitted and amplified the signals
when a contact was made on the synchronising ring. The amplifier
outputs were transformed down to produce isolated +4 volt pulses.

The electronic circuit is given in Figure 8.7.

Tﬁe second trigger circuit incorporated a delay unit which delayed
the firing pulses for a variable time after initial contact had been
made with the synchronising ring. The time delay could be adjusted
manually or 'automatically' by an external a.c. or d.c. signal. The
bléeck diagram and circuit details are given in Figure 8.8 and the
1inear;ty_of the_delay time to the external signal in Figure 8.9.

The linearity was within 1% over an input range of 210 volts. Appendix
C lists the delay times for the different manual settings of the

control unit.

The t.a.c. machine could be used either as a motor or as a
generator: the output of the generator being dissipated as heat in
a resistor bank. In the former case, the armature was -supplied with
200 volts from a direct current source. A unique property of the
t.a.c. machine is that a series or a separately excited interpole
lmay be used to induce the commutation voltage. A variable resistor
was used to adjust the value of the separate gxcitation current but
it was generally set to 10 amperes. A circuit diagram showing the
various switches, meters, resistors and connections is given in

Figure 8.10.
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Chapter ¥ Conclusions and Recommendations

91
10T Comments and Recommendations

The experimental machine ran for some 1500 hours without
failure of any electrical or electronic part. The sparking and
marking on the original commutator was absent from the modified
commutator but the performance of the machine was unchanged by the
modification. The machine proved capable of withstanding overloads

of up to four times the rated current without sparking.

One of the advantages of the general theory is that the
measurements of inductance may be made under standstill conditions.

The study has confirmed this - but only if the exciting currents used

.in the measurements were of the same order as the normal operating

currents. Misleading results are obtained if very smail exciting

currents are used to minimise heating effects, etc. It is strongly.

recommended that any standstill results, particularly of inductance,

are confirmed if possible by tests made on the machine under normal

operating conditions. For example, the open circuit test of the

The measurements

generator can be used to check the value of Mfa'

must be accurate because small changes or errors can seriously affect
the validity of the computed results. Saturation in the direct énd
quadrature axes must also be carefully measured. This recommendation
is made after personal experiencé of the need for careful measurement
using currents throughout the current range of the windings. This

is essential if saturation effects are to be included. Although
tedious, time spent in measuring the inductance coefficients

accurately will be repaid in the quality of the results.
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A valid comment on the programme is that the inductance wave-
forms were taken as either sine or cosine curves. This has been
shown to produce good results but better accuracy may be obtained
if the actual waveforms are incorporated into the programme. The
computer can be programmed to calculate the values of the inductance

and its slope at any desired angle.

9.2
102 Conclusions

The output of a machine may be controlled over a limited range
by a method of electronically rocking the brushes by using delayed
thyristor firing. Sufficient experimental results have been presented

to show the nature of the method and some of the limitations imposed

by loading effects.

The matching of the predicted and experimental characteristics

confirm the validity of the method of analysis which was based upon

.the general machine theory. The fact that the t.a.c. machine

différed from conventional machines in having a large commutation
angle, two zones of operation (commutator and slip ring) and the
inclusion of thyristors in the armature circuit can all be accounted
for in the analysis. The differential equation gave an approximate
indication of the performance apd a more accurate prediction was
obtained with the use of a computer programme. Providing suitable
numerical values for the parameters were obtained from the measure-
ﬁents, the computer simulation could produce results which matched
those obtained experimentally to within 5% of the current and voltage
magnitudes, 5% of the frequency of the oscillations and 3% of the

machine speed.
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e The direct current machine with thyristor assisted commutation
may be analysed by the general theory. It is essential that the
differences between the t.a.c. and conventionél machines are kept

in mind and allowance made for them. The most important of these

{; factors is that of the armature axis not being restricted to lie
about the neutral axis. It may be variable within the range Z20°
instead of 22°. This introduces terms into the equations that would
normally be considered zero or negligible in standard d.c. machines.
The two zones of operation complicate the analysis in that two sets

of equations must be manipulated and combined according to the

relative times of each period. The inclusion of the thyristors

limits the armature current to zero and positive values only.

The work has provided a satisfactory method 'of analysing the
ferfofmanée of-t}é.é. machines. A cémﬁﬁfér-brogramme based uboh thé
analysis was developed énd this may be used to predict the charact-
eristics of the machine for design changes which may be studied in
future devélopments of direct current machines with thyristor assisted

commutation.
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9.3 Further Work

The general machine theory has been shown to be able to predict
accurately the performance of the t.a.c. machine. By using average
values the steady state characteristics may be obtained and also its
behaviour under transient conditions. It is an easy step to simplify
the dynamic equations to obtain the steady state conditions but it
is difficult to obtain dynamic responses from essentially steady state
equations. This is a justification for the use of the general theory.
The method does however, require the knowledge of certain inductance
parameters and to prove the method the inductances were measured on
an experimental machine. The values may be calculated by considering
the flux ($) produced by a current (i) in a (n) turn winding. Since

inductance (L) is given by

L = n.;ﬁ/i

an estimate of the inductance may be obtained. Problems do exist in
the calculations and, in particular, the effects of saturation are

complex.

A study into the calculation of these inductances from the design
data, i.e. the electrical and mechanical details, would enable the

behaviour of t.a.c. machines to be calculated at the design stage.
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Appendix A The Measurement of Inductance

A.1 The D.C. Inductance Bridge

The bridge used to measure the variation of the inductance
coefficients is based upon that described by Prescott and El-Karashi.
Jones compares his inductance bridge which uses a ballistic galvan-
ometer (A'1).with that of Prescott's in which a fluxmeter is used as
the detecting instrument. He concludes that, although the galvan-
ometer is more sensitive, readings must be taken in a time which is
small compared to the time required for a quarter swing of the
galvanometer. The fluxmeter would record even minute changes of
: voltage quite faithfully. More recently, Barton and Dunfield (4.2)
have used operational amplifiers as the detectori

-Tﬁe‘bésic'cifcuit'ié shdwh in Fiéure A.1 and consists idéally
of a constant curreﬂt source, a switch, a non inductive resistor,

a non resistive inductor and a voltage integrator. Initijially the
switch is closed and the current (I) flows through it; The switch
is then opened and the current redistributes itself into a current

(i1) through the resistor and current (12) through the inductor.

The voltage across the integrator is

v = L.d(lz)/dt = R.i1

and, since I = 11 + ia,

R.I = R.l2 + L.d(12)/dt

The solution of this equation is

12 = I.(,I_e-(R/L)-t)

The voltage across the integrator is therefore

v = L.d(i,)/dt = R.I.e (R/L).t




Fig. A.1 Basic Circuit for Inductance Measurement
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and the integral of this voltage with respect to time is

\P%‘[-v.dl:

The voltage integrator reads ¥ and the inductance is given by

L-L

L =9%/1

Practically, an inductor will have resistance and the voltage
across the integrator will not be zero but will be r.i where r is
the resistance of the inductor and i the current through it. Since
the fluxmeter integrates the voltage across its terminals there will
be no steady state result. To overcome these difficulties the inductance

bridge is used to compensate for the resistance of the coil.

A.2 Calibration and Use of Bridge

"The circuit of the bridge 'is giveén in Figure A.2.. Reésistors

R, and R4 are equal in value and small compared to the fluxmeter

3

- resistance. Resistance R, is variable so that it could be set equal

2

to the resistance of the coil under test. Resistor R. sets the

5

magnitude of the exciting current.

To calibrate, a resistance Re equivalent in value to that of the

coil was substituted for the coil. The resistor R, was adjusted to

2
balance the bridge. Switches S1 and S2 were opened and a known
voltage E2 placed across switch-S2 for a known time t seconds. The

deflection of the fluxmeter (V) was recorded. The constant of

proportionality (K) is given by
- E
K = ua.t/w
and has the units of volt-seconds per weber turn.

Since inductance is defined as volt-seconds per ampere, it is

only necessary to note the fluxmeter deflection (y) for a change of

108 1o/




current (i). The inductance is, therefore
L = K. ¥/ 1 Henry

A simple modification allows the mutual inductance between two
coils to be measured - Figure A.3. By analogy with the self

inductance circuit, the mutual inductance is

M, 4, = K./ i, Henry

This circuit may also be used to measure the values at different

levels of saturation by adjusting the value of the current (i2).

A.3 Practical Difficulties with the Bridge

-With small currents (less than 6.01 A) the heating effect of the
current was negligible and the bridge could be quickly balanced. At
_higher current levels the bridge took a cqnsideréble time to reach
equilibrium and the only accurate way of obtaining reéults was by
switchiné off the current. An estimate of hysteris effects was done
by takiné the average of two readings; one as the current changed
from +I to O, the second as the current changed from -I to 0. The

average of these readings was used as the value of the inductance.

To enable higher currents to flow, it was necessary to shunt
the fluxmeter with external resistors. Figure A.4 shows the
arrangement. The value of the shunt resistor Rp was 1 ohm while
that of RS was adjusted to give as large a deflection as possible.
Calibration was necessary each time Rs was adjusted. By setting Rs
to a large value, any imbalance of the bridge does not cause the
fluxmeter to deflect wildly. As the balance point is approached the

value of RS can be reduced to the required value.

The introduction of ammeters can seriously affect the validity

of the results. Some instruments, in particular microammeters, had
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Fige A.3 Mutual Inductance Bridge

Fig. A.L The Shunted Fluxmeter
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a large inductance which could be mahy times that of the coil under
test. By using two ammeters of the same rating, one in each arm of

the bridge, the overall éffect'of the meters éould be made small.
During the calibration checks,. the only inductance in the circuit

is that of the meters and their effects can be calculated. Corrections
were made to the inductance coefficients only if the meter contribution

was more than 1-2% of the fluxmeter reading.
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Appendix B The Computer Programme

B.1 Flowchart and Computer Programme

The flowchart for the simulation is given in Figure B.71. The
computer programme follows closely the layout of the flowchart and
is shown in Figure B.2. The programme contains no comment statements

and so a brief description is now presented.

Lines 1 to 17 provide numerical values for the simulation and
enables the input data to be changed without altering the statements
themselves. CSMP accepts data in the 'graphical form' as (x,y)
coordinates. The saturation criteria has been entered as the FUNCTION
FLUX in this form (lines 13 -~ 17). The computer interpolates between
the given points for any intermediate value. In the INITIAL section
-approximate- values- of current-and speed are-calcuiated_(lines 20 - 36)
and the simulation ran for a simulated time of 10 -15 seconds to allow

the speed and currents to reach steady state values.

The DYNAMIC.section follows in lines 37 to 79 and the calculations
performed in this section are those that determine the dynamics of
the machine. The programme first tests for armature current flow
and then adjusts the saturation criteria according to the value of
the current. Using the short circuited voltage equation, lines 52
to 54, the rate of change of current in these turns can be calculated.
Since the armature current is known, the time taken for the current
in these turns to reverse from -4I to +4I can be evaluated. Strictly,
this should be done by integrating over the above range. To do this
for every change in speed or current would involve a prohibitive
amount of computing time. The time of commutation was therefore

calculated from the expression -

t
comm ia c

;Uﬁflos”



This expression assumes that the initial rate of increase is
maintained and this is practically true for speeds around the normal
operating values. At starting and slow Speeds this method gives
optimistic values for the time of commutation. Above 200 rev/min
there is less than 4% error between the integration method and the
method using the initial rate of increase. Around the normal operating

value of 2000 rev/min, the error is less than 1%.

The relative times of the commutation period and the slip ring
period allow the average value of to be calculated (lines 57,62,63).
The rates of change of current and spegd are then computed for each
period and combined according to the relative times of each period,
lines 64 to 76 refer. The dynamic section is then repeated until
the simulation time is equal to that specified on the TIMER card,
(1iné.885; .Aféér eaéﬁ funlthr;ﬁghnihé-dynamic séctioﬂ thé ratés of
change of current and speed are fed into an integration routine. New
values are computed from thé old values and the rates of change and
the new values are fed back into the dynamic section. By this process

the performance of the machine can be determined.

B.2 Introduction of Step Changes

The introduction of a step change is performed by a Fortran IF
statement in the DYNAMIC section. Up to a certain specified time,
the simulation uses a particular value for one of the machine's
parameters. At and after this time another value is used. 1In the
programme, the machine is simulating the effect of a chaﬁge in the
delay time of the firing pulses. Up to 10 seconds, a time delay of

1.4 mS is used; at and after 10 seconds, the time delay is 0.36 mS.

Further information on CSMP may be cbtained from Reference B.1

A 13 urser
ST

and on Fortran IV from Reference B.Z2
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INITIAL SECTION =

initial conditionsg

Change data — 1 [ - Read data
is START negative ?
yes no
calculate results of previous

—9; <

simulation used as

initial conditions

—>— DYNAMIC SECTION -
|
no is armature current negative? yes
r < are thyristors/diodes
Calculate :=- 'no reversed biased ?
1. saturation effects -
2+ commutation time Y yes
3. slip ring time Set :-
4, average value of © , 1. pIa, pIc to zero
5. rate of change of Ié T T 12, @ to zero®
{ = 1T — —
Calculate :=-
1 raté 6f change of If
2., rate of change of speed
|
NUMERICAL INTEGRATION
to obtain speed, If and Ié
1
- end of simulation?
no |
TERMINAL SECTION
L
another simulation? o STOP
|
Are the results of this simulation to
yes be used as initial conditions for next? no
START = +1 START .= =1
1 < |

Fig. B.1 The Computer Programme Flowchart
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Appendix C Experimental Details

C.1 Machine Details

General 2 pole d.c. generator fitted with interpoles
Dimensions
Field Pole Core square section 7.62 cm sq.
length 7.26 cm
Field Pole Shoe length 10.00 cm.
breadth 7.60 cm
thickness 1.27 cm
Air Gap length ' 0.03 cm
Armature outside diameter 12.45 cm
axial length 7160 cm
‘TFeeth - - - width-- o 113 cm.
Slot width 0.84 cm
depth 2.00 cm
Yoke periphery 151.20 cm
breadth 20.00 cm
thickness 7.50 cm
Interpole Core length 7.26 cm
width 7.62 cm
thickness 2.80 cm
Interpole Shce length 7.60 cm
width 2.80 cm
thickness 1.27 cm
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C.2 Electrical Details

Rotor
Number of slots 19
Conductors per slot 72
Total conductors . 1368
Commutator bars . 57
Number of coils - 2
Turns per coil 8333
Wire thickness‘ 26 swg
Resistance 350 ohms
_Cgrrent ratiqg . 0.3 ampere

Interpole
Number of coils 2
Turns per coil 300
Wire thickness 14 swg
Resistance 0.5 ohms
Current rating 10 ampere

Thyristors
Type BTY 99
Rating ' 70 ampere
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C.3 Magnetic Circuit Details

Part Area Length Flux density (relative
to that in air gap)

Yoke 0.0240 m° 1.512 m 0.31

Pole core 0.0046 m2 0.145 m 1.56

Air gap 0.0072 m® 0.006 m 1.00

Teeth 0.0025 m? 0.040 m 2.83

Armature core 0.0030 m2 0.076 m

2.42

Relationship between parts of magnetic circuit

Part Flux Density MMF Ampere Turns
Yoke 0.207 Tesla 37 AT/m 56 AT
Pole core 1.04 7T 222 AT/m 32 AT
Air gap 0.67 T 533099 AT/m 3198 AT
Teeth 1.89 T 22012 AT/m 880 AT
Armature core 1.62 T 7354 AT/m 559 AT

Ampere Turns for Polar Flux of 0.0049 Weber

320 //3



C.4 Delay Times of Control Unit

'‘master' control minimum delay 0.3 mS

maximum delay 4.0 mS

'coarse/fine' control

Coarse Fine
min max
Toff" 0.36 mS
1 ' 0.36 mS 1.08
2 1.44 ms 2.08
3 2.36 mS 3.08
4 3.2k ms  4.00
5 - 4.10 ms L.82
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1.2

1.3

1.4

1.5

1.6

3-2
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