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SYNOPSIS

Numerical solutions of cquations describing the
transient performance of a scherbius drive system are investigated nsing
generalised machine theory approach in the synchronously roteting refer-
ence frame. A digital computer program is developed for the numerical
evaluation of the current, speed and torgue following a cisturbance in

the system. The components were apalysed using the Runge Kutto fourth

order method.
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NOMENCLATURE

Stator resistancc

Stator reactance

Rotor resistance referred to stator

Rotor reactance referred to stator

Resistance of the fiiter circuit

Beactance of the filter

Mutual Reactance between stator and rotor referred

stator

Filter Inductance

Electro-Magnetic torque

Load Torque

Steady state direct axis stator current
instantaneous direct axis stator current
Steady state quadrature axis stator current
nstantaneous quadrature axis stator currert
Steady state direct axis rolor current
Instantanecous direct axis rotor current
Steady state quadrature axis rotor current | Siator.
[nstantaneous quadrature axis rotor current _J{

Steady state direct axis stalor Voltage

Instantaneous direct axis stator voltage

Steady state quadrature axis stator voltage

Instantancous quadrature axis stator voitage

Steady state direct axis rotor Voltage T feffered tc
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Steady state quadrature axis Rotor Voltage Relfered to

|
Instantaneous quadrature axis Rotor Voltage _j Stator.
Stator line to neutral peak Voltage
Rotor neutral to line peak Voltage referred to Stator
D.C. Input inverter voltage
Rectifier Output Voltage
Rectifier current
Mutual Inductance between phase
Mutual Inductance:
Slip
- d/dt - (differentizl operator)
No. of poles

Electrical angular Veloeity of the fundamertal comoonant

of applied Voltage

Slip frequency

Electrical angular Velocity of Rotor
Electrical Svnehroncus speed of Rotor
Impedance iatrix

Reactance Llatrix

Inertia constant

Damping constant

Supply Freguency in Hertz

Speed of the machine in r.p.m.

Flux per pole
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Subseripts

a, b, ¢ -
d7 q -
§, T -
A, B, C -~

Greek Letters :

Subseript

Inverse of the Matrix

Transpose of a Matrix

Stator line Values

direct and guadrature axis quantity respectively

Stator and rotor gquantity respectively

Rotor line values

Triggering delay angle of the Thyristor
3.14139
defined in the text

Flux linkage

Notation for direet and gquadrature axis Cowumn
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CHAPTER - 1

INTRODUCTION

Static slip recovery scheme is a popular yvariable spzed drive
mainly due to its low cosi, simple control eircuitry and comnaratively

high efficiency.

During sudden changes in the operating conditions tr= drive
experiences a transient concition during which the terque may reacl high
values imposing undue strain on the mechanical paris.

The most important transients from the eleciro-mechanical

view point are - Currents, Speed, and Electro-mechanical torgue.

These transients oceur mainly due to

Y Sudden applications of Vcltages or Switehing transients

i) Sudden application of lead

iii) Sudden inerease and decrease in the applied Voitage

iv) Sudden increase and decrease of the firing angle of the
inverter.

The aim of this oroject is the thearetical investigation of

these transients.
The whole project has been divided into three s.eps.

{1) Preliminary discussion on various types of speec conlrol

of 3 phase slip ring induction mOtor.
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CHAPTER - 1I

SPEED CONTROL OF ELECTRIC DRIVES

2.1 Speed Control of 3 Phase Slip Ring Induction Motor(z)

All alternating ecurrent motors without commutators suffer
from the disadvantage that they are fundamentally single speed machines,
because the magnetic field rotates at synchronous speed. The economic
control of the speed of induction motors is, in consequence, Muci More
difficult than that of direet current motors. The various methocs of speed

conirol in common use are as follows :
2.2 Rheostatic Speed Control :

This can be applied only to motors with wound rotcrs. itesis-
tance is included in the rotor circuit, the speed depending cn the zmount
of additional resistance per phase. We know the percentage slip i3 equal
to the percentage rotor cobpper loss. If the motor is working at 2 constant
torque, the current will be sensibly constant and the drop in speed below
synchronism will be proportional to the extra resistance per phase. We
thus see that the drop in speed is proportional to the power dissipated
in the rheostat, the method therefore being very wasteful if speaeds mueh
below synchronism are required. Thus, if the speed is half svnchronous
speed, hall the power supplied to the motor will be wasted in the rheo-
stat. A further disadvantage of the method is that the speed is a [unection
of the external resistance only so long as the load torgue reimains eon-

stant. Consider the Iwo torque/speed characteristies in Fig.7. CTurve 1
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corapounds to a motor running with the slip-rings short ecircuited. I ihe
torque falls from, say, full-load to half-load, the change c¢f speed will
be AB. If so much resistance is added that the torque/speed characteristic
is reépresented by curve 2, then’ for the same change in torgue the change

in speed is CD, which is very muech greater than AB.

For very large motors, resistance controilers are almost in-
variably of the liguid type, nut for small and medium size machines

metallic resistances with a controller of the bassel type are COmMMmon.

A starter is in eircuit for a short time, generally much less
than one minute, and therefore its own thermal cepaeity will absor> much
of the heat generated, a proportion only being radiated. A controller,
however, may have some of its resistance in eircuit for considerable
periods, and so, when equilibrium is reached, all the heat generaied has
to be dissipated by radiation or some other means, such as an alr current

in the case of metallic resistances, or water cooling of a licwd resistance.

The eclose resemblance between the induction ‘motcr =2nd the
d.c. éhunt motor leads to the conelusion that rheostatic centre. ¢f speed
should be possible. This conclusion i« in fact supported by the analyvtical
theory leading to the torque speed curves of a motor it will be evident
that the wvariation of rotor resistance requires the use of a wound rotor
connected through slip rings to an external rheostal.

With an-y given resistance In circuit with the rotor. cperation
will be stable only on those portions of the torque speed curves where

the torque decreases as the speed increases.



2.3 Speed Control by Variation of Rotor Voltage :

This method whieh involves variation of rotor voltage is based
on the concept that the energy which would olherwise be wasted in u

control rheostat may be usefully returned to the system.

A reversed control voltage represents an additional draft of

energy from the supply circuit whieh can then result in specds szbove

synchronism.
9.4 The Schrage Brush-Shift Adjustable-Speed Motor :

K.H. Schrage invented this motor. This is 2 smeall size ncuction
motor. The special feature iz that flexible speed control without the auxi-

liary devices.

These motors are designed for three phase 50 eveie cirewits

at 220 and 440V, though two phase motors are available.

Speed Adjustment by Pole-Changing :

The synchronous sseed of an induetion motor is given by the
formula,
120.f
N = —
p

Long ago suggested the possibility of obtaining more than one machine
speed by providing the stator with windings so arranged that DY =uitable
switehing the number of poles could be changed.

2.5 Speed Control by Change of Frequency :

The speed formula N = 120.f/p, indicates the possinilly of

controlling the speed of an induction mortor by changing the {requency
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of the supply eircuit; but in as much as this method requirss & scparate
variable speed synchronous alternator for each motor to be indepencently
controlled, it has been applied only in the case of ship propulsion, where
each of the driving motors, dircet connected to a propelior shalt, !s sup-

plied by its own turbine driven generator.
2.6 Concatenation, or Tandem Control of Speed :

As shown in Fig. 2 two wound rotor induction metors are mee-
hanically coupled either directly or through gears anc are electrically
connected in concatenation (sometimes referred to as "in tandum” or in

Cascade™).
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CHAPTER - 1

sLip POWER RECOVERY senEMEs®)

“

The speed of an induction motor can be controiled by conirol-
ling its slip. However to simple voltage schemes in which slip power is
dissipated 1in machine rotor, slip recovery schemes converts slip Dower
to D.C. power which is then; inverted and returned 1o ALC. supniy 1o
implement this technique the motor requires slip rings. This basie control

technique 1s Known as Kramer or Scherbius Drive.
3.1 The Conventional Kramer System :

This method utilises 2 ecommuiator machines, direet connected
to the maip mMoor. The siip frequency impressed upon the s:tator winding
of the auxillary machine develops a magnetic field rotating in space at
the corresponding slip speed and because of the presencc of the com-
mutator the rotor end and current will likewise have slip [requency re=

gardless of the actual speed of the shaft.

Adjustment of the regulating transformer controls the magni-

tude of the rotor emf, hence also the speed of the main motor.

At speeds below synehronism, the surplus energy in he rotor
of the main motor IS absorbed by the auxillary machine acling &8 a2
motor, thereby causing the auxillary machine to absorb part of the mecs

hanical load and to that extent relieving the main motor.
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The size of the auxillary machine is determined oy the &mount
speed adjustment required; for example, if the speed of the =7t is 10
be reduced x percent below synchronism, its rating must bc X Der cent

of that of the main motor.

Theoretically, this arpangement perrils power fuctor control
by shifting the brushes of the commutating machine, but practiceily this
feature is restricted by the circumstance that commutation gifffeuliies
limit the possible range of range of brush shift. It is possibﬁe Lo overcome
this difficulty by means of commutating fields or by speacial phirsc COMDI-
nations in the machine itself. The chief disadvantage of this svsiom I8
that the commutated machine must be designed for the same sDecd &8
the main motor, it becomes practically impossible to design & corresnoncs

ingly high speed commutating machine.
3.9 The Conventional Scherbius System :

The commutating machine, exeited at stip fregquency Trom the
rotor of the main motor, develops a brush voltage of slip frequoncy whiceh

is injected into the rotor cireuit of the main motor and so zorves 1o

regulate the speed of the latter. The ecommutating machine is dirpet oon-
nected to an induction motor supplied from the main line, =0 that it
speed departs from a fixed value only to the extent of the stz of the
auxillary induction machine.

Adjustment of the taps of tne regulating transformar varies
the excitation of the commutating machine, thereby varying the voliage

developed in its rotor and so controlling the speed of the maimn motor.

1t for instance, the regulating transformer is so adjusted &3 .o reduce

11



the speed of the main motor, the surplus secondary energy of the Latter
drives the ecommutating machine as a motor, and the auxillary induction
machine then becomes an incuction generator whieh returns Mos. of this
surplus energy as electrical energy 1o the supply circuit. This shouid de

contrasted with the action of the kramer System, whieh roturns tho surs

plus energy in the form of mechanical energy to 1ne load.

For any given setting of the regulating transformer, the speed
of the main motor will remain substantially constant regardless ci lead
variation. This can be shown in the following manner.

The voltage induced in the rotor of ine main motor 1% 55

where F may be taken as cuostantially constant it the primary C2RAge
impedance drop s small. If the leakage impedance drop in the rotor of
the main motor 1s ignored, = yvoltage propor‘tional to SI, and “sving ship
frequency, is thus impressec upon the stator of the cominutating macs

hine, whieh then develops a magnetic fielc, (Dc, rotating in spac: al &

speed corresponding to the slip freguency Sf.

; " - 1w W N
a (S.E) 4.4 Wy, o- Sy (Sf') f\.@c
where »
a - cross sectlon
K - spread factor
b1 P Vool winding
I&m - piteh factor

If the small variation of speed of the regulating set s neglezted. the
voltage (of slip frequency) developed in the rotor of ihe commuiating

machine also remains nearly constant.
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For the sake of simplicity, the Fig.4 indicates Oy & SN

oo
a5

poly phase winding of shunt type on the stator of {he commutating mac-
hine. In actual practice, because of the large magnitude of the rotor cur-
rent which must flow through the hrushes of this maehine, it Is necessar

to provide neutralizing or compensating windings 10 OVercome, the other-

wise unduly large reactance drop.

When the ecircuit diagram has the form shown in full lines
in figure the set is adapted to speed control in the range below SVi-

chronism.

3.3 Statie Kramer Drive :

Instead of wasting the slip power In the rotor cireuit rosisi-
ance, it can be converted 1o 50 H7 ae and pumped back to the ne
through a thyristor converter caseade 15 known as a Statie Kramer drive,
The original Kramer Drive System used a rotary converter instead of
a diode rectifier and fed power to a dc motor coupled to the same nducs
tion machine shaft. The slip power In this principle is converiec 1o Mee-

hanical power, which contributes partially to the mechanical power outpul

of the induction machine shaft.

The static kramer system is popular in large powcer pump and
compressor type drives where the range of speed rariation 8 usually
limited. The drive system is not only afficient but the converigr power
f‘ating is low, because il has tc ha—mdl‘e only the slip power. This power
rating becomes lower for a more rvestricted speed range near the sy
chronous speed. The additional advantages arc that the drive sys.em nis

de-machine like characteristies and the control cireuit is simple.

et

N
i
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The air gap flux of the meachine s established by the staior
supply and it remains practica ]y constant if stator drops and supply voli-
age fluctuation are neglected. Ideally, the roior current is ¢ six-sicpped
wave in phase with the rotor phase voltage, il the de link current ldc
is considered harmonic free, and commutation overlap angle of the diode
rectifier is neglected.

In steady state operation, the rectificd slip voltage \‘:E'{ and

1

the inverter voltage V, will balance for a certain de current | ...

The voltage VR will be proportional to slip and the current
I'd'c will be proportional to torque. The simplified speed and terquo exs

pressicns can be derived as follows. Negiecting the stator and roior drops,

the voltage VR is given by

7 - : '
\R 1.35/n1 S'\Sm .o U

where n, is the stator - to - rotor turps ratio of the machinaz,

Vsm the stator line voltage, and S the per unit slip.

The inverter terminal voltage VI is given as

—
()
~—

VI = 1.35/n2 .V, eos &

where

I12 is the transformer line side-to-inverter ac side furns ratio

and o is the inverfer [iring angle, which is in the range 90° to 182"

Since VR and VI must balance in the 1deal case, egualions (1

and (2) give

()
—

S:nT/nzlcoso-‘\ o

6



w o= w {1 - |eos ¢ IR )
. o ! | b )

assuming that n1/n2 = 1. Equation (3) indicates that ideally specc con

be controlled between zerc and synchronous speed by controiling thc invoer-

ter firing angle alpha ( @). At zero speed, the vollage Vo is rmaximum,
AS

which corresponds to angle @ = 180°, and at synchronous speec V., = {

when & = 90° Again neglecting losses, the following power squiticns can

be written :

SPg = 'V'I IdC <. i)

Pm = (1-8 Pg = Te.twn = Te we (1 -8 3)
where

Pg - is the air gap power

Pm - the mechanical outpul power.

Combining the equations (5) and (8)

Te = \*‘I Idc"‘"s we LD

Substituting equations (2) and (3) gives

Te

1.35 VL/ we.n. . Idc LR

Which indicates that the torque is proportional to current i,

The drive system has nearly the characteristics ol & separately
excited d.e motor. The air gap flux is constant and the torque = obropors

tional to current I‘dc' With & higher load lorque, I(;C will ‘nerewse and

s

for a fixed VI, VR should slightly increase to overcome the de iins Grob,

indieating a speed drop like a de machine.
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3.4 Static Scherbius Drive :

The dual-converter system in a statie kramer crive ¢an be
replaced by a siﬁgie phase - controlled line - commuiated cycloconverter,
shows in Fig.6. The scheme is known as a static scherbius system crive
and has found appiications in very large horse-power Dpump and blower-
type drives. The cycloconverter permits the slip power to flow in either
direction, and therefore the machine soeed can be controlled in sotn Sub-
syochronous and Supersynehronous ranges with motoring and regeroration

features.

The various modes of operation shown in Fig. 7 can 20 X7
plained as follows. It is assumed that the machine shaft torgue is constant

and that losses in the machine and cveloconverier are neglig ble.

Mode 1 : Subsynchronous Motoring

This mode is identical to that of the static Kramer system.
The stator input or air gap power Pg-remains constant and he =iip power
Spg, which is proportional 1o the stip. is returned hack to the line. There-
fore, the 1iri.e supplies the nét mechranical power Pm consumed by the
shaft. The slip freguency power in the rotor creates a rotating field in
the same direction as in the Stator and the rotor speed corresnonds 1o
the difference ( ® = w, - L‘»‘S) betweon these two fregueneies. AT Arue

synchronous speed (5 = 0), the Cycloconverter supplies do exeliation 1o

the rotor and the machine behaves like a synehronous motor.



The use of a Cyeloconverter insteacd of a dual converter system
means additional cost and complexity, but the resulting advantages are
obvious. The problem of commutation near synehronous speed disapooars
and the . near Sinusoidal current wave in the rolor substantially inprove
harmonic heating and torque pulsation effects. The 'lincr current waveform
is improved correspondingly. The Cyeloconverter s to be controlled o
that the output frequency tracks precisely with the slip frequeney. The

drive system can be designed to operate within a fractional s'ip range

about the synchronous speed. The Scherbius drive System does nol parl
speed reversal and requires a rcversing contactor in the ststor side for

this function.

22
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CHAPTER - IV

)
THE GENERALISED ELECTRICAL MAC]'IINE(1

For the purpose of predetermining its performane2 uncc: &n

[

given conditions an electrical machine mav be regarded as an sssai binge

&

of windings characterised by parameters which are assumed tc 2e consitant.

This assumption excludes the non-linear effects of Saturation and comiu-
tation, and subsequent corrections have to be made in the light of ex-

pericnce. The basic laws of Faradav, ohm and Kirchoff may thon b uscd

to formulate equations expressing the currents, voltages anc 'lux linkages

associated with the several windings, thereby leading to the

determination of the operating characteristics.
4. 1. The Generalized Machine :

This process may be facilitated, especially In connectt
automatic eontrol systems, by adopting the concept of a gencralized macs

hine whieh, for the present purposes. is & basic structure comprising o

eylindrical rotating member in association with a fixed field system having

two salient poles. This depicts a generalisation of the basic comimus
tator machine shown in figure (8). coil I representing ihe actus. ficld
winding andcoilD representing the armature winding. The original machine
will usually be of multipolar construction but, for the purpose ol crleuias
tion, may be replaced by an equivalent 2 pole machine having “hoe same

winding parameters.
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Fach actual machine winding is thus represented 1N the gone-
ralised machine by a single coil, the planc of which is normal 10 one
or other of the two axes, as in figure (9). These are magnetic sxes and
are ¢ {a) the direct axis or d.axis, which coineides with the axiz ol the
field poles, and (b) the quadrature axis, or g-axis, whieh iz perpendieular
to the d.axis and therefore coincides w:ith the brush axis of a ecommuistor
machine with brushes in the geometric neutral plane.

The equivalent coils (two only in this simple case) =re UhUE
grouped SO 85 to magnetise along cither the ¢ axis or the @ #XIis. Positive

g axis flux is assumed to be divected norizontally to the right and DOSITIVE

q axis fiux directed vertically upwarcs. The nositive directiors of current

.

are thus determined, as showi, anc assuming the positive diyeetion ©
rotation to be counter clockwise, the right hand rule shows that i pOSi-
tive direction of the induced e.m.f. is 1IN ‘e direction of 1w zositive

current.

An external Voltage appiied belween anv patr of terminals
is defined to be positive when it acis In such 2 dircction as to send DO

tive direetion ecurrent through the winding concerned.

A more general tvpe of machine has a Cross magnetizing wind-
ing placed in the pole faces. and zlsc a second pair of Aepshies in the
d axis. The corresponding modifications to ihe gcnem‘iisod racnine  are
indicated in figure (10), in which coil D represents the directiv magnetising
effect of the armature winding, and coil (3, acting on the d axis, repre-
sents the cross magnetising winding. The commutating winding sNercises
only a local effect in the air-gap, and although it increases the (nductance

L

L came ovient, it is not taken into account here.
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The combined effects of coils D and F gives a flux O(j centred
on the d axis and assumed to be sinusoidally distributed vound tho aiw
gap. Similarly coils Q and C produce & quadrature flux (D2 also nssumed
to be sinusoidally distributed. All magnetic leakage affeets are hore igno-

red, in order to simplify the disecussion.
E.M.F. Equations :

In general, when the machine is running and tha {oaxes are
-

varying, an e.rn.f. will be incducec in @ by rotation of the fiux €. and
an e.m.f. will also be inducec in @ by variations of the flux ’i)c_.

Similarly, these will be in coil D a rotational oo, fue 1o
the flux (Dq and transformer e.m.l. dug to the flux (Dc. Thesc ¢myl’= may

nhe expressed simply as follow

If the armature winding has N LUrns, the flux tinkage with
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g sinusoidally distributed field of flux © is

¥

1l

prushes

1

om . O, N_J2

a

A rotational e.rn.f. may therefore be expressed in the form

e = O.7Zn

@ .2. Na . w/IT

i

WYy n magnitue

A transformer e.m... is given by

dw/dt

[
1]

p ¥ in magnitue.

Average flux. linkage Dper tupn x Turns ir series belbween

-1



Let the resistances of the four colls be r g i'q’ Pe and Fo rospeetively,

then, referring to figures (9) and (10), we have

v -p ¥ o+ w¥ o= i
q a G ¢ aq

- yo_ o wY - e
v P d q Idld

The signs are due to the fact that the right hand rule show that a DOsi-
tive rotational e.m.f. acts 1in conjuction with vq (s stated previousiy)

but in opposition to Var

Now let Ld and llq denote the self nductances of ecils D

and @,and let Mdf’ ch dencte the motual inductances belweoh eotiz D
and F, and between coils Q and C, respeetively. Then the fiux liniage

of coils D and @, due to both sell anc mutual induetance, are given by

LP = T

a " I‘d ld Mdf i
Yo 1, L5+ i
q q g gc C

On substituting these expressions we obtain

/ - i+ i~ S DR\ G DU WA TS S U
\d L D. I‘d'ld p"“di’ L (1, . . I

copM o - WL

vV = r_ .1_+*rp-. .
v Yt qete d’a af

Lo
qd q g g 9

The corresponding equations for the field coills are

v = v .0 ¥ L i p. M
c c c e & c e ac’ g

On the assumption of lincar parameters, the above cguations
contain nine variable quantities, namely four currents, four voltages #nd

the speed. Taking speed as an independent variable, it 1s lhus HEUCSSUEY

-
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The currents id and iq flow through externai circui~s of known

impedances 7 (p) and Zq (p) respectively, where

Zd(p) = rd+p.Ld

zod = Tt P kg
Therefore

Vg = id. Zd(p)+e(j

Vq = iq' Zq {p) + eq

where €4 and eq are the emf’s {if anv}) in the external eircuits, assumed

to be in oppositicn to Vd and \-’q respectively.

A further relation is determined by the mode of exeitation
of the machine. Thus, when coils F and @ are connected in pavatiel
Vf = Vq . when F and Q are in series, if = jq' 1f the machinge 1y sepa-
rately excited, Vf must be specified. A final relation is provided by the
mode of action of the coil C. 1f the functions as a compensating winding
we must have ie = —iq; if as a damping winding, \‘"C = Q.

Calculations may nNow proceed in order to express uniknow!n

quantities in terms of the speed, . When all currents anc voltazes arc

wnown the calculations of the machine performance may be 2ompletad.

It may be added that it is generally impracticable to calcuiate
the winding parameters of a given machine {rom first principles. cnd they
are therefore determined Dy emphirical methods on the basis of iest re-

sults on similar machines.

el

9
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Matrix Metheods :

The four principal voltage aquations deduced above ngy Do

displayed consisely in the form of a matrix equation thus

v L r. + pl. pM. G i T Hf
f f f S P

p
. ] i

o ¥ ] v :
Yy ) DMI Ty pl g I g L\lqc iy 1%

I - wd - Ll S ; ;

\q RIS u],.d ( . qu) p\}qL ]
|
, .
‘VCJ [ ]f’!c (r, oo e “
. L o .

or, in abbreviated form,

vi = (71 il
Where [7] denotes the impedence mairix and [V oard othe

column matries of voltages and currents respectively.

The voltage matrix is thus represented as the orodust ol the

impedance matrix by the eurrent matrix. in that order.

Any additional winding, ©.g.. # second winding on thr field
poles, may be taken intc account bV adding & corresponcing eiement 1o
the column matries of Voltage and current and also a corresponding row
and column to the impedance patein., In like manner, if =0y wirding 18

absent the corresponding row and cloumn elements are omitizd.

The form of the impedance matrix 7 is clearl govern2d By
the corresponding equations previously deduced from electrormagnatic consis
dgerations, and the introduction of the matrix representation may therefore

appear to be unnecessary. However, inspection of the impedance matrix

reveals that it is characterized by a degree of symmetry enabling 1t to



be written out by a routine process, thus Jeading automatically i tne
circuit equations. It 1s cvident that this procedurc is simpler thar the
traditional approach followed previously, and the advantage s more Hros

nounced with more complex sssemblages of windings. The symme.rical

structure of the impedance matrix will now be considered in more do

with reference to the four-winding assembly considered above.

A box, in place of the orthodox frame, containing four rows
and four columns, as shown in Fig. (11) is first set out and the individus!
rows- and columns are then lettered to correspond to the assuinod ordor

of the windings: this will be taxen as before.
Examination of the Z matrix shows that -

1. All self impedance terms go into the dizgonal compartments, {rom

top left hand to boltom right hand corncr.

2. All mutual impedance terms go into off-diagonal compartments and
are balanced about the main dizgonal. Since mutual coupling cannot
oxist between coils on difficient axes the corresponding  ComDArs

ments contain no mutual inductance terms.

3. All rotational terms go into the IOWs associnted with the moving
coils D and Q, in accordance with the rules that (a) cvery co—etii-
cient of P in row d reappeals in row q in the samc coiumn, Dl

with P replaced by - w. and

(b) every co-efficient of P in row g reappears in row I in e same
column, but with P replaced by w. The disposition o the regalve
signs is governed, of course, by the basic assumptions regarding posi-

- .

et e e awic and of rotation

[}

-



In applying these rules it must be assumed that both colis
D and @ are present; if either is absent. the corresponding Tow and eolumn

also omitted from the finai impedance matrix.

TORQUE =  The total apparent power supplied is given by

p = [ille]l = [} [Z] til
The elements of the impedance matrix 7 are typified by the exnression
(r + Lp + G w), where L may denote cither self or mutual inductance.
and the value of G is determined by the procedure stated above in refler-

ence to the routine construction of the impedance matrix. Tho total

power, therefore, is given by
p = {illr~ Lp + Gw] [
= () {e] 3+ O [L-p] (i} + [l [G ] [i]

2
The first term represents the total IR losses, the second term

------- . ohsorbed by the electromagnetic ficid, and



]
e

the third term therefore represcnts the gross mmechanical power deveioped,

j.e., Tw, where T denotes the gross tergue.

The matrix Gw contains only those elements in the matrix 7oinvel-

“ving w-
T = (i) G [il

o 0 0 0 ﬁ: L

¢ 0 L, M.l i

- . : ac

= [1f i3 1q 101 i |
—“\1610 _Ild O U | 1,,. i‘
i : |
0 0 0 N
L e

= M i i 3] .. i (L. -1 i

after routine matrix multiplication and rearrangement. This roesilil may

be confirmed directly as follows :

1
W

T. = T .o/ = Iy
a

in the same terminology &s used previously.

Assuming two brush axes. the component of the orque Cue

to the joint effect of the dircet-axis component of ¥and .he guacrature

axis component of T 1s

. B ) w I . .
11 = 1q Y5 lq(l‘d’ld+‘“df'lf)

The torque component due 1o the quadrature axis component of © and the

direet axis component of 1 is,

d’” g da ‘e lq Tage
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‘e econditions are shown in figure {12) and by the 1e{t hand
rule it is seen that T1 opposes  and ’1‘2 assists, rotation. The reguitant

gross torgue is therefore.
T = T,-T

( al i) -1 AL

=1 Lq'lq T Mgete q ad - Mdf'lf)

d

which is in agreement with the former result.

Synchronous Machine

A basic difficulty arises in this case due to the fact that
the angle between the magnetic axis of any one phase anc tne dlrect
(field) axis varies with time. This will be evident from figire {13, whien
is a diagrammatic representation of & 2 pole retating field mache.

The ¢, and g-axes are therefore also in rotatior, angd conse -
quently the air-gap permeance with respect 10 each individus. phase
varies ecyciically. As & result of this the seli-inductance 5i ecacen phase
and also its mutual inductances with respect 10 each of the other phases
and to the field winding also vary evelieally. These periodic variation
can be expressed by means of Fourier series, but it has been found suffl-

ciently accurate to retain only the lowest harmonic in each case.

3

For example, the seif-inductances, L-m’ of phase A must be
AT
a maximum when 0= 0, and again when O = 1809, and a minimum when

O = 90° or 270°. it is accordingly represented Dy

. = L+ L, Cos 20
a r



Similarly for phases B and C,
Lb

L
e

L+ L, Cos 2 {9~ 1009 = L + L Cos (28 = 1207

It

L + L, Cos 2 (©- 240) = I + L Cos(2 0 - 1209

[t is evident from figure {(13) that the mutual inductance
between phases A and B is a maximum when the q. exis lles along the

axis of phase C, i.e., when g = -30° or 150°; Thus,

M -~ - M - M. Cos.2 (5+30°)
ab I

When © = -30° or 150% m o % {3+ Mr)’ the nogative Sigr
arising from the fact that the mutual flux is necessarily directed in the

negative sense, as will be clear from figure (13).

The gseecond-harmonic terms in both self and mutual nductance

are due to the variation in the permeance of the air gap. and ‘or this

= MD. Thus

4

reason it is usual to assume that L2

= - - - oo 1900
Mab M Lr Cos (26 120°)
Similarly,
M = -M + L _Cos 28
be I
and WM - M + L _Cos (20 + 1209)
ca r

positive flux. linkage in any phase is assumec 1O e in the
sense corresponding to positive current in that phasc. and ol currents
in figure {13) are positive.

The mutual inductance Detween the [lield winding =nd phase

A may be represented by

M .= M .. Cos?d



Similarly,

M = M

Al AT o]
b Cos (B-1209)

af”

and Mc M Cos ( 9+ 1209)

f af”

For an approximate treatment, all magnetic leakage effects arc cgain

neglected, and likewise damping windings.

The total flux-linkage with phase A is thus

Vo=, .i +m..i +*m i Fm_. 1,
a 2~ a ab” b a0 ¢ af” i
Similarly,
¥ o= IL,. 1.+t m 1+ m 1.+ In PO, e 1
) “b f be' ¢ ba' “a bf b f
and Y =L .1 + m i+ m .1 7 .. i
¢! ¢ ca a ch” b ef” i

and for the field winding.

Yoo Lo+ ML O+ i Cos (- 1
. Lf. I + Maf [13. Cos iy Cos 120°)

+ 1,(Cos €+ 120°)]
Where Lf = Maf if leakage i3 neglected.

Complications arise because thc various Inductance co-=ifici-
ents are functions of ©. Further analvsis is greatly facilitated by aid of
a device, whereby all phase quantitics, e.g.. current, voliage and flux-
linkage are re-expressed in terms of ncw variables assoeciated with lleti-
tious coils placed on the d- and g-axis, to-gether with & z2ro sequence
component in the phase windings. This procedure, the d-g-o trans’erma-

tion, is analogous to the p-n-o transformation to give symmetricai com-

ponents in unbalanced 3 phase circuits, and similar ultimate simplifications
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Assuming the fictitious, d- and g-axis coils to have each a
number of terms equal to the effective number of turns pe- phasc, itho
phase currents may be related to the d- and g-axis components oy oque-
ting the m.m.f. along the d and g-axesc 10 turn. It is found econvenient
.
1

to change the unit of current in the axis coils te one and o hall tmes

the unit for the phase coils,we thus obtain.

= i O+ i . Cos ( O+ 240°) + i (B 1200
Iy 2/3 [la' Cos i Cos | +20)+1C. Cos (G + 1207

i = -9/3[i . Sin©+ i_. Sin { €+ 2407 + 1. Sin { T+ 720"
q b c

Induction Motor

The analysis is again facilitated by the phase-to-axis {runs-
formation. It will be assumed that the d- and g-axis are rotating synehro-
nously as before; and that the primary winding is on the stator. Siator
and Rotor quantities will be distinguished by small and the capital iciter
subscripts respectively, and the d-axis will be assumed lo coineide with

the axis of stator phase 'a® at the instant t = 0.

On substituting @ = wt, in the expressions given the syvnehre-

nously machines ; in -

i = 1 TS @ O ™ O - 2309 + 1 o8 (e 1Y 0y

1qs 2/3 [1a. Cos i Cos {8 - 2309 b Cos (€ 1209}

i o= 2/ [4 in 9+ i,. Si Do 2100 + in o E- 1200

- 2/3 [1_. Sin i~ Sin ( 240°) + i, Sin 12007
we have -

: — : s D P 0% wt-1202)+1 . Cos : - 12

lds 2/3 {13. Cos wt iy Cos ( wt-120°) R Cos L wt (v3]

S ) g . L oVy i e e
1qs 2/3 {121. Sin Lo e Sin { wt-120°) L Sin [ wt+iia9)]



or, in matrix form -

(ips) = 2/3 [Al D ohl, sav

Hence -
i:i.Coswtwi.Sinu}t
a ds qs
S ) o -an0) S L .,
iy g Cos ( wt-7209) 1q5' Sin (wt-1209)
o= c (wt-1200) - i . Sin (w1120°
e L Cos (wt 0°) s Sin (wi+120%)

: T -
or {i.ph = (A .. I

{i;. oh) = { psl
Also, if @q now “enotes the instantaneous angilar cisplaces

ments of d-axis ahead of trs axis of Rotor phase Aj. The axis surrent

components equivalent to ihe Aotor currents arce -

i, = i Sos 7t in. Q08 3-1200)+1 . Cos( S + 2071
fap 2/3 li,. Cos = * 1 Cos ( @-120%)+1 Cos( S ]
io= - © . Sin 9 < Q.. Sin (© -1209)+ . S BSERPIN)
1qr 2/3 [lA Sin 9 < g Sin (OS 1209) b. Sin ]
. oy
or [lr' phl = [B"] [ipr.
If it is assumed =z.s0 that @q - 0 at the instant when @ = O3
then 8‘3 - g ut and the angular displacement of the axis of Roior phase

A, ahead of the axiz  of  stator  phase  al s givon by

where S is the fractional siir. Also,

gr = {(1-83) w
It is now necessary to express the flux linkage with th2 stator
and Rotor winding in terms cf phasc currents. As before self-inductances

will be denoted by repeated suffixes; thus for the stator.



Laa - Lbb - Lcc

and the Rotor,

Loa ® g ™ Lec

Mutual inductances will be denoted by distinet suriives;

for stator

Lab = Lbe = Lea

and the Rotor,
.AB = LBC = LCA
It is evident that -

LaA = LaA. Cos. 01

LaB = LaB. Cos { © = 1209

1
—
juv]
')
i,

LaC = LeB =

LbA = LeC = Laa

|
r‘
P
(et

LbB = LeC =

Lbe = LeA = LabB

also,

LAa = LBb = LCec = LaA

LAD LBe = L.Ca = LaC

LAC = LBa = LCb = LaB

Let Laa - Lab = Ls, the apparent 3-phase stator self inductarnce
LAA - LAB = Lr the apporent 3-phase Rotor seli
inductance

3/2. LaA = L the apparent 3-phase mutual inductanc?

127
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InN
—

Y - Lag. i + Lab. i, + Lac. i, + LaA. i, + LaB. i, + Lac. i

a a b ¢ A B C

Since 2 i} = Z[iA] - 0 in the absence of a Neutral CORNEXION, ASSHTINgG
<l

star - connected primary and secondary windings this may ne  written

Y -1 .1i .+ LaA [i,. Cos O + .. Cos (B % 1200 =1 (es ©.-1207)1

a ‘st D’ A 2 B 2 ¢ 7
Similarly,

Li‘b = L. i+ LA [i,. Cos ( 62-1200) + 2B, Cos 9, +1 . Cos (EQ-:—w.u'-f)]
and

= i + LaA {i G 120°) 4 1 o8 O.-120°)+1 e 200
v, = b iy Laa {i,. Cos ( &,+120 ) 4 . Cos ( 0,-120 i . Cos &)

In Matrix form -

1%’ = I 1 . + ar ) 1 . ’.]
( Sph) ]S[ls oh] + Laa [C] [1r pt

For Roter winding we obtain similarly -

: = i + ary. 1 . pha c + " - : h e' - 2 O)
‘:’a Lr. N LaA {la Cos &, i Cos | 5 0
-1, Cos | @2 + 12071
Y = © Laa. [ Cos (O + 1209 - i . Cos ( 0,-720°
b Lr in LaA [1a Cos | 5 120°) i Cos | 5 1
b cosd .,
&”C = Lr,. | LaA [i . Cos (0 1209) 1. Cos ( G, #1209
I, Cos 92]
. ot .
v = L + LaA le'] U
or ( T ph) Lr h{‘.ph J Lad fe ]t S.ph)

The axis flux linkage equivalent to the getual stotor and Rotor
linkages given above may now be written down, following the same

pattern, as for the current transformation.



In Matrix form

k4 ds—l = 2/3 Cos wi Cos(w t-0)  Cos {w t-.lo;)‘ 5,1 . :
\yqu _gin wt - Sin{wt-e} -Sin (wtro) % b .
v
or
y V= 2/3 [Al[¥_phl
[v PSJ = 2/ VD
= 2/3 (Al [Lg Lgphd T oLy (c] . Giyen]
_ N el -
= 2/3 [A] L [ATTlip g+ Lad. TR A
and [‘—PQP] - 2/3 [B] . [¥r. phl
- 93y (e Laa [C1] Tis.ohl,
- ' roph ‘ T
_ 5 Y ST . | T, .
= g/ 1) [iLr B [1[,p} LeA. [ EAT] 1
The combined result 5 -
Y = 2/3 L. [A] {f‘\t] LaA [A] [C) Bi 1. Ti |
PS S- - 4 [ N . s - ‘ \ -p\‘:
:l
L t T 0 0.
y A A Ty U
Yo Lad (B [CH 1A Le [B) . (B ‘ 11'31
- L _

It will be seen that (A} and (B) are identical in the fcim and
that [B] [Ct] [At] is the transpose of [Al [l [B“]. On expanding ihe
matrix produet transforming the trignomentric products irto sy, and

simplifying, we find that -

. 3/92 ¢ |
(Al [a7] = ;
0 5/2 |

and (A1 1CHBY = [osa 0|



Hence -

\L12 Lr i’Ff‘ 1
e . e
i.e.,
=Lk idr—s Tl
i \
ar |
= L 1'_ids tlag
i
1
qs

[3/2 a”l KT ]
v L, L A |
' o 3/2] S0 9/4)

b
| bl -
l} \i. DS
/9 O"! !L_i' pr
] 374
E 1Cs‘. 1
g |
L
l 1(;1‘ _l
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The phase - to - axis transformation for the voltagesis expressce by -

( v.PS) = 2/3[A] [V phl = 2/3 [A] o =P 1% pil

- % Ts.ph s

. t - .
FA " = ‘7«’” ‘ ; ; )lE =7
2/3 [A] P [1S.ph] 2/3 Ty [A] [AT] [1.19 5[1}351

2/3 (Al p [ “phl

2/3 [a] p. [1a'] v ]]

Cos wt - Sin wt

SSin {(wt —a) | LT RS
~Sin (wt + ;)J |

H

2/5 [Al Pl Cos (wt -a)

Cos { wt +a)



c9/3 (A} 1A P Lv¥ ]

DS
- Sinw t - Cos wi B
= 9/3 (Al |-8in (wt-o) - Cos (wt -0 Py Ps]
- 8in(wt +a) - Cos {wt -C’.)J
s o973 1A IAY . P LY Psl
0 ~3/2 1372 6
= 230 3/2 o L Updiais g 3/2 l Pl
Therefore -
10 lfo -1
vo.oo= r  [liyd = P [y 1+ w | Y.,
Ps S Ps 0 1 Ps \ 1 9 1 PR
i.e.,
! = 1 - / - “:
Vas Fs- 'as PY AR
/ = 3 S »l I B L
Vqs . lqs P, ¥ as w. Y

These equations zre seen 1o be identical with “hosc derived
for the synchronous machine. This is due to the fact that in 1o case
of the induetion metor the d - and g - axes nave been arbitrarily assumed

to be rotating at Synchronous speed; an essential conditions.

With the salient-pole machine. The equations for the uxis volt-
ages could therefore have been assumed 1o be the same as those deduced
for the synchronous maching, but the alternative method of Jderivation
has features of interest.

The corresponding equations for the rotor are obtained on re-

T = I T

xS



= i + ¥ ¥

Vdr Vr L P err S.w 'quz'

V = v TR 2 S - N Yo
qr r ar gr G

On substituting

Vds = Vs'ids + P(Ls‘ids . 1‘12'idr) "w(]“siqs + L iqr-
\qu = Vs°iqs + P(Ls‘iqs - qu.iqr) +w(l.is.ic.s 4 1‘12‘ici:-
vooom o Vel ! Ly, * Lygelgs) Sw L i, [og-i
Vqr = Vol f P(I‘I"iqr : ]le'iqs) + SLJ(_F i Ly
or in the matrix form
!_\"'ds—]i H{RS + PLS) _U”s PI’TZ —u‘Lu R
‘ \-’qs ] twly (R, ~ PL)  muw b PLL, |
| Var | PL ., S el (R_+PL ) “Sw 1
%quz ] swl, PL ., 1S L (Rr*ik’{,-ﬁ}"
The axis voltages are given by
(Vps} = 2/3 [A] [\'S.phl and [Vpr'] = 2/3. (8] [V .phl

The components of (\"S.ph)
where the Rotor windings,

are Zero.

The eurrent matrices (ipS

and hence

(iS.ph}

the values of the axis flux link

arc known anc

are shorl cireuited the

ages, we have

[f\q] (ips] and [i_.phl = [Bl] [ip"J

)

in the usual ¢

Q¢

componants o (v _.ph)

) and (ipr) may therefore be determined
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flence the relation between the axis voliages and currenis moy

be written in the form

., 1 i'"(R 4 ol ) . I - -,
’ —w ) — Wi, i [
Vas s Pl whg Pt 12 ds 1
!
v + ol (R, * P o L
as : S 3 LS) ek, Plyy o g
/ -5 + ; - s
Vi Pl S @l (Rr pI,F) S WL, | e
5L 4ot | 1 H
LVqr S why, PL 1y S eh (Rr g,f,_:l) i
— . fl - 4
TORQUE

The total Instantansous power supplied to ihe stator winding 18

P = [1Dh] ) [Vph]
T oAt
= [A7] Llp] [A] {Vp}

On expanding the matrix product [Al E;\‘I']

The torque is obtained by dividing the mechanical power c¢om-

ponents of P by the meechanica! angular velocity. We have

p p d a |
I\f
Lal
P o= 3/2id [p. ¥ -w¥ + Ridn LY YRS
/ Py a tid) a a P e g

T, = Pl



= - Urr _ - L:[
3/2 (1qS ds i }

ds gs
= 3/2 [lq(?!"s ige Lig lds) ~ e (LS i + ])12.1@.))
Te = L, (lqs e T las iqr) C.

4.2 Modeling of the Syslem :

Wwe developed the equations describing the dynamics c¢f & 3 O

slip Ring Induction Motor in synchronously lotating Reference Frame

as in (1).
v ¥ . , o
ds (R pLs) g Ly RET o s
y - o L Co
s WL _ (RS 4 pLS) WL, o P I
v ‘ - Al E : -8 Wil P
dr bl S oL, Ry ply) S C ar
o |
vV ; S w s L)y |
ar 8 wl., pLs S wl, (Rr pLi)).‘ 1 or

If the angular relationship between g axis and magnetic axis o0 the
stator and rotor phases are so selected that these axis ceineide at time
cero and the a.c voltages at the rectifier are transformed to a synehro-

H

nously rotating reference frame then the ¢ axis voltage is equal lo the

Vr-m while the d axis voltage is maintained at zero. Thus

Ve = Vem )

But the output voltage of a 3 phasc rectifier 15 v 10

383/ .V

\:R rm

1l

Therefore, vqr = T/3 /3. Vi .. (3)
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Since Vdr is always zero, the instantanecus power Dbalance

i > wri / = - '
equation can be written as \R . IR 3/2 . \qr . ]qr
= - ! ] T iy
IR - 3/2 . \qr . 1qr]f\}f{ . {8)
gubstitute (5) in (6) ;
— _ E a / i - YUY
IR [~ 3/2 . /3.v 3. \R . 1q:°”\R
= ! 1/‘) ] "
IR /2 U'IQI' ()
= - 0.906 1
qr
voltage equation for filter eireuit is given oy
Voo T IR (Rf + p.Lf) Y
7 = T4 Jw. X
Vo v, - I (Rp + P X ... (8)

Assuming infinitely smoothed direct voltage anc negiceting
AC source impedance, the opposing emf presented by the inverter which

is approximately equal to the direet input voliage can be expressed s

Y — 3.}/3/]-1 "\.f'_ . Cos (T_—a) P .':9)
1 5171

where Vsm - Stator line to peak voltage
Since at time t = 0, the g axis of the synchronousiv rotating

reference frame coincides with the magnetic axis of the pefererce [rame.

The quadrature components of the supply veltage,

\-‘qS = Vsm’ and direct component \'ds = 0

The direct component V.. = 0 ... (1)

i = 3 1 = (I -~ @ Y

ie., V, 3./ 300 Ve - Co8 ( ) UGS
= a3/ . v . Cos® N P!

Fa sl



From (4)

v

V
ar

_\{

as

Ineorporating the above equations (

v . Cosd F IR (T”Lf, + P ?lf}

V. Cos @ - 0.906 i (RprP/ wXd)

15
SV = - 3/ 3m v Cost - 0.975
ar s
i i ),f‘:- \-' !
]c. ( f E f

adiiv.

3), (10) and (14) In (1) we can o

under steady state condition the equation desecribing the dynamics of o

3 phase slip ring induction motor i

as

0 |
v
as
0
-V . Cost
as
L .
™
RS*pLS
w L
Ly
5 WLy
L
T + 2Hp W

1 synchronously rotating referencs irai ¢

- wl L., -y _1
R APL WL, IR
- B L Tl -3 1
Sul, (RI‘ oL ) S
T o : \\ "5
me 5 l.r II »5 g
+p/ wR 055 X,)
+ D w
r




The voltage equation is generally represented as

v = (R + (P/w)X] L
R, - X 0 - Xog %
X R Xy o0 %
[R+(P/ W.X. 7| ° s
_ - g 1
0 SX 4, R X, |
Lo , o
Exm 0 SX, R +0.55 X, |
l_x 0 X 0 B
S 12 |
|
0 X 0 X :
2
+ P/ } 5 12
|
12\12 0 X, 0
1
\ 0 X1 0 X, 70.55 R,
[ — _ll
(vl o= (R = (XD [P/ ] (i}
. et e S
pwiil = [XI 5 [VI- k] IRY L] L
-1
. s -
‘\s 0 \\ XTZ 0 ‘. ‘\ b_1 BE
! Do
1 0 N, (0 X19 | ,‘
X S U AU G
l =
X1 L L \.1?3 b
| | L B}
0 \12 | { \r*[) 55N \
-1 -1
= [ -/ ;
B, At Ay Ay \3]
B S B AL AL



- _ J >
B A4 A, A, B.

put




B

0 1/(XI‘F0-55XF}J 0

o0
]

. -
A/Xr 0
0 B/(X +0.55 X
~ s
XF/A o}
0 (X.+0.55 Xp)/B
- By Ay L AT
W r
X,/A 0 | Pm/'\r {
N
0 (X +0.55 X.)/B oo N, H050
H { - :
AL
r © \ifa v -
-{ (xr.xm)/(A.hrj 0 L\
\i
|
X 5 X |
\12(xr 0.53 .xf) ‘1
o -
B{X +0.55 Xf) J
1712/{% U
0 X,/
2
-1 . )
A 1\3 h]
_ T o 3
X, 0 ; \Xm 0 : ]\ Yy
| b



N 2 '- ot = /, o L
‘\12/(X;- .55 .\f)b\

|
10X 1055 .\f)\k 0

2 .
b 4 ke i o= " - 12
13 w\12/(;\3_-{}.o.}xf) .L)—J



Substituting for A and B

"%/ ]
! S/ ©
84 =
1] X /B
g
,
- 0 -
;\r/:’\ \12
X—1 _ i 0 (Xr+0.55 XFLWS 0
|
l
_XTZ/A 4] XS/;\
\_ 0 _}\12/\ {
Substituting X in ()
- =l -1
prelil = (X] vy - [x1 IR}
\.\ :\1,/A { —\12/:"\
\ 0 (N +0.53 N,/B 0
r f
B SN LA 0 N /A
[X] 1 - 12 5
0 f;’12fB 0
where
A= XX - Xy
B = hs Xr - ‘%z VIS

i
0 |
v
2qp/b
0 i
|
1
Xsfb Ei ldgé
o
Iy
bogs
ere (il =1,
odr
! 1
i |
LS ]
U iiiere
X /~ v,
IRET Y s
1 1
N
. Iy
0oL
| N =l
1 v,
N B S
) ! ., i
e
S i
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4.3.TRANSIENT ANALYSIS

{Sub Synechronous Mode)

During steady-state operation a balsnced induction motor fed
from a balanced supply develops a constant torque, while theo stator cur-
rents pulsate sinusoidally at supply frequency. llowever following a swileh-
ing operation or some other changes inoperating circumstances, trne motor
experiences a transient condition during which the instantancous currents
and torque may reach several times their steady-state values. Alihough
this eondition may only persist for a very short time. the transient torque
may impose undue strain on the mechanical components, and shaft fallures

have been attributed to this cause.

The basic differential equation describing the transient condition
has been developed in the modelling section. A useful Analytical Saolution
is only possible when the equations are linearised DV assuming that the

speed remains unchanged during the transient period.

Of the total ecomputing time used In solution ie.. exodended
in solving the algebric equations, the interconnected networks at each
step often forms the major parts. Any method of digital computation
which promote an increase in the length of step Interval, without increas-
ing the errors in the solution are therefore valuable, since thoy recuce
the total computing time. However increasing the step length of an essen-
tially approximate mathematical procedure reduces its accurcey ane while
the necessary network solution at ecach step usually consumes most ol
the total computing time, the overall aceuracy is largely coniro:ed by

the intecration routine.
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CHAPTER - ¥

DIGITAL COMPUTER SOFTWARE

5.1. PROGRAM DEVELOPMENT

Let
A = Xs. X, - Xé
B - A+ 0.55. X XS
5, = Cos (ANG (3.1416/180.0)
P, (—Xr). R/A.
R, = Xy 1A
s, = X o Ry /A
T, = X9 X, /A
Ay 7 (X, + 0 55.X, X12.D1). SVQ/B
Q, = (=X 4o)- X,,/B
R, = (-R ). (X + 0.5 \'f)/u
T, = (=X o X,/B
B, X g Ry % 0.55 R)/B
Py = X, Z.RS;’A
Q, = (XghdA
Ry = (—XS). RF/A
T, = (-X ) NL/A
A, = (—X12—XX.D1). SVQ/B
P, = Nyp NJ/B
Q_1 = Z\'m.RS/B
R, = (-A)/B
S, ° X X /B
T, = (<X ). . (R + 0.55 Rp/B
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Substituting the above constanis in the following equations :

2
(R Koy - 4
1 12 r .
N e e L N I
-LJ ds A A ’
R . X XX & i
2 I 2
LRSS S (—r 12Ty (1)
A . A
Vs . fow XD
E s =1l (X + 055 Xe t Xyg Cosa )j - iy~ =
Xr + 0.539 Xf
- qs'RS( - i~ [Ldr({J 35 }&f.\w CON e W p)
¥ < . 9%
[1qr( B (R‘T 0.55 Xf)), ‘I (-J.'
[ i . X R 1
) ds 12 .78 as . - ,
= ———— ——_— _ e — P L
E . ldr' \-[ A ] [ A (hS . “\12 - L;E,f-
’ |
i hY
dr . s T
- | N \g Rr" [ Iqe (1 ~ ——=—-= —] 1
. i
(3
=% 1 (\ \, ] )
: - qS 4 - 2 f Cs 3 4.,___?,‘,4.,__L_
_i_ lqr [—————B_ (\1_2 Xs Cosa ] —_—
lqs idr
s —E— R Xl Lo (3 - . N X))
X, B
- = { -+ 35 !
[ lqr ( 5 (R (.55 \f)] (
275 : ; i _ -
) 37 (XTZ (1qS g 7 lgs lqr‘) I, D.w
" - s N
P wp 71

We obtain the required equations used in the program -



F(3)

F{4)

1

[{P1 CS(1) (10 Ry w r) g(9) + 8, . 8(3) ¢
[(A1 + (1.0 + Q- w ) .8+ R, . 5(2) + (S, .
s(3) + B, - 5{4)]
[(P3 L S8(1) + Qg - Wy, $(2) + Ry - S(3) + (1.0 = T
(A, + Py - v, - S+ Q S(2) + (R, * S, -
la, (s(2) . S(3) - sy . s(@n) + By - G, -l
d. i
ds _ . _ :
at = D gy S = Las
d.
idr _ . B .
It P L s(3) = L
dior
dt‘ = p‘ ]qr ; 8(4) - lql‘
d. w
v - ‘
dt p- ul‘
diqs
= p.lqS s(2y = s

dt
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READ MACHINE PARAMETERS,
STEP SIZE, LIMIT
T

S
|READ INITIAL CONDITIONS.

v -
‘OBTAIN (gn
Ty

CALL SUBROUTINE MAT INV |
TO GET (L) ‘

\ Pu_ = 1/2H (TE-TL—Du%Ei
| . AN

\ \CALL SUBROUTINE RK RK(S;
| o

I — [

| CALCULATE TORQUE T
{ .

———

. S

.
SRINT  TIME, TORQUE, SPEED
CURRENTS l

YES

E?KEL SUOT SUBROUTINE

(L\
STOP)

N



l

READ MACHINE PARA METERE

RF, SH, C, ANG, TL, i, M

e

INITIALISATION OF UE\T}(P\IO\L\’I\"E
QUANTITIES |

SIDO, SIQO, 1IN0, RIQO, WRO |
| 0, Rlb, NI

|

[

1
5

COMPUTE SYSTEM EQUA'I'IO'.\*S"}

/

i

xS, XF, X12, RS, RR, XL, SvQ, /

_HF XL+ 0.5, Y, ¢ 0.3KD |

e N N 1

‘%1;3 = HF (X * 0.5H, Yog F 0.5K2) 4
R4 = HE N ¢ HL Vgt K3)
i & o o ond o 2K ¥ K3) + K4

\ \‘\T Coq YN r K

_ . _ ) 7
PRINT LINE CURRENTS, /
SPRED, TORQUE /

¥

/ CALL PLOTING SUB-ROUTINE/

!

( srtor )



[

OO O

OS]

AT O Oaaan

403

400

5.2 COMPUTER PROGRAH

%%*i***¥i?***%*%%***%*********%*******%*%*?%*%%%i*%**%Xr%%
PROGRAN TO CALCULATE TRANSIENT RESPOKSE OF STATIC SHERBIUS
DRIVE SYSTEM USIHG RUNGE-KUTTA FOURTH ORDER METHDD

***************%**%***%**%&***%*E%%****%%i%%*%*%ﬁ%**%ﬁ*%%*

BY

GANESH BABU.E
MACHIAFFAN.E.V

REMESH DHANABAL.V
SEWTHIL VEL.E
SURESH.D

T OFINAL 3.
KRR EH A KKK AR HHIH A KRR IR REH XA HFHE

[NTEGER CHAR(1D)?

DIMENSICY S(4),AK(B},BK{E, {53 ,DK{EY, S
DIMENSICH TIH(lOl),SPD(lOl),TO?~101),Z(i

COMMON A,B,Dl.?i,ﬁl,Sl,Tl,AL,QE,EE,SQ,T:,EL,FB,:S
R3,T3,A2,?4,Q4,E4,54,T4,AS,B3,CS,%

COMMON 1PLOT, IVAR(LC)

DATA CMAR{l),CHAR(Z),CHAR(S),CHA? 4)Y,CHAR DY,
CH;E(G),CHAR(T),CHAR(B),CHAT(%),UHAR\lO}.CHQR‘ﬁl?,
CHAE(lE},CHAR(iS},CHAR(li),CHAR(E AN L~ L R R

g v &, 7T, 8T cr, 100, B, U yr,ont, )
OPEN{L,F ’ ToLD?

READ (1,100 (513,
FORMATIET
URITE(#
FORMATIE
READ{(1, 1%

E=S
st

e

[ & T v R
-

YXS, ¥R, X12,RS, RR, &F, SV

2 (M -
Fo T 5 T 2

] -

NP S

FORMATLTFS.4)
WRITE (*,402 XS,XR,XIZ,RS,RR,XF,SVQ
FORMAT(TES. &)

J

READ{l,iO;)RF,AH,D,ANG,TL.H,ﬁ
FORMATIGFS. 4,132
URITE(*,403)RF,AH,D,ANG.TL.H,H
FORMATI(EFB.4, 13

WREITE (%, 4003
FDRNAT(SX,1HT,6X,SHIDS,5X,3H1QS,5X,3HIDR.5X,;HIQR.SX,3E§AS
SX,BHIBS,SX,3HICS,6X,2HNR,4K,6HTDRQUE)
T=0.0

A=XS#XR-X12%X12

P=A+0.55#*XF*X5
D1=COS(ANG*3.1416/180.0)

P1=(-XR)*R5/A

68



51={12#%PR/A

T1=%12%%R/A
Als(XR+0.55*XF+X12*D1)*SVQ/B
Q2:(—X12)*X12/B
R2z(—RS>*(XR+O.55*XF)/S
SZz(—G.SS)*XF*XiZ/B
Ta=(-X12)%¥XKE/B
BizXlZ*{RH+O.55*RF}/B
P3=X12#R5/A
Qo=(-X12)1%X5/4

(X5 *RR/A

Sy *XR/A
12-¥5xD1)*5VE/B

4]
i

=}
<

SRR

1)

w3
S
1]
PSS

=
In x4

1"

X
b4

oo
Gl
[es IR us]

Kot
R B T A

|

G e
r

e 2

[ VD R

VR

e

11

(13
0
1
5 N
—

w1 U

s

i0.55%#RF) /B

ul

~
I N
ra O
. X

* ) w4

U2 S B

kA RENNe = R
~ I
—

N

-~
~
Py o~
O

i
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[av]
LT
i

Lo Na
il
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|
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tn ool
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wn

-

o

i B
I

I

—

w3 3 o Oy o
A
-3 L

- *.

tn 2D
£ 040 O 1
O & 2 T 1 e ol R
T kK
[S2 IR o
o~
i+

N

~

—

-

-
vy o~ =

<y
¢ty N O
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5s
st
—
oo
)
€
b=n]
g
m
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=

— 1N

’

*BY{13+5C0)

nownomo.

= U O

[N I T 3 N €
o
U
few)
(93]
! A
o men
-
~
w
+
€
Al

= 1N
w
A
|
ol
<
—

07 o

y=CK 1) +SDD

K {5)+WR

+0,5=h
CALL FUN(SS, SuR, DK}
oo 2098 1=1,4

209 S(I)=S<i>+(AK(I)+2.0*{EK(i)+CK(1))+DK<I)>ﬁ
UR=UR+(AK(5>+2.0*<BK(5>+CK(5))+DK<5)>/B.O
TDRQUE=X12*(8{2)*5(3}f5<1)*5(4>)
SIDF:S{l)*COS(Sld.16*T)—S(2)*SIN(314.16*T)
SEQFZS(l)*SIN(Bl&.16*T)+S(2)MCDS(31A.16*T)
SIA=SIDF
SIB=(*O.5}*SIQF—O.866*51D
S1C=(—0.5)*SIQF+0.866*SIDF
URITE(*,601)T,S(1),S<2),8(3),8(4),SEA,SIB,SIC.NR,TJRQE

= Te%l FDRHAT(iX,lOFB.A)

207

[SE RN ]

© {1 Q 52
—) Al

n —

L]

-3

I

(03]
4
-

)

i



TINIK =T
SPD (JK)=UR
TOR (JK) =TORQUE
200 CONT [ HUE
DO 500 J=1,3
Do 500 1=1,101
50T0(30,40,500,7

30 7(],1)=TIH(D)
GOTC 50C
40 7(1,2y=3SPD(1}
GOTO 500
50 Z701,2y=TCR(ID
5C0 CONTINUE
) po 507 1 =1,8
519 1VQ”(I)—uHRR(l5?
READ(L,lDOS)(IT“”(x) 3
1008 FORMAT(B52)
TPLOT=2
CAELL YSVSX(Z,lOl,_,IOx
ST0F
EHb
C %kxfﬂxxx*%*x*4**%%****4*4%%**%%4*%*****%*r*é s e N EREEEE AW
SUBERUTINE FUN c,YR, 7
DiMENSION S(4y,F{5)
COMMON 4,B,D1, rl,Tl,Sl,Tl,Al,QZ,?Z,SZ,TZ,Bl,DS,QB,
% R3,T3,A2,P4, Q4, 24, S%,Ti,ﬁ3,53,:3,H
Do 300 §=1,5
30 TG (31@,320,330,340,330),5
310 Feiy=(PixS(ir+il, D+RIxUDI¥S(23+01# #5(3)+TLxWR*E LS 43y xHAS12. 08
GO O so0
320 ciay=iat+ -1, O+1”*hQ)*b\-)+R2¥SL2)+(SZ+T:*UR)*S(3)+
« DB1%5(4))¥H*x314. 1%
GG TD 300
330 F¢2r=( PQ*S(1)+GQ*Un*b\ yeR3x5(3r+ {1 G+T3#WRI¥S (4 ¥H¥ oL~ - 2
GO0 T 300
340 F4 ):(A“+P4*Uﬁ*b(l3+Q“*“(2)+(?4+54*HR)*S(3)‘
% TA¥S(4)y¥HX3IL4.1D
GO TC 300
350 F(B):(AS*(S(Z)*S(3)_. 1I%G(4))1+B37 C3*KR}#H
300 COMTINUE
RETURN
END
C *************************************************?3**?%**‘**
SUBRUUTIVE YAVSK (A, H, ¥, NGRID)D
C THIS SUBROUTINE PuOTS d? T & VARIABLES YERSES T1IME
C THIS 1S BOTH A X- T AND X-Y PLOT ROUTINE

INTEGER CHAR(13)
s i@t AT IVAaR 10D

. ey T Y

-1



100
101
102

oo e o Do

900

CHAR(T),CHAR(B),CHAR(S),CHAR(lO),CHAE(IL),CHAR(lZ),
CHAR(lS),CHAR(14),CHAR(lS)/’l’,’2’,’3’,’4’,’5’,’6',
’7’,’8’,’9’,’A’,’E’,’U’,’Y’,’R’,’ */
DATA ISTAR,II,IPER,EDHSH,IBLANK/’*’,'l’,’.’,’—’,’ v
FDRHATK////,BX,llilPElO.Z))
FORNKT(lPElS.Z;ZX,lOlAl)
FDRHAT(lSX,lOlAl)

Yiax=4a(1,2)

YMIN=ACL, 2D

MP1=M+1

pe 4 J=2,HUF1

Do 4 !=1,N

[F{YMA%-ACL,ID) 1,2,2
YHMAX=ACT, 0D

[FCYHIN-ACT,J00 4,4,3
YMIN=ACT,J)

CONTINUE
YSHFT=YHIN*EO0.0/{YﬁAXmYHIK)
Hpi=n-1

oo 8 1=1, Nl

IpL=i+l

&) E=iPi, N

IF(A(K,l)—A({,l)) 7,5,8

Do 88 J=1,HF1

ATENP=A(I,])

A01,73=A0K, 0

4 (¥, J)y=ATENF

CONTINUE

CONTINUE

YMIN=8LL, 1)

YMAX=A (N, 1)

4RSCA (1) =XHMIN

ABSCA{11)=XMAK

ORDINCL)=YNIN

ORDIN(L1)=YHAX

po & 1=2,1C

G=1-1
ﬁESCA(I):(XHAX—XM{N)%Q/10.0+XH{N
DRDIN(I):(YMAX~YM1NJ*Q/IO.S+YHIN
WRITE (%, 1000 (ORDIN(JIY,J=1,10)
STEPX=(XMAX-XNIN)/1C0.0

KDELX=1

KLINE=1

LINE=1

DG 26 IRD=1,N

IF(NGRID.EQ.0) GU TO 200
r.3TEP=LINE

G0 TO 201
KSTEP=(A(1ND,1)—XHIN)/STEPX+1.5

o
e



201
10
11
12

13

ng 10 J=2,HF1

TEMPY{J)=A(IND,J)%100.0/{YMAX—YHEN)-YSHFT

[F(KLINE-LINE) 12,12,18
DO 13 1=2,100
KAXIS(Iy=1DASH

Do 14 1=1,101,10
KAXIS(I=15TAR

1F (KSTEP-LINE) 15,15,17
DO 16 [=2,MF1
K=TEMFY(I)+1.5
MM=IVAR(I-1D

KAX IS (K)y=CHAR (MM

uEiTE(*,lol)ﬁBSCA(KDELX),{KAXES(J),*

[F(NGRID.EQ.0) GO TO Z0C
KLINE=KLINE+NGRID
ABSCA(KDELX) =A{KLINE, 1)
Go T4 Z4

FLINE=KLINE+1O
KOELX=KDELX+1

GO TO 24

DO 19 [=2,100
KAXIS(I)=1BLANK

oo 20 1=1,101,10
FaxIS{I)=T1PER
[F(KSTEP~LINE) 21,21,23
0o 22 [=2,MP1
K=TENPY(I)+1.5
Mh=1vaR(1-12

YAX IS {K)Y=CHAR (MID
WRITE(%,102) (KaVIS{J),Jd=1,1CL2
LINE=LIKRE+L
IF(LINE-102) 25,25,27
[F(KSTEP-LINE) 26,11,11
CONT [NUE

5TOP

END
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Plots

CONCLUSION

To predict the transient stubility behaviour of seherpius <rive
a mathematical model in a synchronously roteting reference frame Z$ing

generalised machine theory has been developed.

In this Mathematical model analysis the converter snd invaorter

are represented by thelr instantanecous average values neglecting their

uni-directional properties and ripples in the d.c. side voltages and currents.

Machine reactance have been taken into acecount bul impedance of 4a.C.

source has been negleeted. Instantaneous commutation has to be assumed

. 1-Tirustrates the transient process of the system starting at no toac
with firing angles set at 90, 110, 130, 140 respectively. [astartuncous
torques appear to be oscillatory in all the cases. The frequency of oscilla-
tion is distinetly of two orders of vaiues. [nitizlly the torgues oscillates
at high frequency and finally at tow frequency.

When the drive is stated with firing angles set at 94°, the
speed of the drive after initial osecillations inecreases anc sses §oghtiy
above synchronous speed and then finally settles down at stendy  state
values. The rise in speed above synchronous speed can De explained as

follows

Because of the induction effect, the current flowirg in the
rotor eircuit do not become zero at Synchronous speed due t¢ roior inducs
tance and filter inductance, although the induced voltage beccme 2Cro.
Since the torque depend only or rotor currents and air-gap fiax the Lorque

does not reverse at the instant of crossing over synchronous specd.
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APPENDIX

General :

To predict transient performance of the system with the help
of Digital Computer it is necessary to determine the parameters ol the
machine accurately. The slip ring induction motor used for the aralviica:

verification had the following name data.

PHASE : 3, FREQUENCY : 50 HZ CONNECTION : &Y, VOLTS « 220 ¥

HORSEPOWER : 5.
No. load and Blocked Rotor Test :

No load and blocked rotor test were carried out 1o ceterming
the machine constants as well as the losses. The magnetising impezance
Xm of the motor was first ecalculated from open eircuit test. From

blocked rotor test Xeq is calculated and assuming X1 = X, and using

[Re]

equivalent ecircuit impedance of the induetion motor XQ and ‘Xr arce caleu-
lated. This stator winding resistance was obtained by measuring ho cur-
rent i passing through a d.c. voltage across the winding. The wvallex ihus

obtained were muitiplied by 1.1 to obtain its effective A.C. resisiance.

The rotor resistance has bDeen calculated {rom  the oocked

rotor test.
Inertia Constant Determination :

The terminals of the Veltmeter in the armature ciredit of
the tacho-generalor were connected to the cight loop oscillscops Torore-

cording the speed changes.
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