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ABSTRACT

The purpose of the present study is two~-fold:
1) to present a unified approach for the analysis of both D.C.
and A.,C. commutating machines.
i1)  to presént the rigorous mathematical model énd Analogue Computer

Representation of both D.C. and A.C. commutating machines,

The analysis begins for an ideal machine with the following

assumptions:
i) The air-gap flux density wave to be sinusoidal
i1) The effects of the coll shertecircuited undergoing commutation

' to be ignored.
:iii)f The magnetic path to be unsaturated
But in the actual machine,‘the following problems are encountered:
i) The air-gap flux density wave is non-sinusoidal
ii) A coil undergoing commutation is short-circuited
iii) The magnetic path is saturated
To overcome these problems, the voltage-current equations are . '
modified as stated below: |
1) The presence of space harmonic components in the air-gap flux
density wave modifies the speed-voltage coefficient in the speed-
voltage terms. |
i1) The propefﬂchoice of the rotor and stator axes takes care of the
effect of short-circuited coii undergoing commutation.
iii) The saturation in thé magnetic path causes the non~linearity in

the voltage~current equations. Thus it modifies the inductance

114
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coefficient by a factor S which is found from the open circuit
characteristie of the machine. This non-linearity can be

simulated in the Analogue Computer Representation by a function
generator,
Finally, an application of D.C. commutating machines is shown in

the position control system.

iv
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CHAPTER T
INTRODUCTION

The éharacteristics of variable speed with change of armature
voltage of a D.C. machine have led to its many important uses. Its
superiority is showniover other types of machinesbin the coﬁtrol system
application. Iﬂ the position and- velocity cohtrol, D;C. machine# are
used in mose cases.v | |

‘ Thereforé, éuch a need of a D.C. machine has led fo its rigorous.
study and its representation by a méthematical model. The analysis is
proceeded with two axes (d-q éxes) theory and, therefore,.a most general
D.C. machine, having field and armature windings and brdshes placed on
both the axes is studigd.

In the study of comm@tating machine, the following three difficulties
are encountered: |
1. The Air-gap 'flux density wave is non-sinuscidal.

2. A coil undergoing commutation is short circuited.
3.  The Magnetic path is saturated.
In the present study, all these factors are taken intb special
~ consideration. The Analogue Computer represéntation has been presented
for a general machine known as a Metadyne and then for an Amplidyne. An
_application of the'D.C. Commutating machine fs shown in the position

control system.

Further analysis has been proceeded to study the A.C. Commutating
machines, such as the Repulsion Motor and the Single phase A.C. Series

motor. For these two motors an Analogue Computer representation has been

presented.
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CHAPTER II
GENERALIZED THEORY

2.1 1Ideal Machine

A most general commutating machine, shown in Fig.2.l, represents
‘windings as equivalent coils placed on two orthogonal axes. All the
windings shown eithef exist physically or represent an equivalent of
some pheﬁomena.occuring in the machine; Iﬁ is possible thaﬁ there may be
more or less number of windings that those shown on each axis. There are
also two sets of brushes placed 90 electrical degrees apart on the commuta-
tor for generalization, which are actually present in the cross-field
machines. |

The two orthogonal axes shown in Fig.2.l, are chosen as statioﬁary
axes and defined as ‘
1) ‘Direct Axis (or Pole axis) -~ Axis of‘thé main field winding.
i1i) Quadrature Axis (or Interpolar axis) - An axis 90 glectrical degrees
ahead of Direct—axis.‘ Sometimes it is known as the ﬁrush Axis.

The analysis begins with an idealized machine and later is modified
when actual difficulties are encountered. Hence it proceeds with the

following assumptions:

i)  The Air-gap flux density wave to be sinusoidal

ii) The Magnetic path to be unsaturated

iii) Hystéfesis and Eddy current losses to be neglected

iv) Effects of the coil to be short-cithuitea as commutation is to be
ignored. | |

With the above stated assumptions, the voltage induced in the coil
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d-axis Lol

p—  q-axis

1-—1—-»«\/1’

I

Fig. 2.1 A Generalized Commutating Machine

Reference

Axis

Fig. 2.2 A Single Coil In The Field
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whose centre is located at xé from the reference axis is to be found.
Here the most general case is considered so that
i) flux density is a function of time

ii) flux density is moving with the velocity of dy
; dt

iii) A coil of short pitch pT is placed on the armature which rotates with

a velociey dé.
dt

To find the voltage induced in the coil, the flux-linkage with the
coil is first found and then its time-~derivative is taken to find the
induced e.m.f.

Therefore, flux embraced with the coil,

1 "
-y X
2
¢ - B dx dy
"% X' ) 092.1

1 - axial length of armature
'x' and x" - distances of two ends of the coil from the
reference axis

B - flux density which is a function of time and space; and

it is given as

B =8, sin [ﬂ’i"' Y} 2.2
T .
: ]
6 = 2t 1 Kp K, B, sin wxo‘+ Y | ..2.3
T | - »
" where Kp = sin,gﬂ- - pitch factor : 2.4
K = 2t __1

—=— gin al tan o)- skew factor ..2.5
s 7l tana 2t » -

o - skew angle
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= \ ' » -
or }¢ Ksz¢m sin {wxo + Y} :2.6
: —;f
where ¢_ = 2% 1 g U .2.7

from the equation 2.6, it is seen that flux embraced by the coil is a

function of ¢, x;, vy i.e.,
¢ g f[¢m’ x;, Y) ’v e 0208

The voltage induced ;n;:he coil,

~

e=nE 2.9
| {§¢'m h‘“x'o.’.
= N Ksz *EE- sin{ X y),
§x! mx'
+¢m T 0o 48y |ecos | oty } +e2.10
T8t 6t T

Consider a group of q coils uniformly distributed in slots separated by
a:slot angle ¢ and the centre of the group is located at-xb from thei

reference axis. The voltage induced in the group of coils is,

' 86 ™=
e -4 N KszKd q { m sin [ o+ Y)

St T
4 L %-'Gxo ¥_§1m:‘cos ™ +y b}/ g.2;11
St 8t T
and : Kw - KszKd - winding factor L ce2.12
Ne =N Kw q - Effective number of turns ee2.13
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wm = Ne ¢m - flux linkage T ‘ 22,14

The equation 2.11 can be rewfitten as

e = ‘{EEQ sin [ng + y} +

st T
» T Gxo &y LE . L
Yo [?'EE—'+-6:} cos [—;—-+ y} } . | '..2.15

The three terms in equation 2.15 are interpreted as
i) The term Gwm .represehCS.transformer e.m.f,
- W o
ii) The term Gxo represents speed e.m.f. due to movement of conductors.
T |

14i) The term 8y represents speed e.m.f. due to_mbﬁement of field.
Gt . ) : . A . .

In all the commutating machines, the field must be stationary‘while
the armature is rotating.

Thus dy = 0 L o .2.16
dt | ~ »

In the generalized machine as stated earlier, there are two sets of

windings on two axes, therefore the flux distribucioﬁvis as shown in

Fign 2.3u;

d~axis
q-axis
e r "D“x"} 1 ."ﬂ‘ :

Fig. 2.3 Flux Distribution On Both Axes
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Thus the flux at any point is

in [IX 4 L Ix
¢p(x) = ¢4 Sin (T + 2] + ¢q 8in T | 002,17
' o fmx o 1) ooIX
or X sin + + sin «02.18
e = ¢q {T 2] Va T
The voltages ey eq induced in the windings placed on d-axis and.
q—-axis are respectiyély o
S W' |
d dt T Yq dt o L..2.19
d
e m-y d8_
q d dt ~ dt v 0e2.20

- The armature terminal voltages are

dy :
- -9 de _
vt ey i_dra T wq it idra o ..2.21
dy
B - - 1 B .g_e__.——q_.
vq eq lqra Yq 3t " dc iqra 002,22

The fluxllinkages Vg and wq can be written in terms of self and
mutual inductances of the coils on the two ‘axes, for in the unsaturated
magnetic ﬁath, a linear relation between flux linkage and the current
exists.

2.2 Practical Machine and Problems Encohntered

In the previous section, theory is developed for an ideal machine
under the assumptions made, but the machine is not ideal and a number of
problems are encountered in the actual machine. Tt is difficult to
develop the theofy for an actual machine, therefore, a theory is fifst
developed for an ideal machine where the equations Are obtained in
correct form and then certain factors are modified for the actual
machine., The following problems are enéountered in the actual commutating

machine:

1. Space harmonics in the air-gap flux density

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2. ’The coil undergoing commutation is short-circuited

3. Saturation of the magnetic path

1 Spaée;harmonicé'inlthé'éir;gap fiuﬁ‘deﬁsity:—

The flux density distribution inkthe air-gap is not sinusoidal but.
it contains space harmonics. The equations for e.m.f. induced are
derived on the assumption of a fundamental air-gap flux density. By
inspecting the véltage equations (nos. 2.21 and 2,22), it is found that

they contain two terms - (a) Transformer-voltage - dy and (b) speed-voltage

L, dt
dt °

The speed-voltage term is more predominant than the transformer-
voltage term. Thus 'the correction for transformer-voltage is not of
much importance. To modify this term a lot of'préblems are involved in
finding the exact flux density wave shape, its harmonic component and
the voltage due to each component. This brocess is very labourious and
.t};e result can be obtained with sufficient accuracy by considering only
the fundamental comﬁonent. . |

The second term is speed-voltage, ¥ %%-where flux linkage { is of
the form y = Mi | ‘ ee2.23 |

- where M is mutual inductance in the case when onlyifundamental cdmpénent

is considered. Yor for non-sinusoidal flux density M does not remain as
the mutual inductance coefficient but is to be modified. This coefficient
is known as speed-voltage-coefficient-G which is to be found experimentally.

Thus . the voltage equations (2.21) and (2.22) become

v, == "'d+ ) d6 - 1i.r
d rra 9 3e d a ..2.24
dy
do, Ya _
Vg " raetITE T it | ..2.25

where Ad and Aq are of .the form A = Gi while G is the speed-voltage coefficient.
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2) Short-circuited Coil Under Commutation.

During the process of commutation, coils are being short—circuited.
These short;circuited coils set up a field in the air-gap. The coils
sﬁort-circuited by brushes placed in the d-axis produce a field in the
q-axis, and vice-versa. Thus the effects of short-circﬁited coils can
be considered along with the fields in both thé axes while measuring the
constants of thg machines. Thi; line of approach is true only when the
axes of the rotor are chosen to coincide with the corresponding axes of
the stator.,

3) Saturation of Magnetic Path.

In the actual machine, the magnetic path is considered saturated
fand in fact in the self-excited D.C. machine the mﬁgnetic circuit must be
saturated). The saturation has two effects: (1) reduction of inductance
and (2) reduction of voltage generated in the armature circuit.

The effect of saturation can be considered with the approximation
that there is no interaction between the flux at the d-axis and that at

the g—-axis. Recalling the relation

Vg = A (vga)oc : ..2.26
n .

where y_,. = field flux linking with d-axis circuit

A -~ Constant of proportionality

(vqa)oc - Open-circuit armature voltage in q-axis

n - speed in radians per sec.

A curve between the d-axis field current, and the g~axis open-circuit
armature voltage per radian per second of speed will givé the measure

of saturation at the d-axis. This curve gives the relation between ¢mdf
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and ifd’ A typical curve is shown in Fig. 2.4.

unity slope

fd

Fig. 2.4. S. Saturation Curve

-1 unity slope
or S (S if)

Si

Fig, 2.5. S.-1 - Inverse Saturation Curve
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‘The self inductance of the field winding is related as

Lea ™ Be1a * Luga

where Lfld is inductance due to leakage flux which does not link with the

is the inductance due to mutual flux and it is

armature circuit and L
mfd
-V
bngg = 244 C ..2.28
fd : ‘

Hence, a relation between open circuit voltage and inductance is
established as given below.

v - - ; =
A L‘li]-‘lﬁ = Vndf ¥ Infd fea

n | L

m
h
Q.. .
e

fd «e2.29

8
w
e

where L&f is inductance of unsaturated portion and is considered to be

d

constant.
Because of saturation, the flux is reduced and hence the speed

voltage is élso reduced. This is allowed for by the speed=-voltage

coefficient G__, and G'
af a

£ which is a constant speed-voltage coefficient

found from the unsaturated conditions. Therefore, by finding S which is

. a function of field current, the values of

- L
med S med ,
- ]
and Gaf S Gaf _

can be obtained.
Thus in the voltage equations, mutual inductance coefficients and
speed~voltage~coefficients are replaced accordingly. In these expressions

f
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as

for finding the diffe:entials; the term ac

is assumed to be negligible.

Hence the effect of saturation is appropriately accounted for., 1In
Analogue representafion, the inverse;saturation factor Sm1 is fequired
which'iévdefined by interchanging the axes 6f Fig. 2.4. Thus S;-1 is
obtained in the Fig. 2.5. .In the analogue representation, this can be
represented by a func}ion generator.

" In the two axes‘machines, two saturation factors Sd and Sq

(or Sdm1 and Sq-l) are defined for two axes. The S;l is determined from

(v_.) versus the direct axis field current i,.,, and S”1 is determined”
qa’oc fd q ‘

from (vda)oc versus, the quadrature axis field current lfq'
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CHAPTER III
D.C. COMMUTATING MACHINE

An ordinary D.C. machine is a basic type of commutating machine.
‘There are various methods of connections between field and armature
circuits giving different types of characteristics. A typical D.C.
Commutating Machine is a separately excited generator in which the output-
voltage is influenéed by the change of input voltage. These two machines
can be connected in cascade to obtain more power amplification. Later
cross~field machines were developed to give more amplification. - This
gives two states of power amplificétion without using two separate

machines. Fig. 3.1 shows the schematic diagram of a cross-field machine.

field

winding

n

Load

Fig. 3.1. A Cross Field Machine

13
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With the armature running in clockwise directionm, voitage of marked .
polarity is induced in the brushes A and B, If these brushes are short
circuited, a large amount of current flows in the'érmature conductors,
setting up a M.M.F. - Mq in;the'direction shown, which produces flﬁx
perpendicular to the main flux. If a pair of brushes C and D are placed
perpendicular ﬁo the axis of AB, voltage is induced in these brushes
C and D due to rotation of armature. The load can be connected across
the brﬁshes C and D. This in short is a principle of cross-field machine.
These’can be classified as two-stage machines also. |

In general, a Metadyne generator can represent a cross-field machine.
Another type of cross-field generator is the Amplidyne in which compensating
windings are provided on the stator. These compensating windings carry
the load current and produce an‘M.M.F. equal and opposite to Md (due to
armature reaction). Thus, the net fiux remains constant. Therefore, the
Amplidyne is known as a constanﬁ~voltage generator. In the Metadyne, lack
of compensating winding results in negative feedback. The negative
feedback introduces two serious problems. There is much less power
amplification in Metadyne compared to Amplidyne. The problem of
oscillation is overcome by providing additional damping winding.

Another differenée is' that speed of response of Metadyne Generator
is rapid in comparison to the response of either a separately excited

- D.C. machine or an Amplidyne. Eddy currents in the irom path, though’
minimized by lamination, con v o .roooio v o4 short circuited winding.
Eddy currents have a small effect in transient response. Eddy currents,

if not minimized, may have beneficial effect upon damping.
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Considering all the above stated points, a generalized Metadyne

" 1is shown in Fig. 3.2.

' Direct Axis

‘Main Field
Winding

Compensating
Winding

Compensating

3 Windine Damping Winding Quadrature

Axis

Bl

Eddy-currert
Winding

Damping
Winding

Eddy~-current
'8  Winding

Fig. 3.2. A Generalized Metadyne Generator
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Direct Axis Windings:

2 - Main Field Winding
» 4 - Compensating Winding in series with the‘d-axis armature winding.
It produces an M.M.F. in the same direction as the M.M.F. of the
d-axis armature winding.
d - Direct axis armature winding
6 - Damping winding connected in series with the gq-axis armature winding
and placed'in'the d-axis
:8 - Short-circuited fictitious winding for-eddy current path in the
d—-axis |
ZL - Load Circuit

Quadrature Axis Windings:

1 - Short circuited fictitious winding for eddy current path in the q-axis

3 - Compensating Winding in series with the q-axis armature winding. The
M.M.F. is in the direction of the M.M.F. due to the g-axis armature
winding.

q - Quadrature-axis armature winding

5 - Damper winding in series with the d-axis winding and placed in the
q-axis |
As found out in the previous chapter, the voltage induced in the

'd—axis and q-axis windings are of the form 2.24 and 2.25, under the

condition of non-sinusoidal flux density distribution. But still, two

Aeomdrime these equations!
1 Speed of Metadyne is constant
2) Magnetic_qircuité are ﬁnsaturated

Rewriting the equations 2.24 and 2.25

==y g0 -1r

v .
It e d"a 031

d
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. ) dlf)_
v o= -A 40 __9._ ir
q d dt dt q a «e3.2

‘Thus, to derive the voltage equations, first the flux-linkage with

each circuit is found. The subscript denotes the corresponding circuit:

"’2 =v inz + Mézia + Mdzid + M6216 + M8218 .03.3
zp4 =M2412 +L414+Md4id +M64i6+M84i8 e 3.4
\Pd=M2d12+M4di_4+Ldid+M6di6+M8d18 ..3.5
“’6 = M6212 + M6Ai4 + M6did + L6i6 + M6818 ..3.6
Yg = Mgoi, + Mg, 1, + Mg i, +Moodo + Loig ..3.7
wl = Llil + M13i3 + Mlqiq + MlSiS ..3.8
w3‘= M3111 + L3i3 + M3qiq + M3515 ee3.9
wq = _Mqlil + Mq3i3 + Lqiq + MqSiS | ..3.10.
ws = M5111 + M53i3 + qulq +‘L515 o «e3.11
Coefficients for speed terms:
A, =Gi +Gi +G1i +Ci +6Gi ..3.12
d 22 4 4 d d 6 6 8 8
q 11 33 qq 55

Now voltage equation for each of the circuits :is shown in the

following:
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-y i 4+ p L

vy 215 +pM, i, +pM 1 4+ pM 1 4+ pM_ .1

4274 d2™d 62 8278
003'14

L,
Vg =PMy Ly - PLyE, = oMt PMele m Mpyls = Tyl
-‘3015

Vg = PMygly = Pyaly = PLy T - PMggle = Plggly

.63.16

+ ( Glil + 6313 + quqv + Gsis) n - idrd

Ve = = PMgyly = Mgl - PMgaly  PLele ~PMgele™ 1676
'..3'17

Vg = ~PMgyly = Mgt - PMgly - PMaele ~Plglg 1gtg

'.3.18
vy = oplydy - Mgty - PMgdg = Pysts - 4y 3.1
Vy = <PMygly = PLyly - My g - pMygls - dgry o

ve3.20

v '-—(G212+Gi .+G

Wiy id+Gi +G18)n

d 676 8

- qulil - /qu3‘13 - qu'i‘q —‘quSiS - iqra ..3.21

Y v = ) +pL ' 003023
, L -W{RL L] A / o

For open—-circuitxand steady state case, speed voltages are:

;ﬂvdo‘#:(tglil + Gyl f Gqfq *Gstgd n 23,24
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Voo = = (Gyf, + G, + G i, + Gl + Coi) n ..3.25

when saturation is considered, the equations 3.24 and 3.25 are modified

to:

Vi = {+ Glll + G313 + G 1 + GSiS] n Sq «+3.26

+ G } g ++3:27

6°6 88

Voo =~ {czlz + G414 +q et G!

3.2 Analogue Representation of Metadyne

The Metédyne with all these windings can be simulated on an Analogue
Computer. For the Analogue representation, the equations 3.14 through
3.23 are modified under the following conditions:

1) The self-inducéance of each winding can be writteﬁ as a sum of

leakage inductance and mutual inductance. Hence for Kth winding

L = Igr gk o ..3.28

where LKl is leakage inductance of winding due to leakage flux, and it

is assumed to be constant, and LKK is mutual inductance of winding K due

w .

to mutual flux. The mutual inductance is defined as Loy =_m

where wm - mutual flux and iK - current in the winding.

2) Same mutual flux links with all the windings on the same axis. This
assﬁmption is reasonable because all the field windings are physically

wound on the same structure. This condition results in the following’

relations:
255 =i oo lry =Ny Txx .+3.30
NK "N Nj NK ‘

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

where NK and N, are the number of turns in Windings K and j respectively.

3

3) Since the speed voltage is proportional to mutual flux, and mutual

flux being the same for all the windings, a relation among speed

coefficients is:

Cx

K

JELe

..3.31

~4) ‘Speed of amplidyne is constant
5) The equations and Analogue representation diagram are first derived
on the assumption of no saturation and then are modified later for satur#—
~tion according to Chapter II.
By substitﬁtiné equations 3.24, 3.25, 3.28, 3.31 into equations

3.14 to 3.23, the following relations are obtained

L., (Vv
v, = 2,1, =p22 ( ga]

G2 n
or '%%x@fz—m%mf%ﬂ |
- Er—-{—:;a. . a3 32
2 2
L v
v, =P 44 [ go} - Z4i4
:4 n
or . -\_r_ziGl'==..G414+pz,—{tzi {Zﬂg] 333
2y Zy n
pL v
v, = dd [:ga} + v - 7.1
— d d’d
G n
d
or Va = Vao G, = - Giy + Plig Vg ..3.34
Zd Zd' n

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



r
pL66 &.qu
n

Ve = = Zglg Frg

. S

or v pL ‘

6 66 [ v |
7. Cg = = Cglgt P37 [-—9-9-] | ..3.35
6 6 n . -
Ve g =-G.i. +Ples | Vo | ‘ |
_8 G 3gig + 88 | g0 ..3.36
Zg S TZ, ' |

Adding equations 3.32 through 3.36,

v
'z‘ﬁGg
8

V8 4+ V% +Ya TV . + Vs o+
2 % a .

2727 "47a T a8 T V66 T U8 > 5

- G i-C i, ~Ci. ~0Gi -Gui + P92 4 Pluy
| 2 4

+ Plag o+ Phee 4 pLss] F’;g_]

Zy Zy zZ Ln_i

o T
Vao + |PX22 + PLas + Plag + Ples + Prgs ( Va0
b

o ‘ 22 24 Zd Z6 28
«e3.37
Quadrature-Axis ‘
DI S A/ T
Ve T 7151 T G1 m |
-
or v B pL v '
1. 11 do L «+3.38
—=G, = - 1,6, - —— —
: 1 1T 27 n ,
2 1
1
. pL, v
v, = - 1,2, - 33 do
3 373 G ——
n
3 "
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ox Y36, == 1,0, - Py |Yao ..3.39
3 23 n .
pL v
=v =~ a d - 17z
Ve T Yo T {};9 qa’q
ol
or Yo Va0 o - _ ;o -FPrag (Yeof ‘ Le3.40
z_ z
q q qq q n
- _ pL v _
Vs GSS o 1525
5 n
or v G K pL v , '
; 2 . 1,0¢ - —;23 =2 o ..3.41

= [“vUoJ + [ 11+ Phaay pLqq,+ pLSS‘ 3\z§g} '
: Z Z Z z

Referring to Fig. 3.2, the following relations also exist.

v,y = 0 ; Vg = 0 M ﬁ «e3.43
A i ) 3.4
= = .'3.
1y 1o =1, 45
vy + vy +tve = o : .s3.46
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or VL=< [Va T Vs * Vd} | | v 3.47

~ Thus the equations 3.37 and 3.42 are modified to:

2% +¥4% + Ya = Va0 6 + Y66

Z, 2, 2, Zg
= [Yao| + |PX22 + Plas + Plag + Pleg + pLss
n ZZ‘ . Z'4 Zd Z6
‘3‘ 8
v3G3 + Yq.” vquq + s Gsw
Z, Zy Zg
= -|Yao| - {PM11 + Plag + Plog + PLss| |Vaol
" z, Z, Zg 7 E ..3.49

Effect of Saturation:-

As discussed in Chapter II, the effect of saturation is considered
in the analysis of the machine. In this case saturation is effective on
both axes and so the coefficients of saturation (S) are found out

separately for the d-axis (Sd)‘and the g-axis (Sq). Sd is found by

measuring the rotor open circuit voltage on the q-axis when a current is

passed in the stator-circuits of the d-axis, and similarly Sq is found by
the d-axis open circuit voltage with a .current in the g—axis stator circuits.,

Thus the equations 3.32 through 3.49 are rewritten, taking the

saturation into account. : a

v, = Z i, - Léz Vao o
Vo T Aty T =2, 148
} G, n . «¢3.50a
2 ' .» N * .
or v,Gr ' ‘ v
22, Gyiy 22 22 n°’ ..3.50b
29 zz
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or

or

or

21 +Lig oY .!
M AT TR LR L——ﬂ ..3.51a
e n _
4
V4G; c'1 + LZ}A v ] :
> R e ..3.51b
4 4 i
: L’ v T
Ve T Vao = T Ftg v 4d p —TLQJ ..3.52a
G n
d e
V. -V L' v
d do v . Ar dd qo
7 Gy Calagt 3. P ..3.52b
d : ‘ d n
4
ve w2l + Leo Vao ,
cg P L ..3.53a
v.G! L v |
66 , 66 go] .
PR e ] i +~.—_ p oc3¢53b
2.6 676 Ze L n
- . 1
0= —2818 4+ L ‘qo
- Tl Py ..3.5a
8 - -
L! v ]
[
0= -Ggig+ 8 1 g0 ..3.54b
(;8 gn_‘

 Adding equations 3.50b through 3.54b:

, o ' -
= Vo8 4 VG, 4 Vg
z, . Z, Zy Zg

2 e v e oAl .’v'_’ '
[Gziz + 644, + Cli, + Gl + Ggi(J

' v v ' Cye o ’
+ k22 Taa | Taa + Des Las;] P {‘oo}
z, "7, T, 25T 7

- 1 ] ] ) , ] .
- st Yoof o, (F22 Lis Lee . Lag +Laa | p|Vqo|
d S st el S oI R 3.55
n | 7, 4 6 g 2a ] | .. 3.
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Quadrature axis:

. ?
0=~z - Lig Vio
s Ji P N ..3.56a
' I A '
or 0=-Gli - Ly 1 Vdo
z, P ..3.56b
1 bem d
L! v,
v, = —-7.4. - 33 do
3 33 e [ n ..3.57a
" t ., ¥ vt ~
or Y30 = ey, - M3 [?do
Z3 : 23 n_ ‘ 003.57b
. 1! rv(_"
v -V = - & 4 - _qq 1o
1 9@ a4 G' p_zw] ..3.5%
q
or vg B vqo C' = - G'4 - Lg'g Vio
q g =
RS L! \ <I
Vs =~ Zgig - 33 [;99 ..3.5%a
5 n
1 1 ]
or %5 gy 35 [fd%]
4 ! .o . b
z, 55 T Tz, n 3.59
Adding equations 3.56b through 3.59b,
] - |
Val3 4 Vg~ Vao 6y + VsCs
2 Z, Zg
= - (o) 't ~1 4 )
(c}1, + 631, + Goig 05;5)
1 1 t ' Wy 1
-t L3, . qu,+ Lsé} Vio
T A zg| P
o o 1 ' ' ' ' :
- sq? [Vdo] ) [11 N 33, Mg, L55] . [vdo]
LR 2 .60
nd T T T T e " 3
| 23360
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

DUAPERIDL 4O UOTIEIUDSAIGTy ONLOT Y

£TE *bTu

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



27

Thus with the help’of equations 3.50 through 3.60, Fig. 3.3 shows
the Analogue representation for the Metédyne. The effect of saturation
on both the axes is considered in this representation. It contains two
integrators only, and the non—linear‘porfions in the feedback paths can
be implemeﬁted with function generators.

Amplidyne

As stated earlier, the Amplidyne is a special type of Metadyne in
which cpmpensating windings provide complete compensation in both the
axes. This results in a circuit without feedb'ack. Thus in the absence
‘of feedback, the machine will be stable, contfary to the Metadyne, which
may be . unstable. ‘Therefore, damping windings are not required for the
Amplidyne. TFrom the experiments conducted by Fegleyz, it is observed
that the effect of the eddy current circuit is negligible éﬁd thus the
fiétitious short-circuit winding representing eddy currents can be
neglected. Therefore, the Amplidyne windings 5, 6, i and 8 can be omitted
and the following relations apply:

Direct Axis:

v, = Z,1, + pLy,1, = (Rz * pinZ) - ..3.61
. v, =" pM2412 - pL4414 - pMd4id - 2414 «e3.62
vy == pMy i, = M i, = pLy i, (0313 Y-n}- quq]n“zdid
..3.63
v4 f vy + VL = Q
or 0 == pMyudy = PMpgty < oLy, = Pty - Pty T PRagty
-2, =74 [-GB + Gq]iqn + v,
or [z4+zd+zL]1d=-{G3+cq) 1q
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_ (e, + Gq)n;g;

or i, . 3.64
Zl; + Zd + ZL
Quadrature axis:
= - - M - oo3o65
vq pL313 P 3qiq R3i3 ,

q 474 d d q 4
..3.66

v == (6,1, + €1, +Cui)n - PM 4l = PL L - IR
0 ='v3 + vq

= - - pM - R.i - - - iR =G, 1
.pL3i3 -p13qiq R313 qu3i3 quiq iq q )

o.u - [R3‘+ Rq + pLy + qu)iq - Gyi,n s

Therefore, from equations 3.61, 3.64 and 3.67, an Analogue

Representation of Amplidyne can be drawn as shown in Fig. 3.4.

¢

TR I -
3 ——
z&~¥-¢'»:d-§-::L

6, IHZ

Fig. 3.4, Analogué Representation of Amplidyne
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Normally the magnetic circuit is not saturated, so the effect of
saturation is not shown in the Analogue representation, but if required,

it can be shown as discussed in Chapter II.

3.3 Experimental Work

Among the many applications of the Amplidyne as a rotating amplifier,
it is commonly used for voltage regulation, speed control, position
control etc. An experiment has been performed where the amplidyne has

been used in a position control system. ' The system used is shown below:

p6
b lAmplifien] Amplidyne Motor

Potentiometer

Fig. 3.5. Block Diagram for Position Control System
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The components of the system are:
1)  Amplifier = Working on the linear portion
2) Amﬁlidyne - Without winding No.3
3). D.C. Motor =~ Separately excited

4) Potentiometer - With reduction gears
The system can be described by the following relations:

The Amplifier is working on the linear portion and the time constant
of the field winding connected to the output of amplifier is negligible.
Thus the amplifier with field winding gives 6.2 mA/volt as a constant

transfer function.f

Amplidyne:-

Field Winding

I+1 ~ AN I-1i
i 1 } i"

Amplifier

Input L VL .

‘Fig.‘3.6. Amplidyne
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I ~ Direct current in the field winding when amplifier is baianced.
i - Signal curraﬁt (alternating current in this éase, because
Linpgt to the system is sinugoidal).
 In this type of field connection, the flux-~linkage with d-axis wind-

ing is found.
.. v gm
vy Lydy + Myt = 4" + M1,
it =I4+4i i"=1-1

= o M
Yy = ~Lyly + M

ala ¥ igg2t + M

6t o ..3.68

Thus the équivaleht field current is 2i. 1i.e. i, = 21.

1, = 2 K, (v - er> . ' | ' ..3.69

v =-rnci ' , ..3.70

d” 7 " - ‘

0 - - R 4 L i -7 G i .'3071
4 ( q P q} q N 9%y ‘

In the direct axis curcuit, the resistance and inductance are

taken in series with the armature of D.C. motor.

Vq = (Rd R, Ry Lyt Rt meJid S S W
= (R+pL) 1, + v

'Vb = Kbp@ ;_ i «e3.73
1, =Jpe+a ‘

kg potoapp S L.3.74

v = Vﬁ'Sin wt input signal to the system : «.3.75

1

Taking the ﬁaplacc Transformation for both sides and sloving the

equations 3.69 through 3.75 for O,
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KbK Vm © = as4 + bs3 + cszﬂ+ ds + e) © (s) «e3.76
’ S2 + wz
h K 2K
where [an),PiGz) A
a = JLL
q

o
]

oLL + RJL_ + JLR
q q q
«e3.77

0
n

RR J + oLR + Ral. + Kg L

q q T q q
d=RR a + 2 R
TS Ry

e = K Kpr

The output of the system, i.e. the angular position €, is found in

the time domain by taking the inverse Laplace transformation of the

equation 3.76.

The constants of the system components were found experimentally and

are listed below:

Amplifier: K, = 6.2 mA/volt

A
/ Amplidyne: Rd = Rq = 25.4 ohms Ld = Lq = 0,765 H
: 3
[ncq} {ncz] = 343 x 10
Motor: Rm = 24,2 ohms, gb = 0,58 volt sec./rad."

4 4

J=1,66 x 10" Kgnm. metrez, o = 4.54 x 10

Nw. metre. sec/rad.
Potentiometef: Kp = 0.0198 volts per radian

Input Voltage: 0.27 v at f = 0.1 ¢/s peak

These constants are substituted in the equations 3.76 and 3.77 and
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Fig., 3.7(a) Experiment curves.

(a) Input vs time

(b) Output vs time

I"‘"J“’L. — | ' I

Fig. 3.7(b) Experiment curve

Input vs output
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Fig. 3.7(c) Output vs time

(a) Experimental

{b) Theoretical
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0(t) is calculated. O(t) in terms of the voltage is plotted against
time and compared with the experimental results in Fig. 3.7. From the
experimental res;xlts, it s observed that the output curve is flat
tépped, while in the theoretical‘resﬁlts, it is sinusoidal, but the
difference between the results is only 5 - 6% maximﬁm.

A curve betwgen input and outpﬁt is traced experimentally on the
CRO, and it appears like a hysteresis loop. It is found that the area

of loop increases with the increase of frequency of the supply.
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CHAPTER IV
A.C. COMMUTATING MACHINES

Though'D.C. commutating méchines were developed earlier and have
been commonly used, later A.C. commutating machines were developed and:
u;ed eépecially in traction and domestic appliances. A.C. commutating
motors have two advantages over the other A.C. motors: (i) its high
starting torque and (ii) its variable speed. These can.be single4phasé
and three-phase motprs. Three-phase motors are used in traction while
single-phase motors are most coﬁmonly used in ﬁhe domestic appliances.

The A.C. series motor is commonly known.as a 'Universal Motor'.

Séries Motor

If instead of a D.C. supply, an A.C. supply is applied across the
terminals of a D.C; series motor, the motor will run, because the direction
of both flux and armature current changes simultaneously. But it is
observed that with the A.C. supply, the performance is poor - less
torque and poor power faétor. The performance can be improved by reducing
the inductance of the windings. The field inductance can be reduced by
decreasingvthe number of turns on the field winding which results in less
flux and thus less torque. To get the same torque, the number of armature
turns 1s required to be increased. In this way, tﬂe armature inductance
is increased. A compensating winding can be provided on the g—axis which
produces an m.m.f. opposite to that‘of the armature, and thus reduces

the effective inductance. Therefore, the performance will improve, i.e.

better speed regulation, more torque and better power factor.

36
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d-axis

Field Winding

vq—axis

Compensating Winding

Fig. 4.1. Schematic diagram of Series Motor
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The A.C. series motor is shown in Fig. 4.1. The voltage equations

are given bélow:

V2 T T Phyly T T - bl
vy = mPMy i, = plaiy - 4Ty - b2
.?q zi-?Mé313 ~‘quiq - iqrq,+ 6,1, ﬁ ..4T3
T =Jpn +‘¢n - 16,1 | | b
i, = i3'= 1415 1 ‘ | b5
VENyF vyt | S 6.6

Substituting the equaticns 41., 4.2, 4.3 and 4.5 in  equation

4.6, it 1is obtained,

= M $ . . .
v ‘pv(Lz FLy+ L+ 2uq3}1 + [x.z + 1yt rq}l C,ni

.

.'.407 N

With the help of these equations, an Analogue representation can be
ad _
drawn, in Fig. 4.2 for an A.C. ‘Series motor.

Equivalent circuit:

<

Referring to equation 4.7, which gives the performance equation of
series motor, an equivalent circuit can be drawn as shown in Fig. 4.3.

Steady State Analysis:

Let the voltage applied to the motor as v = Vm Sin wt,
and the current be 1 = Im Sin (wt +9)
forsteady state, the equations 4.4 and 4.7 are modified as
+ rq) I-Gyn Tt 3 [Lz tLy Lo+ 2Mq3)-

V = {fz + 1,

b8
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Fig., 4.2 Analogue Representation of Series Motor

Gzni

P"ig. 4,3 Equ'ivalent Circuit of Series Motor
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The Electrical Torque developed Te = GZIZ Sin2 (wt +¢),
m
[ ] l4.9
1 . .2

aéd the average torque Tav = '-?:-GZIm ; : .. 4.10

Repulsion Motor:

Another type'of single phase A.C. commutating machine is the Repulsion
Motor. In this machine, the brushes on the commutator are short circﬁited{
The brush axis makes an angle with the field axis [neither 90° nor zero
degree]. The field'windiﬁg is supplied with A.C. voltage. The m.m.f.
produced in the air-gap induces e.m.f. in the armature winding. Thus
the current in the short circuited armature winding feacts with the air-
gap field'and produces torque. The amount of voltage induced in the
armature depends upon the angle between the two axes. The rotation of
the armature is in the direction of the brush~axis shift. . |

A schematic diagram of the.Repulsion Motor is given in Fig. 4.4.
In the figure shown, the brush axis makes an angle y with the pole

axis and this angle is independent of time i.e. dy = 0. The short
dt

circuited coils undergoing commutation produce a field which is perpendic-
ular to thé brush axis. The relationships of the flux linkage and the

voltage induced in the windings are given below.

¢1'= Lli1 + MlZiZ cosy + MlSié cos (90 +’y) b1l
by L Mpply cosy * Lyt, | | Cob.12
V3 = M3l °°s‘(?° . V) * Lyl 413
Vi=P t 4 | .14

Vo = 0= = pyy - dyry = nbppdy Siny = mdy 41s
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Fig. 4.4. A Schematic Diagram of Repulsion Motor
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v3 = 0 = -—p\l}g “" 13r3 - nG13il COSY - nG32i2 ..4.16

Analogue Representation:

The equations 4.11 through 4.16 are manipulated and rewritten to

facilitate the Analogue Representation of Repulsion Motor.

[, -
1, = Y1 7 ¥yt

1
L, + L coszy + L sinZY - 21
1 2 3 2
=y
L 4,17
i1, =y,
2 Z ., 4
L, T ueeT V1418
13 =.f§ -~ .E siny 4,19
3 L
Vl = v = pyY +% rl 4.20
11)2 :
0 =-pyy = _ .l . - b siny
TPOL TaTn T 0% n(Gyp * 032)%
¥3
32‘ 3
v ' .
or ) ptj} = - ___2_ _ _‘2 _ .d_". __:i
| 2. ' L2 T, = 1 ¥,c0s ¥ n[Gz 1 siny + Cs, L3)
..4.21
0= -‘w‘ _¢3 r., = ¥ r, siny - G,.+ G i_cos -n.G wz.
TP¥3 "= T3 T X Ty Y“(m 23} Y 32 =
L L L L,
or Py, = - Vg b ¥ 2
_ S ET3 f; ry - 7 Ty siny - n{c3 T cosy + G, EZ}A
0104.22
T é‘vanf an + 1,6,,4, Siny = 1, Gy.i cosy | 4,23
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Analoque Pepresentatior of Penulsion Motor

Fig. 4.5,
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In thelderivation of the above équations, following assumptions

are made:
1) o 1 1
Eg <<], Eé <<]
2 3
2) 12 f 13

Witﬁ the hélp of equations 4.20 thrqﬁgh(4.23, an Analogue Representa-
tion is drawm in Fig. 4.5. 1In this representation four integrator, two
multipliers and pécantiometers are required. No trignometricai functioﬁ'—
generator is reqﬁired because the performance is shown  for the fixed
angle \E

Steady State Analysis:

The equations 4.14 through 4.16 are solved for the steady-state

analysis of the machine. The voltage applied to the field is v = Vmcos wt

and assuming the currents.i = I jcos (wt +é)

1

i, = Im cos (wt f¢)

2 2

= Im cos (wt +£)

14 3

Hence, sﬁbstituting these values in equations 4.11 throughv4.16 for

steady state solution: -
:V - ijlI1 +‘jwM1212 cosy - jwM1313 siny +-Ilr1 b2k

0= -jlezllcosy ~‘ij212 - Izr2 - nGlzllsiny -‘n‘Gleﬁs

9 = +fuM 3

1311 siny - ijBI - I3r3 -n G1311 cosy

nGsy1, o 526
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Solving these thrée equations, values of Il’ 12 and 13 are found out.

.2 2.2
1, - vlr,ry = WLyly - 076G, + jw[r2L3 + r3L2)]
’ D o'4c27 )
I, = +v[+m2M2 sinzy + r.nG,,siny - u?L M. ,cosy + j(mM nG,.siny cos
2 13 T3nbyp8iny 312°08Y H13M38inY cosy
+ mL3nG12 siny - WMy 5T, cosy)]
D o
'.4.28
I, = v[(nZG C..siny - r.nG,.cosy - sz M, .sin )
3T 127325+ 7 FpNty3cosy 2713%%
+ j(mM12n832cosy - sznG13cosy + wM13rzsiny)]
D
l‘.4.29
where

2.2

D = (r) + Jaly)(r, + July) (ry + JuLy) - nCqy(r) + 0L,)

: .+ (r3 + ij3)jwM12cosy (nGizsiny + jlezcosy)

- 2w2 M12¥13nc3251ny cosy - nG32 jQM12013coszy
o jwﬁz G32G12M1$sin2y + (r2 + ijz) jleBSiny (n013cosy - jwM13siny)
| | | «.4.30
The equétibns for torque will be |
TQ = 612“%1 %2 siny sin(uwt f e)bsin(wt + ¢)'
- G13 Im gm éosy siﬁ(wt + O)'sin(wt + 4) '.4;31
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CHAPTER V
CONCLUSION

In the present study, a rigorous mathematical presentation of a
most general D.C..machine, the Metadyne has been presentedf All the
possible .difficulties encounﬁered in the analysis ofICOmmutating machines
have been overcome. The Analogue computer representation has been formu-
lated. No attempt has been made to check the Analogue representation on
the actual Analogue. computer, because of the non-availability of such a
comﬁuter in our Laboratories. But it is expected the constants of the
machine will produce scaling difficulties in the representation. It is
suggested that these difficulties can be.overcome by taking the constants
on a per unit basis where the rated voltage and rated current are taken
as base values. The inverse saturation curves can be simulated byr

function generators.

The D.C. commutating machines have been used in a position control
system, The results have been verified with an error of 5-67 with a

sinusoidal input to the system.

Finally, the single phase A.C. series motor and the Repulsion Motor
have been studied and their Analogue Computer representations have been

presented.

45
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