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SUMMARY

IQ a d.c. machine the armature reacfion reduces
the total flux per pole because of saturatiqn effects
- at heavy armature currents. In this project the
: sepafétely excited d.c. motor is modelled by consi-
dering the total flux per pole as.a function of
érmature and field currents. The machine model is.

linearized so that it is valid only for small changes

in the neighbourhood of steady state conditions.

The mabhine model When represented in the matrix
form is a set of first order differential equations
in which changes in fhe armature voltage; field voltage
and load torque are the inputs, whereas changes in the
armature current, field current and motor speed repre-

_sént the response of the machine.

The parametersof the machine measured are for an
800 Wﬁtt Westinghouse generalised machine connected as
a separately excited d.c. motor. A mecﬁanically coupled
d.c, machine was used as a d.c.‘generator to Idad the
test machine, Experiments were done for the transient
and steady state responses of change in armature current

and speed.

" This machine model is then simulated on a digital
computer to calculate the time response of change in
armature current and speed by applying a change in

field voltage and armature voltage.
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The calculated response of the machine model is
compared with the experimentally obtained responses of

the machine,

-Thetwosets of - results are found to be similar.
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LIST OF MAJOR SYMBOLS

'VA o Supply voltage
VF -~ Field voltage
AVA Change in armature voltage
AVF = Change in field voltage
IA . * Steady Sfate'armature current
IF Steady state field current |
AIA-  Change in armature current
AIF Change_in field current
RA Armature resistance
RAL Brush contact resistance
,'RF Field resistance
Te .Electrical torque developéd by the machine
TL - Load torque.
Tiossl Lost torque . - L
AT __.Change in.ldad_torque
‘;ATet_ Change in electrical torque
N Sbeed of motor in-Tevi/min
AN j Changemin speed of motor in rev/min
} J Moment of inertia |
D1 | “Constant... of friction
2 Flux per pole |
wA Total flux linkage with armature winding
?F o Total flux linkage with field winding
P Number of poles
Z Total number of conductors

A ' Number of parallel paths
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D(AYA)

D(AYF)

v

- Back emf

;Back emf constant

Torque constant

"Dlstrlbutlon factor

Pltch factor

‘feakave factor" TR L

Kd. Kp w1nd1ng factor

Self 1nductance of the armature w1nd1ng

°tSe1f 1nductance ‘ot the field w1nd1ng

Derlvatlve of the change in armature flux linkage

Derivative of the change in field_flux linkage
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CHAPTER I

INTRODUCTION

'The d.c. motor has high capital and maintenance
";cosfs because it has a copper commutator. On the other
hand the induction motor is cheap, rbbust and requires

little maintenance, 1 In addition the frame 81ze of an

induction- motor 1s ‘smaller thanLthat—ofha;d c machlne

" ,,:£or_a given rating. Therefore even though the d.c.
motor hés Suﬁerioruspeéd torque characteristics,‘the

inducti.n ; motor replaéed d.c. motors especially in

u%f;gggr.h;fathe;situatiqnsﬁwhgre¢sparking_may‘cause_explosiqn!?{s .

ﬁith'£hé adVehf bf-thyriStors the need for a
éeparate rotating machine power unit and, Eonsequently,
the need for large space is reduced and overall economy
of machine running is inéreased because_thé power unit

for a.c./d.c. conversion becomes much smaller in size,

is increased if electronic components such as diodes and

transistors are used in the control circuit because they

occupy less space and they are less costly compared to

motor generator sets.’*® ' Also time and the cost of

_ maintenance is reduced. These economies are further
enhanced by integrated circuits which are rapidly and
increasingly replacing the conventional electronic

components.g’lo‘

with reduced cost of maintenance.5 Also the reliability




Researchesiin commutator-less d.c.rmotors using
thyristors for commutation instead of the commutator
- and brush set arrangement, is leading to still reduced
i cost; size of the d.c. motor, easy maintenance and

.increased reliability.

By using digital methods for the control of gpeed.
of”a‘d.c. motor, the accuracy between desiféd speed and
‘obtained speed could be achieved up to 0.1% at the lower
- end of.the range and 0.02% for the majority of the range.
Accuracy up to .002% is claimed. Also the digital method
of.cdntrol of Speed eliminates the drawbacks of the
:analogue control system, like ageing of components and
change in characteristics due to temperature variation,
The signal . can also be transmitted_over a long

- distance without distortion, if remote control is
4,12,11 L T

required.

A thjfistor converter, when combined with a
Separately excited d.c. motor, gives a drive system
.which is superior in many ways. For_exémple speed
~could be controlled’by an armatufe voltage‘coh%rol and
field voltage control, and better speed control provides
high production rates, better production Quality and
increased process automation.9 Furthermore, for a
separately excited d.c. motor, the speed torque charac-
teristic could either be constant speed varying torque
- or varying speed constant torque, or both could vary
independently.9 When field weakening is used with

constant armature voltage, constant horsepower output



is obtained witﬁ decreasing torque and increasing
speed. A separately excited d.c. motor, when supplied
by a thyristor rectifier, is capable of runﬁing in all
‘the four_quadrants and therefore regenerétive braking

is possible.8’5

The weakening of the field near the full load
cbndition increases the speed such that it becomes
_ﬁncontrollable and the motor becomes unstable. It
could be controlled by using a suitable control system.
For developing a control system it is heéessary to
'predict the steady state and transient responses of
the machine accurately and therefore modelling of the
 macﬁine is a fundamental step towards designing a con-

trol system.2

‘By modelling any mgchine mafhematically its res-
- -ponse could be predicted for any ihput conditibn 1iké
.field or armature voltage. This prediction of machine
response is useful for the control'engineer.13 "It is
.therefore necessary that the model shouid be as near
a representation §f thé actual machine as possible,
- The ¢loseness of the machine model with the actual

machine can be judged by comparing their responses

tnderthesame input conditions. Also the usefulness of
any model over another may be judged according to ease
with which its parameters.could be measured.

- Modelling may be done in a number of ways, for

14,21

example, by obtaining the transfer function of the

machine or writing the machine equations for armature and




field voltagesl5’21

and load torque. It may be modelled
by changing tne input to the machine around the steady
'stafe{conditions.lﬁ Their time response could be found

eithen by Laplace transform or solving the simultaneocus

diffezential equations or using a numerical method.

‘211 these models ignore the:effect of armature:

I _
reactﬁ . The effect'of armature reaction is the
weakenlng of the total flux per pole due to the satu-
ratlon of-lron of the stator.17‘ Therefore they do not

take into account the changing ofjparametersdue to change

in armature current Slnha18 has con51dered the arma—
ture reaction as a voltage added or subtracted from the
back e.m.f. and developed ways of calculating it. The
armature reaction term needs to be calculated by experi-

ment?

The object of the thesis is to model a separately
excited dfc. motor taking armature reaction into account.
“This is done by taking flux per pole as a function of
-armature and field current. The machine model is
linearized so that it is Valiq only for smallﬂchanges
in'the neighbourhood of'steady state conditions. 'The
gradients.or partial derivatives, that is change in
-flux per pole with change in armature current and change
in flux pole with change in field current, are the main
parameters of the.machine. These new parameters are
termed. G1 and G2 respectively.

_ The parameters of the machine are determined on a
Westinghouse generalised machine connected as a eep—

arately excited d.c. motor. Another d.c¢. machine coupled

o




to the generalised machine was used as a separately
excited d.c. generatofi The experiments for para-

‘meter measurement are described in Chapter 4.

- A computer pngram.is developéd for the trans-
ient respbnse of the machine model around steady state
~conditions. Tﬁié program uses a subprogram already
_developed by my supervisor to integrate a set.of three
firéf—order differential equations using a numerical
| :method. H | |

The Giné library subroﬁtines‘are used to plot
‘the transientfreSponse. Tests are then pérformed to
obtdin the timé response_of.the machine and recorded
on a u.v. recorder. Results obtained from computer

similation and from the machine are then compared.



CHAPTER 2

" ARMATURE ~ REACTION

‘2.1 General

In fhis chapter, the effect of small changes in

ither :the field.voltage or the armature voltage on

a:éééﬁ;é-réadfionzand the.total chaﬁgé in tﬁé-%iuk.
'linkagé”Withjfield_and armature windings will be dis-
cussed, Initially, the m.m.f's prodﬁced by the arm-
ature winding and the field winding are considered
”"féépifaféi§;7°Then their combined effect is considered. -
It is shown that the resultant m.m.f. varies with a
change in either of the inputs. 'Thgn éssumihg flux
per pole‘propoftional to the m.m.f., the change in
flux per pole with change in input is éonsidered.
Finally the éffeqts of saturation are discussed. In
‘this case the'flux'produced is not proportiénal to the ‘

~m.m.f. and the effect of a change in an input on the

change in flux per pole in the air gap is éXplained._

2.2 M.M.¥, Due to Armature Current Alone

- - If the field of the machine is not energised and a
current is passed through the armature, the ampere turns
‘of the armature will produce an m.m.f. wave with a shape,

"as shown in Fig. 2.119’20

The steps in the waveform are
caused by the armature slots. However it will be assumed

'ip the remainder of the thesis that the effect of the

slotting can be neglected and in this case the m.m.f.

waveform becomes triangular.
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This is the approximation of the actual m.m.f. shape.

The drmature m.m.f. is zero at the centre of the pole
and a maximum at the magnetic neutral axis, On either
.side of the centre of the pole or magnetic axis, the
- shape of the_m.m.f. curve is the same, but its sign

is reversed.20’25

The magnitude of this m.m.f. at
'_,every point is proportional to the current passing
'thrbugh the coil, The net area of fhe armature m.m,f,

curve is zero,

2.3 M.M.F, Due to Field {urrent Alone

Usually the d;c. machine has one or more pairs of

salient poles. The>winding is placed on the pole

pieces. The shape of the m.m.f. produced depends upon
the shape of the pole face and the magnitude of the

m.m.f. depends upon coil current,

- The machine on whiéh the tests are performed dges
not have salient poles. The stator field winding is
embedded in slots in the cylindrical sufface. The inner
pefiphery of the.stator ig divided into four quadrants,

. éach quadrant having a similar winding layout. The
m.m,f, shape is again stepped one, and shown in Fig.
2.2, The shape of the field m,m.f. is the same as

shown in Fig. 2.2 but the magnitude is dependent upon

the amount of current passing through the field winding.

N
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2.4 Resultant M.M.,F. Shape Due to Field Current and
Armature Current

.In the runﬁing condition both the armature and
the field m.m.f. are acting simultaneously. If the
resultant of the two m.m,f.'s is .drawn then on on side
of the magnetic éxis,_the m.m,f, will be additive,

whilé on the other side of the axis it will be sub-
‘tractive. The final result is that the m.m.f. is
.strengthened on one side and weakened on the ofher
sideofjthe maghetic axis., Thus the.resultant m.m.f,
is distorted in shape dué to the presence of armature
m.m.f;-and also the magnetic neutral axis is shifted
ffom the original no load neutral axis. The resultant

m.m.f, wave is shown inFig,. 2,3_20,24:25

2.5 Effectofd Change in InputontheResultant M.M.F.

Suppose a change'is‘made in the armature voltage.

-This change'will cause a chanée in armature current and
the armature m.m.f. will change,. After this change,
m.m.f. is added oﬁ one side of the magnetic axis and
subtracted on the other side, and there will be a change
in the resultant m.m.f. curve. The shape of the resultant
will diétort but.thetotal.drea of the m.m.f. will be zero.
Similarly the shape of the resultant m.m.f. will be
éffected if the change is made in the field voltage,
Which will cause a change in field current and field

m.m.f.




©

Field mmf

Armature mmf

FIG. 2.3

Angles in radians

Resultant mmf and flux



26 “The effect of Change of Input on the Total Flux per

Pole

The flux per po}e-ié required rather than the
m.m.f.VIt would have been simpler if this m.m.f. was
directly proportional to the flux produced by it, but
affer a certain point (in BH curve) the flux density

'_and_hence the flux produced becomes_a non-linear func-

tion of m;m.f.23’25’27

Firstly it is assumed that flux per pole is prop-
> ortional to the resultant m.m.f., i.e. the iron is

unsaturated for all m.m.f. values.

So long as the iron is unsaturated, the m.m.f.

required to overcome the reluctance of the iron parts
-0f the magnetic circuit is‘small compared with the
airrgap m,m.f, But in the case of saturation of iron,
tﬁe m.m.f. drop can no ionger be neglected in the iron
-“ﬁarts of the magnetid circuit. The reluctance of iron
parts increéses and becomes comparable with the reluc-
‘ténce of the air gap. Ih the case of saturation the
flux produced by the same m.m.f. is less than the flux

. produced when there is no saturation.17’20’23'25

In the case of armature current near the.full load
cbndition:, the resultant m.m.f. has a very high value
~ at one side of the magnetic axis. This high value of
the m.m.f. saturates the iron parts which results in

17,20 Tnis drop is

more m.m.f, drop in the iron parts.
comparable to thedropinthe air gap. The flux produced can

be givenby the relation:

—_——
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- -m.m. f.
(Reluctance of the air gap + Reluctance of the iron)

(2.6.1)

-
Due to saturation the reluctance of the iron parts

'bcc

es comparable to the reluctance of the a1r gap, h

and as the degree of saturafionkls?cncreased the reluc-
tance Qf thc iron increases. Equation 2.6.1 represents
the éituaticnhWhén the iron is saturéfed and, due to |
_saturation‘ the properties.of iron are changed. The

hwreluctance of the iron, which was negllglble compared

M'to the air gap reluctance when there was no saturation,
now becomes comparable to the air gap reluctance. The
effect of saturation is such as to reduce the flux

[
produced.17:19,22,23,25

If a change is made in the armature input, there
will be a change in the armature m.m.f, Suppose the
change in the armature m.m.f. is increasing, this change

‘ will be additive to the field m.m.f. on one side of the

magnetic axis. This increase in m.m.f. will change the
propertles of iron so as to increase the reluctance of
the iron. Although there will be an increase in the flux,
the 1ncrea$e in‘flux will be less than it would have been

in the absence of saturation,

On the other side of the magnetic axis, this
'increase in armature m.m.f, is subtracted from the
. _ field m.m.f. and fherefore the resultant m.m.f. will

bé less than what it was before the change in the arma-
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ture input, and this reduction in armature m.m.f.
.will take the iron out of saturation. The overall

effect of an increase in the armature input is that

. there is a net reduction of flux per pole.

Along the same line of argument, the effect of

- a bhange in the field m.m.f. on the total flux per'

pole can be discussed.
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CHADPTER 3

" MACHINE ~ MODEL

3.1 General
In répresenting a separately excited d.¢. motor
by a mathematical model, there can be three independent
. inpuf variables;
“i) Field voltage, which is applied to energize

the field winding.

ii) Armatu%e'voltage which is applied té energize
the armature winding.

iii) Torque input. -
_in thig modél of a separately éﬁcifed d.c. motor

the starting point is the steady state equation of

 these input variables, Theh these inputs are changed

by small amounts and the expressions for changes are
derived. This model for change in the input variable
is then arranged as a set of first—ordef differential

——

equations.

3.2 Steady State Equationsfor Separately Excited d.c.
Motor

The steady state équations for separately excited

d.c. motors may be written as:

VA = (RA + RA1).IA ¥ E
VF = RF .IF
Te = TZ * TIoss

Te ,Kg d IA
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3.3 Equations for Small Changes

Wheh inputs are changed by small amounts from
théir steady state valueé, they will produce changes
in field flux linkage and armature flux linkage, which
wiil initiate a transient response. These changes of
fherinput will result in changes of the outputs which

are armature current, field current and speed.

"The total flux per pole can be represented as:

T e

% = ¢ (IA,IF)

and the change in total flux per pole is given by:

=~ (02 1 ad S
8% = (grg)yp-4 1A + (5FF)p-AIF (3.3.1)
(;?;)IF is the change in flux pér pole with change in
armature current, when IF is a constant.
(%¥%)IA is the change in flux per pole with change in

field current when IA is a constant.

If ¢ is the total flux linkage:

t

) AYF = AYF (IA,IF) | (3.3.2)
AVA = ApA (IA,TIF) | (3.3.3)
where:
AYyF = change in total field flux linkage
AYA = change in total armature flux linkage,

Let d/dt = D.




Taking the

17

partial derivatives of 3.3.2 and 3.3.3 with

-respect to time:
S (UF YT '
D{AYF) = aIA)IF D(AIA) + ( )IA D(AIE) (3.
S 3yA awA
D(AlpA]- (*a-'i--) D(AIA) + (BIF IA D(AIF)‘ (3.
where: . :
AYF _ . . S
(3Tf)IA = change in total field flux linkage with
| change in field current, Keeping armature
current constant,
BYF o 2 . .
(3TK)IF = change in total field flux linkage with
' change in armature current, keeping field
current constant,
YA _ : : .
(ETF)IA = change in total armature flux linkage with
change in field current, keeping armature
H current constant,
VA, o o
( )IF = change in total armature flux linkage with
) change in armature current, keeping field
current constantﬁ '
Equation for change in armature input
For a steady state condition, the armature circuit
equation may be written as:

= (RA + RA1) IA + E
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If the'input voltage is changed by a small amount AVA

the result is:

VA + AVA = (BRA + RAL)(IA + AIA) + D(AwA) + E + AE

. : the (3.3.7)
'[MAmA}as due 1o thetotul n\ductonce oﬂormoture winding

‘Subtracting (3.3.6) fiéaFfsﬂﬁfé)r :
! AVA (RA ¥ RAl) ATA + DCAVAY + AR (3.3.8)

. S P '
;Qﬁﬁ4wﬁﬂvwag?§:pan“Q'W’f”is represented by:

E=X ¢©¢N

where Ke = ZP/GO.A is the-back e.m.f, constant

K,.NA® + K_. AN

AE =
= Ke.N. (aIA‘ AIA + Ke. N(aIF) BTF + Ke.®.0N (3.3.9)
Let RT = RA + RAL S

=Substituting equations (3.3.9) and (3.3.5)‘into (3.3.8):

r

!

g%%)IF D(aTA)+(3%2

AVA = RT, AIA+( BIF)IA D(AIF)+K N(

aIA)AIA

i o 4K LN, (BIF) AIF + K_.0.AN
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Rearranging

- 3PA
AVA [RT+K N(aIA)]AIA+K N(aIF ra-AIFFK L 0AN+(S22) . D(AIA)
3WA | o .
(3¥F)IA.D(AIF) | | (3.3f10)

= RF.IF e (3.3.11)
"[jwlifgﬁghgnge"is_made in the field voltage, the result is:

VF + AVF = RF(AIF + IF) +D(MF) . (3.3.12)

‘ : the'
'[HAwF)is due to the total inductunCe of“ﬁeld winding

e o Subtractlng (3.3. 11) from (3.3.12) and substltutlng
| (3.3. 4)

AVF RF.AIF + (VF

YT
3IA)IF D(AIA) * (31F

¥ pa D (AIF) (3.3.13)

Torque equation

The torque developed by a motor is given by:
T =K, o IA

- where Kt = ZP/2mA is torque constant

- .

If the-torque is changed by small amounts in the neigh-

«bourhood of a steady state:

.The steady state equatlon relatlng the fleld voltage to the .



’Te + ATe = Kt (® + A®)(IA + AIA)

Neglecting the second order terms:

ATe = Kt.@.AIA_+ Kt AD,IA _ _(3.3.14)
Steady state

electrical torqﬁe can also be represented by:

e.
n

load torque + viscous torque

Tl + 2TND1 - ‘ |

If the torque is changed by a small amount in the

neighbourhood of the steady state value: .

T. +AT_ = T, + AT, +(2rJ/60.DAN +(2xD1/60). (N + AN)
AT =AT, +(2nJ/60\DAN +(27D1/60).AN (3.3.15)

. Equating- (3.3.14) and (3,3.15) and rearranging

AT, = K .9AIA + K .A®.IA -(2rJ/60)DAN -{27D1/60C).AN

Substituting for A¢ from equation (3.3.1)

30
1A

22y IA.AIF4{2rJ/60).DAN

AT, = K_ (3 + IA)ATA+K

t (377
—(21rD1“/60).AN (3.3.16)

Combining equations (3.3.10), (3.3.13) and (3.3.16) together

a—
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obtained, representing the separately excited d.c.

|
|
a set of first order linear differential equations is
motor:

' AVA= [RT+K_ N(QIA)] AIA+[K N,

BIF

28 1ATF+K @AN+(§‘£§)IF.QMA)

oAy
* (Gie) 1A Tp IF)
AVF<RF. AIF+(§¥§)IF DAIA+(§¥§ IA .DAIF

AT? = K, [¢ *‘aIA) IA] ATA'+ K, IA(BIF) AIF- (2WDV60)AN
=(2nJ/60). DAN

For simplicity let

30 _ 30 _ VA 30A

518 =~ 61, 3T ‘Gz CBIA)IF F1, (BIF)IA F2,
" 3yF SF

5180 1F = HL, (BIF)IA HZ.

R = RT + Ks.N.GI

RP = K,.N.G2
RTA

K, (G IA + @) - i
RTF

K; .IA.G2




The simplified model in terms of new constants is:

Javal Tr  me
avr| = { o FBF
aT, RTA RTF
Let:

L
Y = |AvAl,
T avr
LA'I-"Q'.
T

and& C= “F1

. a1

0

K ¢
Te
0

-~ 27D},
60

22

-

a1

ATF| +

AN

ATA
| AIF

AN

e

F1 F2

H1 H2

0 o

e

)

0

=-2nJ
60 |

-Equation (3.3.17) can now be represented by:

Y =4X + C

ax

dt

_tEmgltiplyingequation (3.3.18) by C_1 and rearranging

a%
dt

-1

=~ C ",AX + C”

1Y-

DATA
DAIF| (3.3.17)
DAN
L o
3
R RP  K,0
O &RF O
3 ~-21D1
1A - RTF
(3.3.18)
(3.3.19)



where:

X is the state vector of the system

23

Y is the control vector of the system,

| - 2nJ

60

EL = H2,F1 - F2.H1

=-21J

] |
= | H2/EL

[F2.H1 - H2.F1]

EL

~H1/EL

o

-F2/EL

F1/EL

o

Substituting €1 in equation (3.3.19)

; DAIA|

DAIF =

-

H2/EL

~H1/EL

¢

-F2/EL

F1/EL

0

RTA

AVA

AVF

AT

RP

RF

RTF

AIA
AIF

AN
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'Simplifying:

-~

p— b o B e ) . . -— r
-|DATA fR.H2/EL. -RP H2/FIARF . ¥2/EL -KefbHZ/EL ATA H2/EL, -F2/EL - O] jAVA

DAIF!{= | R.HL/EL -RF . .F1/EL+RP.H1/EL Ked)Hl/EL AIF{+|-H1/EL FLl/EL O] |AVF

RTA
h"z"‘TFj -60

RIF.q0- DYJ |{aN 0 o 20

.DAN thj- ‘ : m-

ATp

. ; ' - ' - : : (3.3.20)
- Equation (3.3.20)28 is a set of first-order differential
'eqﬁafions representing a separately excited d.c. motor.

- Integration of this set of equations will give the time

response of the machine.

3.4  Modification in the Machine Model
Change in armature input and field input is made by

Qarying the series resistance in the armature cireuit and
field circuit. Equations in terms of input variable are

. written taking sefies resistance into account. This series
resistance is then changéd by connecting another resistance
in parﬁllel and another equation is then written represen-
ting the changed condition. The remainder of the analysis

‘is then carried out along the same lines as done previously.

Armature Circuit

If R2 is a series resistance:

VA = (RA + RA1) IA + TA.R2 + E (3.4.1)
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Another resistance Rl is switched in parallel with R2:

= (RA+RA1)(IA+AIA) + (E%+§%)(IA+AIA) + E+AE + D(ApA)

- (3.4.2)

. Subtracting (3.4.1)_from (3.4.2):

R1.R2 R1.R2
(RA+RA1)AIA+AE+D(A¢A) + (R1+R2)AIA+IA(R1+R2
Ro? R1.R2
. TRLsRgy 1A = (RA+RAL+ R1+R2)AIA+AE + D(AYA)  (3.4.3)

 Rest of the analysis is carried out as in Section 3.2,
) - '

- R2) |

Field circuit:

VF = IF.RF + IF.R3 - o (3.4.4)

' 1f another resistance R4 is switched in parallel with R3:

= (IF + AIF)RF +(g§+gi) (IF + AIF) + D(AYF)

(3.4.5)
Subtracting equation (3.4.4) from (3.4.5)

O = RF.AIF + R3.R4/(R3+R4).AIF+(R3.R4/(R3+R4)-R3)IF + D{AYF)

-

(R32/(R3+R4)).IF=(RF + R3.R4/(R3+R4))AIF + D(AYF)
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The remainder of.the analysis is carried out as in Sec-
tion 3.3. No change in load torque is made and the
equation for change in load torque remains the same as
in Section 3.3.

Let:

'R = RA+RA1 + R1.R2/(R1+R2)+K_.N.Gl

R3,R4

RFF = RF + R3iR4

The machine model expressed in terms of first order
differential equations and arranged in matrix form is

given below:

N4

-

DAIA -R.H2/EL -RP.H2/EL+RFF.F2/EL —Ke®H2/EL AIA

DAIF|=| RH1/EL -RFF.F1/EL+RP.H1/EL = K_OH1/EL| |AIF

RTA.. " RTF |
.-DAN |1 L _2-T_T—J-.760 -m-ﬁo . —D’/J i _AN |
+| H2/EL ~F2/EL o 1[¢r2%/ro+rt)1A |
-H1/EL F1/EL o ||r3%/(R3+R4).IF
. —60
1o 0 w3 | ey |
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3.5 Mddificatibn-Considering‘the‘Dynamic'Loading

The load on the test motor is a separately excited
mechanically éoupled d.c. generator. The flux per pole
of the generator is constant and hence the torque on the

shaft of the generator,is proportional to the armature

Ccurrent
fieidfiﬁpﬁt v6l£agé of the motor brings about a change in
the speed-and hence changes the generator emf and current
passing through a resistande.connected as a load on the
generatqf. It folloﬁs therefore that the load torque T
ﬂbn'tﬁé @6tor¢hanges. | |

If:

@}"is the flux per pole df the generator

Kd"is the emf constént of the generator

Kt is the torque constant of the generator

‘RL. is the load resistance

N is the speed in rev/min

RT: is the brush coﬁfact resistance and the armature
-resistance |

ﬁb is thelgeneratéd electrical torque

El is the generated emf

KA  is constant

then the emf El generated is given by:

El = (RT + RL) IAl
T = Kt1$1.1A1
-« g f
7. - Ktl1$1.Kel $1.N/60

§.~ T (BT + RL)

'ﬁﬂjiéhangé?iﬁ*the'afmatureﬁinpﬁtivoltage;oréthe A
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=]
It

KA.N/60 | | . (3.5.1)

(]
=
ike]
il

KA.AN/6O - .  (3.5.2)

is the friction and windage tbrque of the generator

is the friction and windage torque of the motor

géenerator -
T . is the torque lost in the iron losses of the

motor.

the electrical torque developed by the motor is given

by:

‘Te = Tg * Tgf f Tmf f Tgi_+ Tmi

Tmf + T g = 2nND1
: " 27N.D1
_ Tg. Te = =60 - Tgi - Thi

Let the power post in the iron of the generator be

Cl watts and the power lost in the iron of the motor be

c2.

27N.DI _ Cl + C2
60 N
2']1'3"‘6

T, = Kt.o.IA - (3.5.3)

Substitute T in equation 3.5.1 in equation 3.5.3:
~

T " is the fbfdﬁe lost in the iron losses of the . 5



OfN.D1 Cl + C2

Cxa N
KA,—G-a—-Kt.@.IA - 60 - 2“-_N,-_
- 60
ka = Kt.®.IA oo (€1 + C2) (3.5.4)
- N/6O . N yo2 |
2T(50)

 If the variation in the speed is small enough to make

T . constant:
gl ,

AT

il

AT
g

. Substituting ATQ for ATg in equation 3.5.2

AT, = KA.AN/60

Substituting AT

1} in the set of equations 3.4.6

the eguations overleuf are obtuined.



R.HZ/EL

R.H1/EL

T H2/EL

-H1/EL

-RP.HZ/EL+RFF.F2/EL-Ke ¢ . HZ/EL

-RFF,F1/EL+RP.H1/EL Ke.®.H1/EL

14N

RTF KA
7560 T Tamy |
~F2/EL 0] - [R2%/(R2+R1).IAT
F1/EL 0 R3%/(R3+R4).IF

0 o] | ) |
(3.5.5 1

ATA

AIF




CHAPTER 4

PARAMETER MEASUREMENTS

4.1 General

Generally pérameférs such as'thé resisténces of
the afmature aﬁd field windings, self and mutual
_inductances, moment of ihertia and ._constant - of
friction are supplied by the manufacturer of the
machine and takeﬁ.as such if measurements are not
hpossible. .But generally they are fixéd quantitieé
aﬂd not dependent either on field cﬁrrent or armature
current., The brush drop of the machine is assumed to
be constant at 2V and the brush contact resistance is
not measure& for different armature currents, but cal-
culated by dividing the brush contact drop wifh armature
current. The parameters of the motor model, which has
~ ‘been derived in the previous chapter, are functions of
‘field and armature current, flux per pole and speed.
In this chapter expressions are derived for two main
paraméters Gl aﬁd G2. Experiments are performed and

- characteristics are drawn to calculate Gl and G2.

The resistance of the arma%ure and field winding
increases with temperature. It is difficult to estimate
the temperéture of field and érmature winding separately.
Approximate temperatures can be found if it is assumed
that the flow of heat is taking place from rotor to
stator, and temperature of the field wiﬁding and armature

winding isS the same, The constant - of friction is



. derived as a function of the square of the speed.

An expression for power loss in friction and windage

is derived. Tests are performed to obtain the charac-.

teristics relating power\lost in friction and windage

to the speed.

4.2 Expression for'Glzs-

- The expression for G1, that is change in flux per

pole with change in armature Curreht can be derived by

_current IA.

differentiating fiux per pole with réspect to armature

N = (NO + DN.IA/IFL) 0 (4.2.1)

where NO is no load speed of the motor and DN is the

- Speed increases

difference of speed between no load and full load.

linearly from no load to full load, when

field current and armature voltageare held constant.

VAA = VA - IA.RAL - »

Back e.m.f. E

d =

\
\
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
S |
The speed of the motor can be expressed as: : |
. |
|
|
|
|
|
|
|
|
|
|
|
|
|
\
|
|
|
|
|
|
|
\
\
\
\

where VAA is the voltage across armature winding.

VAA - TA.RA

" VAA - TA.RA : (4.2.2)

K N,
e

___ VAA - TA.RA
K, (NO + DN.IA/IFL)

(4.2.3)



Flux pef pole‘¢ induces a back e.m.f, E in the
armature winding whose reéistance iz RA, The reason
for taking only IA.RA in the expression is that RA is
the armature coil resistance, in which back e.m.f. is
induced and RAl, the brush resisfance, is.considéred as
an‘external resistance. To calculate the change in flux
per pole with change in armature current, differentiate

equation (4.2.3) with respect to IA and simplifying

9 _ oy . ~(NO + DN.IA/IFL).RA - (VAA-TA.RA)DN/IFL
. (B;AHF K, (NO+DN.IA/IFL)?

(4.2.4)

4,3 Expression for Gzza,

Change in flux per pole with change in field current

"is calculated by utilising the fact that the speed of the
motor is a function of armature and fiel& currents.lhe speed

‘pof—the.motor N can therefofe be differentiated with res-

pect to field current,
N = NO +(IA/IFL).ON ' - = (4.8.1)

Differentiating (4.3.1) with respect to IF

3NOy BDN
(BIF IA =( LIA/TFL - (4.3.2)

oIF A 31F IA




Total flux per pole is given by:

o = VAA - IA.RA | |
. K .N A (433 )

Differéntiating (4.3.3) with respect to IF:

_ (VAA - RA.IA) , 1

30, _ . :
Greda = 92 = = (S(aTP1) (439

e

Substituting (4.3.1) and (4.3.2) into (4.3.4):

+ JA ODN

L ' ~(VAA -RA.IA) ., ONO
- G2 = — [(57k, 2Ny 4.3.5)
o ' Ké(NO""DN IA .2 BIF:IA IFL 3IF}A :

“TFL
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4.4 Estimation of GI and G2

For estimating G1 andG?2 ot consiantfield current the

following constants are needed:
i) No load speed.

ii) Change in speed between no load and full load.
iii) (ONO/3IF)[,
iv) (BDN/OIF)IA

v) Armature resistance at a varticular load current.
Described below is the simple experimental set-up
which determines the first four parameters required for

the determination of Gl and G2, Fig. 4.1 shows the cir-

cuit diagram.




4

Generalised machine . Rotor drive motor as loading . : :
- e : generator o ‘

FIG. 4.1 Circuit diagram for determ1ning the characterlstlcs of a separately : '
excited d.c, motor, . . , . :

-
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Thé generalised machine is connected as a
separately excited d.c. motor. The voltage across
the armature is kept constant at 100V throughout the

- experiment by adjusting R2,

The generalised.machine is mechanically coupled

to another d.c¢. machine. This machine is excited at

Cits rated field current. This machine is used to load

the test machine. The test machine field is énergized
and the field current is képt constant throﬁghout for
each set. Each set consists:of‘loading the machine
from no load to full lodd. Full load current for the
‘generalised machine is 8A. For every load current
sufficient time is allowed so that the armature and
field winding temperature becohes ﬁonstant. The speed
of the motor is noted fOr‘that armature current and

piotted. A rising straight line is obtained. The point

of intersection of this line at zero current and full

load current are the no load and full load speed. These
N Vs. IA characteristics are drawn for different field

currents. These characteristics are shown in Fig. 4.2.

The difference betweenthenoload andtheﬂm‘load speed

- DN is obtained and then plotted against-the corresponding

field current and is shown in Fig..3 The :}éngent on any
point on this curve gives the slope(BDN/BIF)IA. A

curve showing the relationship between thencload speed NO
engthe field current is shown in Fig..s The Tangent at any

point on this curve gives the slope (3NO/J3IF).
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FIG. 4.2 Relation between motor speed and armature current, Each charac-

teristic is for constant field current and constant armature voltage
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i { : . 1
0° t 2 3 4
Field current, IF, A

4.3 Relationship between field current and change in
motor speed . _
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i PR e b 1R e L s e e

2000

T

No load speed of the @btor, rev/min-

1500

0 1 . 2 3 4
Field current, T7, 2

FIG. 4.4 Relationship between field current and the no load
* speed of the motor

e I P, S -
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Table I shows the values of no load speed, full
load speed and change in speed, for different values

‘of field current.
i

. r
TABLE : I

Nolo%d speed, full load speed and change in speed at

'dii{gfg&ﬁﬁﬁi@ldvcugtgp;s :
Field No load Full load Change in Speed
Current | Speed - - Speed : B
Amps. . rev/min rev/min rev/min
1.6 3295 3450 155
i Lo | 2065 1o 3100 [ o135 .
o . o755 2875 120
2.5 " 2590 2700 110
2.8 2495 2595 100
3.1 2440 2530 90
3.4 2340 2410 70
3.7 2270 | . 2330 . 60
4.0 2210 2255 T

4.5 Measurement of Armature Resistance at Different
-+ 'Load Currents

The témperature of the machine increases with the
increase in afmature current. Heat is generated due to
armature copper loss, eddy current and hysteresis losses,
friction and windage loss and field winding copper loss.
Iron losses are méinly in the armaturel7 and friction

« loss is in the shaft and bearing and between brush and
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commutator, are all on the armature side of the machine.

Therefore heat.transfer is taking place frem armature
winding to field winding. At comstant field current

the rise in temperature of the machine is dependent upon

the armature current. For steady'state armature current

ﬁ5_lf1e1d and armature w1nd1ngs
- There is a portlon of field w1nd1ng in the genera-
lised machine accessible to the tip 6f the thermocouple.

The t1p of the thermocouple is placed on the portlon of

e TETRN L S

_ the fleld w1nd1ng Wthh is fa01ng the armature winding.
The rise‘in temperature of the field winding is assumed

to be the same as that of the armature in the steady

state_condition. A graph is then drawn between the rise
in temperature and the armature current and is shown in
Fig. 4.5. Table 2 shows the rise in temperature at diff-
~erent load currents, The resistanee of the armature
- winding ahd the field winding is then calculated for any

temperature rise by:

R, =R, {1+a(T, - T)) L | (4.5.1)
where -
- Rh = resrstance of hot winding
'Rc = resistance ef cold winding
o = temperature coefficient of resistance

0.04 ~
(Th - Tc) = rise in the temperature of the winding
in °c,.

ambient temperature



TABLE 2

Rise in temperature of the machine at different arma-
ture currents

Armature Ambient Rise in
Current Temperature Temperature
Amps oc _ oC

1.2 21 | 14

23

a7
31
35
38
42

Resistance of armature winding at 21°C = 0,46 chm

By using-formula 4,.5.1 and the rise in temperature at

different load currents from the graph, rise in temperature

Vs. IA, the resistance of the armature winding at.different_
"load currents can be calculated. Fig. 4.6 shows the RA Vs.

IA graphically and Table 3 shows the armature resisténce

at differént load currents. .

. TABLE 3

Armature resistance at different armature current

Armature Current Armature Resistance
Amps ‘ Ohms

0.485
0.495
0.502
0.509
0.517
0.524
0.530
0.537

N ~1 O G W N




Témperatufe'of the machine, degrees centigrade

Rise in

FIG. 4.5

Armature current IA, A RN

Relationship between armature current andrisein
temperature of the machine . ’




G 0.52]

Armature resistance RA,

0.5&

0.53

0.51

0.50;

0.49

e
&
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H
]

0.46

P . .
-

1 ] ] ] 1 1 ) ‘ |

!

1 2 3 -4 "5 6 7 8
- | Armature current IA, A

FIG. 4.6 Relationship between armature current and armature
. resistance when the ambient temperature is 21°C
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' 4.6 Measurement of Brush Contact Resistance

Brush resistance is measured indirectly, by
.applying voltage at armature terminals after lockiug
the armature and measuring the current passing through
the wénding Armature voltage divided by the current

Lglves the brush contact res:stance and armature w1nd1ngik

re31stance at room temperature From thlS armature w1n—

ding resistance, at room temperature, is subtracted.
.This'gives brush.contact resistance. A curve is drawn
for brush contact resistance Vs. armature current.

““fﬁ“f'T‘%“f*Fig.'477“Shbwsfthe relationship between.brush contact

'resistance and armature current and the Table 4 shows

the brush contact resistance at different load currents.

- TABLE 4

Brush contact resistance at different armature currents

Current Voltage Total resis-- Brush contact
through applied tance at 210C resistance
armature : RT RT-0.46
Amps Volts Ohms ~ Ohms
1 1.85 1.85 1.39
2 3.05 1.52 e 1.06
) 3 3.80 1.27 0.81
4 4.60 1.15 0.69
5 5.2 1.04 0.58
6 6.10 1.01 - 0.55
7 6.80 0.97 0.51
8 7.40 | 0.925 " 0.465
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@ 111 .
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0.4
t 1 - Loy 1 1 A
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. Armature current IA, A |

FIG. 4.7 Relationship between armature current and brush contact resisfance‘



4.7 Measurement of Field Resistance

The field winding is accessible for measurement.

The resistance of the field winding at room temperature

-is measured by applying voltage to it and measﬁring the

current It is assumed prev1ously that the heat flow

takes place from the arm&fure to“the stator andiat a

Lsteady state condltlon thetemperaturesof the armature
R and the fleld W1nd1ng are the same. Therefore at a

steadystateload current the temperafure of the field

: ﬁ,ugmwﬁ:rf¢winding;is the same as tﬁe temperature of the armature

winding} Also because the calculation for transient

response is carried out around a steady state armature

current and a'constant—fie}d current, the field resis-
tance is calculated forlfhose temperatures.which corres-
. pond to that particular armatﬁre current, Figure 4.8
shows the relation between field resistance and armature
current and Table 5 shows the field resistance at diff-

‘erent load currents.

" Measured resistance of field winding = 2.44Q at 21°C.

o



”;4 8 .

TABLE 5

Field resistance including temperature effect
umbient temperature 21°C

Armature " Rise in the Field resistance
current temperature of taking machine
Amps - the machine temperature into

-~ oCc . account, Ohms

2.61
2.65
2.68
2.73

2.76

2.80
2.85




Field ;
resistance , !
o :

L y i 1 1

! }
1 2 3 4 5 6 7 3
» Armature current, ‘IA, A

FIG. 4.8 Relationship betwegn armature current and field resistan@e

ambient ‘temperature = 21C

67
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4.8 Measuremeﬁt of the Constant- of Viscous
. Friction '

The electrical torque generated by the motor is

given by:

A fraction of this generﬁted torque ié absorbed in
bearing and brush friction, windage, hysteresis and
eddy current. Hysteresis and eddy current losses
could be put together as iron loss or core loss, as
fhey are eliminated frém thé final eguation for friction

and windage loss

Friction and windage logs is a function of the
square of the speed and the torque loss in it is
represented by:

Tgy = 27NDY60 ‘ (4.8.1)

where D is the ~ Cdnstant. of friction. If the power

lost in friction and windage is PL then

21TN.TFW

substituting £.8.1 in 4.8.2

_ 20N 27Dt
L~ 60 ' 60

P

D1= mz (”.8.3)
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The  constant’. of friction can be calculated
if the power loss in friction and windage could be

. estimated at different speeds

For the Westinghouse generalised machine, the
power lost in = - friction and windage is the sum of
the power loss in -+ friction and windage of the

generalised machine and another machine which is

coupled to it and represented by PL“

There are three unknowns for the two machines,

one is the core loss of the test or generalised

machine, and second is the core loss of the loading
machine, Third, is the power loss in friction and
windage which. is common for Both the machines. Three
equations will be needed to eliminate core loss, and
the final equation could be obtained in thé‘form of
'applied armature voltages to the generalised machine
and tﬁe loading machine'énd copper losses in them.
" The core loss, though, depends upon the fiux density
‘and which, in turn, depends upon both the field and
afmature current. For the purposes of our calculations'
of power ioss in friction and windage, it will be
assumed that the-core loss depends onlf on the field

current and not upon the armature current.

The two machines are run in three ways. Firstly,
the loading generator or rotor drive motor is run at
- full excitation leaving the test machine or generalised

machine unexcited. Secondly, the test machine, or
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generalised machine, is run at full excitation, lea-
ving the rotor drive motor unexcited! Thirdly, the
.test machine or generalised machine is run at full
excitation and the rotor drive motor field is excited
to its rated'value. The speed is kept constant for

all the three runs.

The brush drop of the rotor drive motor is

taken as 2V from'the manual of the machihe.

When the R.D.M. is running as the motor and

G.M., unexcited:

VRD'IRD = (RQRDIRD+2)IRD+ Core loss of ’
: (4.8.4)
R.D.M. + PL

When the G.M. is running as the motor and R.D.M,

unexcited:

\' 1 A+ Core loss of G.M.+4DP

— 2
e1.% 61 = Fa1-lat “.8.5)

L

When the G.M. is running as the motor and R.D}M.

excited to rated field:

V..I., =R, .12, + Core loss of G.M. + _
G2:7°G2 ~ "G2° G2 | (%.8.6)
Core loss ofR.D.M. + PL :
where: R.D.M. is abbreviation of the rotor drive
motor
G.M. is abbreviation of the generalised

machine.




53 . \

field unex01ted

Ted = current passing through R.D;M.
VGl = voltage applied to G.M. when R.D.M. field
is unexcited |
| IGl = cufrent passing through G.M.
Vgp = Voltage applied to the G.M. when R.D.M.
~ field fully excited
IGz = current pgssing through G;M. when R.D.M.

field fully excited.

R,,n= armature resistance of R.D. motor

R = arméture and brush contact resistance of
generalised machine corresponding to

current IGl

it

G2 armature and brush'contact'resistance of

G.M. corresponding to current Iso

Subtract (£.8.53) from ({..8.6):

' ...:'~,= 2 |
VGZ‘IGZ’VGI'IGl (R G2 IG2 G1 1) + Core loss

of R.D.M,
Core loss of R.D.M, = (Vez-IGz*Wﬁa'IGmO“

- R,

' 2 2
(Rgo 12 ~ Rg1-Igy )

C1

Von = voltage applled to R.D, motor when G.M,
\
\
\



Substitute core loss of the rotor drive motor in
‘equation (5.8.4):

VoI = (R

'kp: 'RD +2)I *FOrP

ARD"® RD L

= ' 2 _
HPL = VRD'IRD - (RARD IRD+ZI )-C

:PL iSIQetermined for different speeds and a curve
"is drawn fdf PL Vérsus speed and shown by Figure
4.7, The coéfficieht Qf friction and Qindage can
-phen_be’calculated fbr any speed.

f Figures 4.9 ;-4.16 dhd 4.11 show the circuit

- diagrams for the experiments carried out, whose

results are given in Tables 6, 7 and 8 respéctively.

: Core loss of R[JM and GM can be calculated by equuhons
L8t. and  4.8.5 re5pectsvely F;gure 413 shows the relation”

betwe_en speed and power loss in theiron cf GM and R.DM
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. TABLE 6
Rotor dfive motor as motor and generalised machine
unexcited,

Speed | VERD Io | Vep'Tro | Ramp | Tap¢Imp-Rani)
N rpm Volts { Amps Watts Ohmsg - Watts
500 | 40,5 | 0.55: | 22.48 | 0.72 1.33
1000 | 79.0 | 0.67| 52.93 1.66
1500 | 117.0 0.77 | 90.24 1.96
2000 | 115.5 0.86 |133.73 2.25
2500 | 194.8 0.96 |187.00 2.84
3000 | 233.3 | 1.10 | 256.30 3.07

TABLE 7
Generalised machine as motor and rotor drive'ﬁotbr
" unexcited :
speed| Vo1 Iet |Ver-Te1| ®e1 | Ta®r Rar
N rpm| . Volts | Amps . |. Watts | Ohms .| . Watts
500 | 23.0 | 0.76 | 17.59 | 2.05 1.20
1000 43.8 0.80" | 39.20 1.95 1.56
1500 | 65.2 | 1.05°| 68.46 | 1.90 2.10
2000 | 86.1 1.157| 99.01 1.82 2.41
2500 107.8 1.30 | 140.00 1.74 2.94
3000 | 128.8 | 1.40 |180.32 | 1.71 3.35




. ~Q
Generalised machine o Rotor drive motor

A
L

FIG. 4.9 R.D.M. as motor at rated field and variable VR D for different -
v speed., Field of G.M. unexcited.
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FIG. 4.10 G.M. as motor at rated field and varlable VG 1 for dlfferent speed.
Field of R D.M. unex01ted '
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TABLE 8

58

Generalised machine as motor and rotor drlve motor
_fully ex01ted .

. 2
speed | Va2 Isz {Vezlaz | Boz  [le2 - B
N rpm Volts Amps “ Watts Ohms Watts
500 | 23.4 | 1.15 | 26.96 | 1.82 2.41
1000 | 45.0 | 1.40 | €3.00 | 1.71 2.35
1500 | 65.6 | 1.60 |[104.96 | 1.63 4.17
‘2000 | 87.1 | 1.80 |156.78 | 1.56 5,06
2500 |108.7 | 2.00 |217.78 | 1.52 | 6.08
3000 |130.0 | 2.20 | 286.00 | 1.47 7.12 -
TABLE 9
“Calculations for power lost in friction and windage PL
2 —_
speed | A=Vg2-Iga~ Rezlez 1L Ve - Trp !
N rpm V. .I. I G=A-B R 12 +
- Ve o Ro1lgr” | Watts ABD R
Watts Watts 2.1 3
R
Watts
500 9.36 1.21 8.15 13.00
1000 23,80 1.79 22.01 29.26
1500 36.50 2.07" | 34.42: 54.86
2000 57.77 2.65 55.12 76.36
2500 77 .40 3.14 74.26 109 .90
3000 105.68 4.05 |101.63 151.60
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FIG. 4.11 G M. as motor at rated fleld and varlable VG 2 for different speed
Fleld cf R.D, M . Tully excited.
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4,9 Estimation of F1, F2, H1,6K H2

Fl;xﬂm_change in the armature flux linkage with
change in armature current when tﬁe field current is
kept constant, is fhe self inductance of armature.

. ...The selfinductance is obtained from the manual of.the

ma:chine26

¥l = 0,05 Henry

F2,orthe change in armature flux linkage with change
in field current is zero if.the\armature current is
constant, because the field and armature windings are

- effectively perpendicular to each other and there is

"no flux linkage between them. .Any change in flux
linkage due to change in magnetic properties because
of saturation of the rotor ironlare considered to be

small and therefore neglected.
. . \

o

r%ortheghungeﬂn:ﬁg¢dz5,fluﬁ linkage with change in
armature current when the field current is kept con-
stant willrhave a value, because the cﬁange in armature
‘ecurrent will bﬁangé the magnitude of the resultant mmf,
. which in turn will change the magnétic properties of

the stator iron. ‘H1l can be calculated as follows:

Number of stator slots ' 36
Winding groups used 2
Number of slots per winding group 9
Coils per group 9

Number of turns per coil 18




Total number of turns HF 18 x 9 x 2
| “HF , 324
Kp . 0.819

Kd .  0.956

© KW

" Change in the field flux linkage when armature current

is changed and the field éurrent is kept constant:
. ._;(BwF/BIA)IF = HF.G1.K®.KW Henry

~ HZ2, or change in flux linkagé with the field winding
" when the field current is changéd and the armature

current is kept constant is:

(3YF/0IF);, = HF.G2.K® KW Henry

KP is™ the levkage fdctor for the fiéld winding defined as the
ratio of the {atat flux linking the field winding divided By the

mutucl flux aning'thefidd ahd armufure windingg

@
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CHAPTER 5

COMPUTER PROGRAMMING

. 5.1 General

| The solution of the set of thfee first order
differential equations, which reprqsent the machine,
is carried out using a numerical method and a program
written in Fortran_language is uséd for digital com-
pﬁtér.simulation. The parameters of the machine are

calculated for different armature currents.

The numerical method of solution of first order
'-differential equations divides the time of integration
into small andlequal intervals. Then using this inter;
val with derivatives of the state and the value of the

state at-any instant of time, the value of state for

the next interval of time is predicted. Using the new

state as the initial valué, derivatives of the new

state are caléulated,:whiéh is used for-calculéting
the value of the new state. Proceeding in this way
the transient fésponse of the mathematical model. is

determined.

It can be observed from ¥igures 5.1.1a and 5.1.1b
that the integration by the numefical method is more
accurate if the interval of time between the calculation
of successive states is Small; Bﬁt for a given time of
integration, smaller values of interval mean more num-

bers of calculations. It is therefore necessary to
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calculate the transient response of the machine model
for different intervals of time to ensure the accuracy

of the result.

The program used is given in Appendix-l and a

" flow chart is shown by Figures 5.1.2a and 5.1.2b.
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Computed f(t)
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- FIG. 5.1.1.b
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! | | 1 |

Time in seconds

FIG. 5.1.1a
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- {ENTER

SET DDX(1)=H

I
K2=1

- |

!
J=1

=2
]

CALCULATE DERIVATIVE OF STATE DDX(I)

!

SET DDX(I)= DOXI)x H

(=11

I=1
m

CALCULATE STATE DX(I)

I=

1

K2=K2+1

NO

ey

\ __WRITE_DX(I)

<K2=NO,OF ITERATIONS ?

( reTurRy )

. FIG.512b FLOW CHART, SUBROUTINE
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CHAPTER 6

MACHINE RESPONSE

6.1 General

To verify the validity of results obtaiﬁed by
computer simulationpﬁhéseparately excited d.c. motor
ﬁoael, it is necessary to compare the results, with
fhe results obtained from the machine run under the
same cohditiéns and with the éame changes as in the
program, The change in the output is then recorded.
.lThe comparison of the two results gives the validity

of.the machine model,

.- The steadj'state output quantities involving the
“armature cﬁrrent, field current and speed of the-
.motor are compafed to the change in these qgantities.
To record the éhanges only the ohfput signal or part
.,of.it‘is balanced with another independent source and
Zzero signal in voltage form is fed to the recorder.
The recorder then plots the change in oﬁtput against

~ ‘time whenever a change in input is made.

6.2 Method of Change in Armature Input

The supply voltage is fixed at 240 volts. A
variable series resistance is uéed‘to keep the voltage
at 100 volts at the armature terminals. If this resis-
.tance is changed, then the drop across it will change
as well, depending upoh'the change in resistance,

there will be a change in armature current  and change




" in back e.m.f. As shown in Chapter 3, the change in
the series resistance can be achieved by switching
in a resistancelin parallel with the series resis-
ténce,'and the value of the resistance can be calcu-
‘lated by assuming the value of change in the input
VOIfage at the armature terminals. This parallel
resistance is different for differént steady state
armature currents. This change in input will brihg
about a change in the output, i.e. change in armature

current and the speed of the motors. The scheme for

- the change in armature input is shown in Figuré 6.?ul..

6.3 Method of Change in the Field Voltage

The field input is.supplied'by a variable voltage
- power suppiy. For making a.change in the field éir—
cuit input, again a resistance combination is used.

A stahdagd resistance of Q.1 ohms is used in series

" with thé field winding. To make the change, another
standard resistance of 0,1 ohms is connected across
the_first-standard,resistance or one resistaqce is
.takén out of parallél combination, depending ﬁpon the
effect of field strengthening or field weakening has
to be considered. This will change thé over ail

resistance of the circuit and set about a change in

"field current.

The circuit diagram for making the change in

the field input is shown in Figure 6.3.2.



71 : .-

o R2 £ soms
WA
/

/ _
/ RI
260y
ED

5 ‘

. FIG. 6.3.1 Method of change in armature input

VF

voltage :
o 0.1 01t |—4—
lRE
01 CHef
.3
O

FIG. 6.3.2 Method of change in field input
voltage



r2

6.4 Measurement of Change in the Output

The steady quantities are large compared to the

change in these quantities. The recording instru-

ment has a range of sensitivity from 0.1V/cm to 50V/cm.
If the changes are recorded as superimposed on the.
steady state values and low sen51t1v1t1es then they
Hmay hardly be distinguishable On the other hand if
-the_record 1s made in higher sensitivities of the recor-
der, to make changes in the output distinguishable, the

amplitude of the output will be more than the W1dth of

"“_the recordlng paper.,

.Figﬁres 6.4,1 and 6.4.2 show schemes which repre-

sent the method of recording the change in the eutput
like change in speed and change in armature current.
Variable voltage source B is so adjusted that voltage
‘across AA' is zero, A change is then made in the
'iield'voltage or armature voltage to produce a change
.in the output, this change in output is recorded by the

U.V. recorder.

The output from the tachogenerator, and the arma-
tufe‘current has ripples superimposed on d.c. The
magnitude of thehripplelie comparable to the change,
when only the change is recorded. The eresence of
ripple makes the recognition of the amplitude of the
response difficult. A low pass filter is used to

suppress these ripples. The output needed is a zero
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‘frequency voltage, therefore the d.c. level will be

unaffected while high frequency will filter out,

making recorded output more smooth,
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CHAPTER 7

" RESULTS °~ AND DISCUSSION

7.1 Introduction

In this chapter the responses of the machine
model, in terms of change in speed and change in
. armature curfent are compared with the same respon-
ses of the actual machine, when the change in either
field input or a;mature input is'made. Two steady
_stéte values of field current are taken. One near

the rated field condition at 3.4A and another for

weakened field condition at 2.2A.

. Three steady state values of armature current
are taken around which a change is made, i.e. 44,
'5A, 6A. The reason for doing so is that the excessive
en - sparking made it difficulf to operéte the machine be-
| - yond that armature current and especially at weakened

field current.

The results are tébulated for each of the two
étéédy state values of field current, indicating which
input is changed and what output is compared. Ampli-
tude of the machine response is compared with the model
response at different instants for transient and steady
state values, for each steady stﬁte value of armature
current. Actual and computed responses for the same

instant of time ure then used to calculate the percentage

error between the machine response and the model response.
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The graph plotted for the response of the
machine'model, using Gino facilities, and the graph
obtained from the U.V. recorder for each steady
state condition of field current, armatﬁre'current
" and for each of the input conditions, are given soon

... after each table for computed and machine responses

S * 7.2 Discussion

z e ;.;"

As can be seen from the results fabulated, per-
centage error between the machine and the model res-

ponse is normally within ¥ 15%. The comparison of

transient and steady state response between the model
and the machine would have been closer but for two

main reasons,

The reason for not having a closer comparison

is that the machine has non-salient poles. As can

. be seen ffom Figuref2.3, that due foté'small air
gap, thé flux density, which is normally very small
iﬁ the interpolar region due to large air gap in the
salient pole d.c. machine, at the neutral or brush
axis is quite high and the emf induced in the short
circuited turns is also high, thus ihcreasing the
sparking during commutation. Because of this sparking
there is a voltage variation of about lL1 volt, around
steady state value of 100 volts applied at the armature
_ terminal., Also if the load torque increases with speed
then the motor speed may hunt below and above an average
20

value. This variation in speed and voltage makes it

difficult to determine the average value precisely.
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Steady state field current 3.4A

to 0.1 ohm

Change in series field resistance from 0,05
" Comparison of change in armature current.
Time Steady Theoretical Practical Percentage
~in State Change in Change in Difference
Secs | Armature Armature Armature Between
Current Current, A Current, A Practice
A o . and Theory
T T4ATTT T 0,0155 ' 0.014 ~10.71
0.2 - 0.0177 0.016 -10.62
0.3 - 0.0182 0.018 - 0.55
1 0.5 0.0184 0.020 ‘ 8.00
| 1.0 0.0196 .0.021 6.66
5.0 0.0213 0,023 7.39
0.1 5 0.0195 . 0.018 - 8.33
0.2 0.0224 0.021 - 7.14
0.3 0.0230 0.023 0.0
0.5 0.0235 0.024 2.08
1.0 0.0244 | 0.025 2.40
5.0 0.0273 0.028 2,50
0.1 6 0.0235 0.022 - 6.81
0.5 | 0.0285 0.030 5.00
1.0 0.0300 0.034 11.7¢0
5.0 1 0.0332 0.035 5,14
0.1 7 0.028 0.027 - 3.70
0.2 ’ 0.033 0.034 2.80..
0.5 0.034 .0.036 5.55
1.0 0.036 0.039 7.69
5.0 0.044 0.044 0.0

Practicdl value - Theoretical value x100 1

Percentagde difference =
S Practical yalue
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TABLE 11

Steady state field current 3.4A

88

Change in armature series resistance
Comparison of change in armature current,

 Steady

- Theoretical Practical Percentage
Time i State Change in Change in Difference
in. Armature Armature Armature Between

Secs.| | Current (Current, A | Current,A Practice S
_9’,?_?‘."'"‘5-'-*' Al Aﬁ _j_: j P e :‘ R I and Theo I‘X e .;'-,.':.‘_"":‘_'__‘__ e
0.1 j.' 4A 10.0280 0.025 -12.00
0.2 | 4900 Ohms | ©0.0276 10.030 8.00
: resistance |- :
0.3 connected 0.0271 0.029 6.55
in parallel
0.5 with 37 . 0,0263 0.028 2.59
L ohms
1.0 resist. 0.0245 0.027 - 5.78
2.5 - 0.0207 0.022 5.91
5.0 0.0178 0.018 1.10
0.1 5A 0.0348 0.032 - 8.75
0.2 | 3920 ohms | 0.0343 0.033 -~ 3.94
resistance
0.3 connected 0.0340 0.037 8.11
, in parallel : ,
C.5 with 28 0.0324° 0.032 o= 1.256
- ohms '
1.0 resist. 0.0300 0.030 0.0
2.5 0.0250 0.027 7.41
5.0 0.0218 0.023 6.57
0.1 6A 0.0416 0.042 0.95
0.2 3266 Ohms 0.0410 0.045 8.88
resistance
0.3 connected 0.040 0.0486 13.04
in parallel
0.5 with 23.33 0.0384 0.043 10.69
ochms. resisy .
1.0 0.0350 0.038 7.89
2.5 0.0292 0.028 - 4,28
5.0 0.026 0.025 4,00
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TABLE 1

2

Steady state field current 2,24
Change in series field resistance from 0.05 to 0.1 ohm
Comparison of change in armature current

= Steady

Time. |, Theoretigal Practicgl Pgrcentage
in. | State Change in Change in Difference
secs || vent cﬁi’}’iﬁim s | Cimvenioa | breories |
Lurent | Gurwent, B ) CWIEERDA | e gbeery |

- 0.0162 0.015 ~ 6,66

~0.0210 0.019 ~10.55

0.0230 0.021 - 9.25

© 0.0244 © 0.024 - 2.50

 0.0500 0.026 3.84

0.0284 0.030 5.30

0.0298 . 0.032 6.87

0.0200 0.020 0.0

0.0260 0.023 _13.04

0.0290 0.028 - 3.57

0.0300 0.029 - 3.45

0.0310 0.030 - 3.33
0.0356 0.036 1.00

0.0240 0.024 0.0

0.0316 0.0300 - 5.383

0.0340 0.0320 - 6.25

0.0350 0.0340 - 2.94

0.0357 0.0360 0.83

0.0370 0.0370 0.0

0.0426 0.0450 5.33
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TABLE 13

Steady state field current 2.2A
Change in series field resistance from 0.05 to 0.1 ohm
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Comparison of change in speed

‘Time Steady Theoretical Practical Percentage

in State Change in Change in Difference
Secs Armature - Speed Speed - Between

GrastimrCurrentaa s rev/ming s s Lisrev/min s o Practices o = aen

. W - ' ST ‘ "and Theory
0.5 4 - ' -0.69 ~0.63 - '8.69
1.0 ~1.44 —1.3% - 5.11
2.0 ~2.69 ~2.75 2.18
3.0. ; .. -3.68 ~4.06 __9.36
5.0 - -5.10. ~6.87 25.76
. ho.0 - -6.69 ~7.81 14,34
0.5 5 ~0.86 -1.25 31.20
[1.0 -1.75 ~2.50 30.00
2.0 -3.19 -3.75' 14.90
[3.0 -4.25 -4.69 9.38
15.0 -5.61 ~6.25 12.19
10.0 -6.89 -8.75 21.25
0.5 6 -1.02 —1.0_' - 2.00
1.0 - -2,06 -2,19 5.93
2.0 -3.66 ~4.06 9,85
3.0 -4.76 -5.00 4.80
5.0 -6.07 -8.08 24,87
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TABLE 14

Steady state field voltage 2.2A
Change in armature . series

109

Comparison of change in speed

|

resistance

Time Steady Theoretical Practical Percentage
in State Change in - Change in Difference
Armature Speed Speed Practice
ol Current e revimin . rev/min  -to  Theory | ... .~
! . P - A o R - - . . = N . ] R N
0.5 4A 1.60 1.75 8.57
1.0 | 4900 Ohms 3.04 ' 3.50 13.14
resistance
1.5 switched 4,32 5.00 13.60
in parallel - -
2.0 | with 35 ohm - 5.46 6.25- - 12.60
resistance| '
3.0 . T7.40 9,37 21.62
5.0 10,17 13.12 22.48
0.5 54 1,93 2,12 8.96
1.0 3420 Ohms 3.61 4.00 9,75
resistance ’
1.5 connected 5.06" 5.75 12.00
in parallel _ '
2.0 with 38 ohm 6.31 - 7.50 15,86
regsigtance
3.0 : 8,34 10. 50 20.57
4.0 9.86 12.75 22.66
10. 13.61 18.75 27.78
0.5 GA 2.23 2.50 ~10.80
1.0- | 3266 Ohms 4.11 4.37 5.95
resistance
1.5 connected 5.69 6.25 3.96
in paralle]] .
2.0 with 23.33 7.0L1 7.50 6.53
ohms _
3.0 resistance 9,07 10.0 9,30
15.0 22.90
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_ Change in speed from no load to full load and armature
voltage are two important factors on which the main

parameters Gl and G2 depend.

.Aiso the variation of voltage across the armature
dﬁe to_sparking, makes armature current vary as well.
It can be seen from the machine response of change
in-armaturé current, that the output'is varying around
some average value, which makes it difficult to determine
the change in’armature current. There are additional
. reasons for hot having qloser comparison of theoretical

and practical results.

_Parameters Gl and G2 depend upon AN, %%% and %%%.

It can be observed_from Figure 4.2 that for weakened
field currents the machine canﬁot be run for full load
current because of heavy sparking and therefore the

N Vs IA characteristic has to be dependent 1argély on
the féw points available.: Thefefo?e AN for low values
~of field-cﬁrrent has a large margin within which its
actual value may lie and chances of error are more.
"If a salient pole machine, preferably with interpoles,
is‘ﬁéed then N Vs. IA characteristic can be oﬁkained by
running the machine up to full load current and there-

.

fore the éalue of AN will be wmore accurate, .

Also the gradient 5NO/BIF at lower field current
has high sensitivity and therefore the tahgent at any
point should be drawn more accurately.

Near rated field current, %%% becomes comparabie

to 9NO/21F and therefore accurate drawing of the tangent




"7

ef any point en AN/IF eharecteristic is else an impef— 7
tant factor contributing towards the accuracy of the result
The temperature of the room in which the machine is
run, al%ays remains nearly constant and therefore any
. change in the resistance of the field and the armature
winding due to the change in ambient temperature is small.
Also due to a high resistance in‘Series with the armature
' winding, anj change in the armature resistance, due.to the
. change in ambient temperature, will net.make any effect
~on transient and steady state response,. However in the
absence of large re51stance where rated armature voltage
is equal to the supply voltage, the brush contact resis-

tance and the armature reactioﬂ becomes important along

'.rmi,ff with amblent temperature and rise in temperature Rls
: )

shownln appendix 3 thug appoximctdy, for the stabllﬂy

g RT>-Ke.N ;?k . Therefore accurate measurements of
{' . armature resistance, taking effect of temperature in

consideration, becomes an important factor, not only
when comparing the machine model and machine response,

but also for stability as well,

——

- . The model has taken armature reaction into
account hy considering flux per poie as a function
of armature and field current., By comparing the
results obtained from the machine and the model,
it could be claimed that shapes of the two sets of
reSponses are similar and transient and steady state
responses generally close enough and could be useful

- for control applications.
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This model needs the gradients Gl and G2 as its'
.mein parameters. Both Gl and G2 are functions of
'u;flugzperypqle,_which in turn is a function of armature
and field current. These parameters are affected by

armature}current

‘as can be seen from equatlons 4.2.4

the repr sen

... the
tatlon of“machlne demonstrates not only ‘that the anal-

ysis 1s correct but the special method of obtaining

the parameters from the characterlstlcs N Vs. 1A,

r

2 0AN VS IE and BNO Vs IF and. the relatiopshipﬁifor___‘.

rcalculatlng Gl and G2 are also correct " These pera—
meters are derlved from a set of N Vs. IA characteristics
at differenﬁ cbrstant field currents. The experimentel

- set is simple and performance of experiments is:
easy._'The success of‘this‘mddel, after taking into

account the reasons given above, shows that the new

“approach of the model is comparable to any other

" approach as far as respense is concerned. It is
advaﬁtageoﬁs because of the ease with which para-
meters can be obtained from a set of N Vs, IA
cﬁaracteristics. The computer program for the
model response gives change in armature current,
field current and speed simultaneously; Their
derivatives are also calculated., This gives a
great advantage because states and their deriva—
tives are known, for any instant, and can be used

* for designing a flexible control circuit.
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To explain the time versus change in the speed
and time versus change in the armature current charac-
'teristics, when the field voltage is changed by
changing a series resistance in the field circuit,
- the following equations can be used.

N

E = K1.N.® _ (7.2.1)

T = K2.1A8 - | o (7.2.2)
V = E,IA.RC + La S22 . (7.2.3)
. g 4N |
T-T,= K.5% (7.2.4)

_where K1, K2 and K are constants.
LA - inductance of armature winding

RC - total resistahce in the armature circuit.

There ﬁill be a transient change ih the field
current when the field voltage is reduced. ‘The change
in the field current is shown in Fig. 7.2.1la. and: will
depénd upon the series resistance and the time constant
of the field windingThe flux per pole will reduce as
'Well and will follow the field éurrent, if changes in
thé magnetic properties of iron due to saturation are
ignored.l The reduction of flux per pole, shown in Fig.
7.2.1b, will reduce the back emf E, shown in Fig. 7.2.1c.
Due to.-the reduction in the back emf E, the armature
current will increase as shown in Figs. 7.2.2 to 7.2.9

and Figs.7.2.16 to 7.2.21 .
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It can be seen from the time versus speed charac-.
-teristics of the machine and the model, shown ih Figs.
7.2.éé'to 7.2.27, that the speed is reducing. If the
- load forque is assumed to be constant, the reduction
in the speed is due to the reduction in developed'
torquerbecause the product TA.% of equation 7.2.2,

after the change became less than what it was before.

Initially the flux per pble will fall very rapidly
‘and the increase in the armature current will be‘very
fast as well. The decrease in the speed_will be very -

| i
slow due to the large mechanical time constant, com- :

pared to either thé field winding time constant or

the armature winding time constant. Therefore, as

the flux per pole attains the'steady state valpe,'the
speed will still continue to decrease. The back emf
will decrease according t6 the decfease in speed. The
varmatﬁre éﬁrrent ﬁil be increasing but very slowly and
because the flux is no longer changing,.the torque given'
by equation 7.2.2 will increase until it is again equal
tO'fhe load torque,when the speed and the arméfure

current will attain the steady state value.

The time versus change in speed and time versus
change in armature current characteristics are explained

below when the change in armature input voltage is made.

The armature voltage is changed by changing the
series resistance so that the armature current is

jnereased. This increase in the armature current will
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depend upon the.time constant of the armature circuit.
Figs. 7.2.10 to 7.2.15 show the time versus armature
;durrent characteristics of the modelandthe machine,

" when a change in the series resistance of the armature
-Qircuit is made. ﬂm%i-versus time:. characteristics shown
in Figs. 7.2.28 to 7.2.33 are rising. It means that
the developed torque, as giveﬂ by equation 7.2.4, is
ekceediﬁg the load torque and therefore accelerating -
the motor. Due to the change in the armature input
voltage, the armature current will rise very rapidly,

- according to the time constant of the armature circuit,

‘because initially the change in thé back emf will be

small due to slow rise in the speed and constant flux

~per. pole.

It can be seen from Figs. 7.2,10and 7.2,15 that
the armature current starts falling after aftaining
maximum. This is due to increase in the back emf. The
developed torque will reduce as well and become equal |
to load torque when both the armature current and the 1
speed will attaiﬁ.the new steady state value. It can \
be observed that the armature current is falling to
the-new steady state value very slowly. This is due
to the fact that the speed is increasing slowly and

the back emf is following the rise in speed.
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APPENDIX 1

'COMPUTER  PROCRAM

L MASTER #RGGRAM B
o REALIFL 0 e
CeRERL CKE L T S e e T R

- RERL M
REAL K

T REAL KT . . _
CUDIMENSTun X(709),XA(ZD0), Y (700D, YA(700)

O BTMERSTON A4, %), 004,48y ,B04,4) ,

FepIMENSTaY DY (A) s DDX(4), 5K {4)

CDIMENSION DY (4)

UL e 0naMON/ 3 L0 fAarC R

COMMORIRICCKP/ X ey, VA _ :

DY1(2) 1§ Cupdal IN aARARATIRE {NPUT VALTAGE

51
52

Is

[3

DX(1)
SbX(2)
L0X(3)
DALY
nox{1)
tox(2)
DoY)
T por (L)
1F=2.2

r
e e R e Na s Ra RanaXa)

- P=2
o AC=2
2561

L et T M= rl(2x3.141500456)

Cl=9; .
C1= 30,

TenCENT AT
TeNGENTY AT

ABY

I3 Tlite
15 CHANG
T3 CHANGE
I CHAuGE 1w
1§ DrRiJaTIVE
[§ Bepl/avivVe
1§ DPzrIvarive
18 Deolvargiv:

i
-
L

CLALL L1936

_ ANY POINT
Zh IS N L2Ap 3PEER, 40
stcavne
TN ARMaTURE CURQENT A
IN FIEL
SpEFn

oM IS CHARGE 14 SPEZN F2OM MU LAAD TO FULL LOAD

PATNT W FIELD CURRERT VS ON CURVE

D Tr VS NO CURVE

CUPRENT (A

N T14F .
JF CHANGE [N ARSMATURF CURRINT
DF CHANGE IN FIRLD CURRENT

34

CHAXGE 1IN SPEED
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_KE Z!AC*P/ﬁﬁ L
SbhYT(Ey=g., : RV Tl
CJEL=R, . oo
TMIs0.02492
;pl 3.161592656
FIITpVTr=2.,4
_ PNHJS 1250+
00 11 Jus 1! )
R o RE’AD(111 !)I-‘.RA'RA‘}IRFF pA
R T10 FORMATCIA«377.30019,.%) :
) DN= DYT*A0
TRC=14G.F1A ' s
N pn-lhln\1(g)*(af**d) ”? )
L WRITE(2, 09 R s
99 FORMATCIH (E10.2) . : B, L
© VAR240~R AT A [A=REXTA E R S LU T T TR e
O ONEZNeDNRTAITRL o R O
DT EPAL 2PN/ L0 N2) T TR T T e T T
'-';1:-4(' S7*TASLIFL :
92=-604 Rb T '
- =-(((z“*DN*1A/TFL)*Ra\+((vA-l&*PA)*DN/IFL))/(hE*(?N+(Dh*IA/1FL)
1**&)
G2r=(VA~ !A*Qﬂ)/(VF*(?V*nNIIFL*IA)**Z)*(QI+§2)
“NS=zZ2/g*1/F
-.F1~005
. HEF=324
‘.:“-H1..;{F*G!*11 x5

L*3Y

n'\\ )

HZeHF#*G2%T 07+l [ 7Y93
LPRI=(VA~TARQA) /(2 wilf a0y e ' f
i KA=ET+ PN« TA%60/N- 2xTT=D1 — (] 2 C2 2xw*
L ’*ﬂk kA*RA|¢¥E*Jtﬁlz;T*Pcf(R1+R£? .V@ (N/&))
CRF=KExN*6¢ . . o
CERTASKTR((GlxTAY pHIY P N b
RTFKT*(A*52 S R -
EL= F1*i3-hl*F2 T - '
. Bi{t,1)=31 T -
S 3‘1:7)'»’ et oA Raln T L Ll e e
- . BUI,3)=n .'.___.:_._. e -
-;*t;ar1,41=~2 T T TR I T T e e e
o ri2,1)241 c
T R(2,2)=02 .
B(2,3¥=x1 - o - -
R(2,4)=a? ST "~ . .
LISTRREE o ) o -
};_3(312):‘?; - P = e
B{3,3)=uTA o o
B3 b)=a0f T ’ |
R{i,1)=~ o ) _ ) _
e pla,2)20ul
Bla, 300 o .
el SCPT ARy LT RS e e
WRITF(2,38) 0301 ,00,4=21,4),1=21,4) . o
STS2UFCREAT(H 140/ 1A, L0ax 820, 10))) LT
,Adl‘1 yso v L .
M?A(1'2}1g'c TR T s e e
L . A(1‘3):u.ﬂ o - - .
AR X € VS T B A A B -
- N SCF DRt I -
et A, 2 =-r* A2 /EL o
- A2, 3 =erF RN E LR ELEDIEL A
P VS S T F T Y A ) BRI . it



R LS TR PN v e e e hmn e
"waﬂfh<3 Dy aiy Eian T
3, 3Y AP JEL-FI*REF/FL

DR A{ &)—kF*pWI*H]ILL

TOAGL,1) =0,

ARG, ?)—#TA/(?*QI*MI)*oO
ACAL,3)enTF/(2%xPlavlyudd
TACh 42DV IMI-KA/ (2 7T xMI) 0 T e
7UHITE(ZJ°1)<(A(IOJ)IJ=1ld’lI=1'4)

FORUMAT (i o4 (/1X, 40460, 820.100))
g1, y=0_0C :
e(1,2y=e 0
__"_C(1.' 3)=
€1, L,-u_O
__C(? 1)=
N o ?)~n2/tL
e Rzl
v_.__.f C(zl‘[!’)"‘b. ) i ‘,',b'.;»'-;:-"‘"-::-"{
L C3,1)=0, e
LS TRIELS FA SR

C(:’,‘.A):b'o E
NAYADETIN -
(‘(l..,z)-”_

~ "., f'(h %)-[ {i .

' Q;c<4.a)=m601<2*3.1415926ﬁ*ml)
SAELIY=R.0
. pox(IyY=3 0 S
P9 CONTINY: T
COWRITE(2,251) ' - :
*{3251 FUr.AT(/8)tSHDX(1)f“Kf§HDX(?) Sy Sdny(s),sx San(a} 10; 6HDDX(2) 5
AXLAUNDXLB) 5%, 00DDNCA))
CopALL INTEGCL, DA DDA, AY, 0, 0004, 35000 K24d)
CAfL AdiglAy 411’,0-,13 L1 ey s
CALL AXISCAC3430,00,0,15,2) SELIRII Ty T
___McaLL ALT0RACT Y, e .
CALL A(.DFA(~1u‘1 <y
o CALL 6RAPOL(X LA, ?Jc)
U cALL PLoCLE -
e CALL AXSCACR 1,0, ,15,,1) o o
L CALL AXIsCA(3,30,,8G27,~,0001,2) oo Ll

CChuU AGORAGI ) ,

CUUCALL BXIDRA(RT "1, ¢ B S A
L BATL GRAPCL XY 20Ny L
oz CALL PILCLE A S e R I AN
A AXESCA(3, 10,040,950 ~ e
TUTUUCALL AXISCA(R,25,04,25,,2) L mE oo s b R e n

Lo CALL AXIDEA(Y 101 e e e et e e e
TUTCALL AXTDRA(-T.=1,¢) LT Tl s el e
CALL- GRAPOL (YA, 700 L

U CALL PTLALE LT E
11 CONTINUE T
CCALL REVERD o T DT n
ST T
s BRD Lo i T w o e aoeee o mdmle et mU o owenSo DT
NT, LeN6Ty 656, “AYF  PRAGRAW '

'qu?anurxut 1uTEa<~cnx.,,x.nv Hetl K2,4)
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DIMEMSI)v x(?Oﬂ>,xA<?uo» vc7do) vn(?nn)
DIMENSTON OXCA) epDACLY, Y (4)
. o runnv'ln|UCK2/x-xn:v YA
L IR N 4 & 1
DOx (V)=
Tp0 119 d=ten
D\(J) 2,0
bo 147 r2 T.nl
Cp0 197 J=144 _ , B
CCALL FQUAT L, DAeDDX, 2,0y
nU 114 [=zeaty - ,
DOXCIY=npX(Iy*H
b 102 (=140 o
60 TO (206,105,1064507Y, 4 o
RE(D,S*pn¥ ()= 0\(I?+PA(;)) nxtl)'
o6 T toR o
p=(d,8?2 895“183‘*(Dbx(l)—DY(l))+Dk(1)) =0X(1)
GO TO 1¢8
R=(1, 96.105?812~(DDXf1) nv(x)1+oxtl))—OX(l)
GOTN oy
7 R= ((nn((t)"*af\t))/6 +wy(1))-nx(1)
60 TO 148 . ‘
DXCIY=DX (T )40
LSEDYL(I)HZ, AR AR
CGUTO 0V 110,311 0109y L)
BYCL)=5-0.9=DpbX(1)
60 TO 12 .
PY(1)=S~0.252873298B1anpy (1)
GG Y0 142
bDY{(1)=8~-1. fﬁ?106781cibnx(l)
102 cGuvinyn
U VE{I=6)Y 14740, 0
“mIF(kZ-Jh*kK)11? 0,V
i WRITE(? ,ad)(P((t).1-1.n>.(nnxtl>.1-2 MY
2 FOSUATOIH 4 4F 12.5 2%, 551?.') ‘
S xleKY =0 1) \
XACERY=px ey
YRR 0K (3) L T e e
L YARERK) = x4y
R =X+

CONT LN

s cRETURM.
__EMD

GMENT. LENGTR 336, wAME  [aTe6 T e 0T

CEETQUEROUTINE ¢nUAT(MINX X K20 4d)
D].'-'!E”SI‘”. A(llﬂ;.:‘.c(-’-.%)
TR oImENSTan DY1 (4, n0%¢a), DK (e)
e o 001/ C e
TTeve(2y=1 0 R - -
né 5 1=2,M -
_: _-—m,,.-_: E ” ehx¢rysd € : o :

~ . b0 5 ¥=2,M

ST TS Py () E e K CIYPALL Ky e B (KY4CCT LK) X DY (K)
. G T 53855

RET'IRN )

ENy




. -~ - PR — e e 0
,
R = - - - _ o

[0 G ETUEND OF SEGHENT, LEuGTh 92, WAME EQuAT
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APPENDIX 2
MACHINE SPECIFICATION

" Q@Generalised Machine

'Rotor: Standard two pole, continuous lap wound, arma-

- ture with commutator.

Moment of inertia 1.1202 x 10”2 kg m?

‘Number of rotor induc- 560
tors .

.Number 6f rotor cir- 2
cuits

Number of turns per 5

- single coil

Winding scheme Full pitch

Rotor resistance at 0.460

250C

'Stator: Standard two pole, two phase, distributed winding
Number of slots - 36
" Winding scheme - 4 winding groups
9 coils per group
18 turné per coil

- Rotor'Dfive Motor

D.C. shunt motor

Voltage ' 240 vglts
Rated field current " 0.562 amps
- Rated armature current.  10.8 amps

Ariature resistance at 0.720
.21 0C

Number of poles 2



Numbér of interpoles 2

2 2

Moment of inertia 01,2925 x 10”4 ke.m

-~ Tachometer 50 rpm/volt




—a B
i

L8]
SN

7 APPENDIX 3
" APPOXIMATE STABILITY CONDITION
' If a change is made in the armature input voltage
3 assumlng AT% and AVF ZEero, then according to the set
of equat10n_s3.3.17:Gnd with F2=0, H1=0 due_tonemmnme magnetic

coupHnggbefween the field and the armature windings,

AVA

= RAIA + Ke.?.AN + F1.DAIA . (A3.1)
! : . o ' l
_ _ 2 2nJ

O = RTA.AIA = S~ AN - 5= DAN (A3.2)

"0 = REAIF + HIDAIA 4 H2 DAIF tA3-3]

Taking Laplace transform of A3.1 and A3.,2:

§X§£§1_= R.ATA(S) + Ke®.AN(S) + F1.S.ATA(S) (A34)
0 = rra.A1AS) - 22 aNcs) - AW s.ancs)
RTA,AIA(S) . -
AN(S) = 21 ' T
(2 ) (Dwas) U ass)
Substituting A3.5 into A3.
AVRGS)_ g oa1acs) + g AR LATA(S) + F1.5.ATA(S)
2%y (s y8VE8) = g2t )R(DHJS)+2NFIS(DHJS)+Ke &.RTA]AIA(S)

(%)(DH-JS) AVA(S)
Zﬂ

ATA(S) =

Sl&g

R(DHJS) FlS(DHJS) + Ke.® ,RTA]

(A3.6)
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For stability the real partsof the rootsof the denomina-

tor should be negative:

271

R(D1+JS) + 21 F1.3(D1+JS) + Ke..RTA =0

CD‘M
=

"RD14Ke.&.RTA + 2E(R J+F1.D1)§ + 25 F1.38% = 0
- s1,s2 = - (RJ+F1 Dl) /(( 21y (R J+F1.D1) —4 ggF1 J(Z“Rtn+Ke 2.RTA
: . - D
P 2.28.F1.J

(A3.7)

Second term in t ém;aﬁg;g”;gg¥ﬁg¥ﬁ%ﬂg%ggﬁgééggﬁﬁéjf”é;ﬁhbg“* -
: be negative unless RTA is‘negative and large such that
| .Ke.Q.R?A beéomes more than %%.RDI in that case. insta—
bility is a certainty because then one of the roots will
.becomé positive. In the breSent case RTA is positive
2n

and large so that Ke.<I>.RTA:>66 RD1.

The first term in the under root factor is always
positive. From the above it can be concluded that the

under root term, if positive, will always be less than:

2T (pJ4+F1.D1) and if negative then it will be the
0

imaginary part of complex roots. In either case now
the stability depends upon the factor RJ+F1l.Dl, which

'should be more than zero:
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: IIR-J + F1DI> O
‘# R> - %:13’
R.fr‘+ b, Ken > - XD
RT > - Ke.ﬁ.% - ob - | (As;s).
Factor E%Qiin equation A38 ié small and positive

and contributes marginally to the stability, Therefore
for stability:
RT > - Ke.N. 2 - (43.9)
Accurate measurement of armature resistance,
taking effect of heating into account and accurate
ﬁeasurement of brush contact resistance is very impor-

tant when there is no series resistance.-







