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ARSTRACT

This dizsertation déscribes the devalopment of 5
rescbor-controiled, w&ri&hlw&}ﬁ%é, inguction motor drive. Symsebtrical
component anslysis i used to swvalusbe the affect of &n asymmetrical
reactor sirould ézx the irduction moler performance sharacteristics,
Mrtor torgue-current cherasteristics sre predicied, showinz the
agount of phase asymmeiry introducsd by the ssbursbls ressior

eirenit. Esperimental resulis are given for ths trausisnt ang

steady-state respouse of the drive,




PREFACE

The subject of this thesié is the development of s
reactor-controclled, wariable-speed, induction motor drive.
Chapter I, the review of the past work, is included to provide a
background on induction motor drives. Chapter II describes the
basic theory of a feedback control system, In the third chapter,
the block diagram form of the drive is considered, and certain
induction motor relations are derived. The power modulator and
certain other components of the drive are presented in the fourth
and £ifth chapters respectively. In Chapter VI various results
are presented which are indicative of open and 6losedmloop
performance of the drive. Conclusions are péesented in Chapter VII,
Data compiled from induction motor tests erp presented in Appendix A.
fppendix B describes the design of certain elements of the drive,
and Appendix C conitalns informaticn‘relating #o-%he_tachometer
‘used in the gsedback portion of the closed-loop drive.

Superscripts found in‘the text refer to references which
have been placed in the bibliography.

The author wishes to acknowladge the kind guidance and
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of this proje@ﬁo In addition thanks are extended toc Miss Laura
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CHAPTER X

REVIEW OF THE PAST WORK

1,1  INTRODUCTION
The problem of continuous control of the speed of

induction motors is as old as the motors themselvesol?;‘

Since the end of
the laét century nunerous control schemes huve been developed and
successfulLy applied. During the first quarter of the century, thé
use of direct current motors was regarded as essgntialg the main
’objection~$o‘the_use p§‘aLternating current, induction‘motors being
inadequate methods of speed control. The increasing availability of
alternatihg current power supplies eventually resulted in an extensive
use of slip-ring induction motors employing secondary=resistance speed
controlol°2
Many of the scheumes thai have been developed are relatively
efficient but require auxiliary machines, A brief summary of the -
work done on problems very closely related to the present problem

will be given.

1,2 HISTORY OF DEVELOPMENT

Electrically controlled mechanical braking systems
operating against the ariving motor have provided control at high

values of slip, Possibly, the most widely used wechanical braking

1.3 1.4 1.5

systew is the d.c. dynamic brake, ochmitzs and others

have given much attention to a.c. dynamic braking uethods which avoid

completely the need of a d.c, supply. These methods employ !

1.6,1.7

asymmetrical primary connections” or asymmetrical terminal




0002

voltages of the nmotor,

Where the torque developed by the motor has been appreciazble
" and in the same girection as the mechanical rotation, spéed control
has been effected with moderate success by the use of adjustable
resistance in the secondary or rotor circuit}°8 Speeial consideration
in control design has been required where the torqﬁe must be opposite
te the direction of rotatioh at less than synchronous“speved° A
combination of adjustable rotor resistance along with’the‘use of
d.¢. dynamic braking has nade’ it possivle to obtainvéubé§nchronoua
speed control provided the torque has been in‘exceéélof;a§§5c21mately

. 35 of fulk*load‘torqueo lthere the counter—torqueghas been less

. than 50# normal, or ab sent «ltogether, sutisfactory speed control

!'nas been provided Ly application of asymmetrical voltages (a.c,

dynamic braking) to the motor primafyo
Neither of the aforementioned systens has proven itself to

- be entirely satisfactory for the Qomplete‘speed-torque range. <the

o system euploying d.c. dynamic braking along with adjustable rotor .

: resistance does not provide combrol of low torque at high speeds.. The
egysten employing aﬂymmatfical'vcltages to the secondary does not
provide control of torque at glow speeds .

Both of the above systems require, for their operation, a
greater input current than the motor would require in order to
dovelop an equivalent counter-torque with balanced polyphase
voluages éppliedo

Hecent developments have occurred which still adhere to

the open~loop principleal"’ag Independent and simultaneous a.c,

wotoring or plugging and d.c, dynamic braking torques have been




made possible by the provision on the common magnetic circuit of a
single motor ol two eiectromagnetically separate stator windings, each
of which reacts exclusively with Qn;y one of two edectroumegnetically
separate rotor windingsol°9 In yet another developuent the special
single machine of the latter control method is svoided, Two diréctly
coupled standard a.Ce machines provide simultuneous torques, as well
as permitting both machines to be connected as a.c, motorsel°lo~
Hore recently, techniques employing static comppnents
such as salurable reactors and Lagnetic awplifiers ;to controi the
primery voltage of high-slip duduction motors, have bess
developed. The speed-torqus curves ?QSemBi@ those of KAFdnLEDﬂ&fﬁ
'dfives with smagth spéaé-ééntéél extending dqﬁh tciébéut 1% of
" SYNCRFONous Sp@@dolfl Th@'éﬁﬁ&icatiaﬁ iz normally rastricted
to interaittent slow-speed duty since the efficiency is low ab
reduced speed, '
1t is of historic interesi to note that alexanderson
devéLOped & non=reversing reactor-controlled induction motoer drive
to trim the speed of a 200 kw high-freguency alternator in his
transoceanic r&diomcummunicatioﬁ ayshen, #

Meost recently, arrangements ol saburuble reactors with or

without transformers to coatrol the primary volitage of higheslip

. . . . : Ao L
inducticn motors have been given by bolt, Simeon and Shepherd]”

. . 1.12 : d.1 . dodl

Lollinger, leonhard,™ " and Foote, J e propesed arrange-

ments introduce some uegree of terndnsl-volitage asymmetry, in general,
whilst proviuing static reversible control of the speed and torque

of the motor, The connection proposed by L. H. Foote maintains

ltages ab the motor terndnals,
> .

very nearly

¥ Alexanderson, E, P. W, “The Electric Plant of Transocesn
Radio Telegraphy", Transactions of The American Instibubte of Blactrical
Engineers, vol. 42 (1923), p.p. 707=717. '




-')noéfr

Hausen, Biringer, and Slemcn have described a drive in which
2 wound-roboer Snducticn nobor 8 supplied with power from a statie

o4
L s 3. ; [ N
Y The drive incorporubo: bhe closed-

power souulator,
Looy prineiple in which & signal aependent upon the speed of the

load is compared with 4 reference or control si nal. The ditference
is fed vack to the drive Lo naintain speed within close limits of that

correspenuing to bhe reference signal, irrespective of the magnitude

of the ioaw or of extraneous uvisturvances,




CHAPTER 11

BASIC THEORY

2.) DESCRIPLION OF THF FEEDBACK CONTROL SYSTEM

Regulator «nd servomechanism are terns that have been
applied to feedback control systeus, Though eguipuents of the two
' types may ve sipllar if not iuentical in their physical appeaiance, the
dii"rereuce in newe wrises prinsridy from the different nzture of the
imputs. These two iypes of control systems exhibit 2 close
" funetional similaz‘ity which has resulted in their reeently h@.mg
given the commen ¢itle of feedback control wstemo
6 o

Fig. 2.1 is a block disgrau representation of & simplified
feedback control system. an actuating errur'E(s) which is the dii'fex’ence
between the re:erence input R(s) and sonie function of the controlled
variable B(s) is obbained at the summing point. The aiplified
actvating error signal R(s) is such that it tends to reduce to zero
the difference between the r}e‘i‘erence input R(s) ana the feedback
signal B{s), To provide ampiitication at one or nore points in the
feedback control syster a supplementai source of power is atfai;ab;eg

bince the control system endeavours continually to correct
any‘error that exists, the basic princ.ple of feedback control or
closeu~loop operation tenus to iuke for uccurate performence. Vhen
control elements huving & lurge awount of awplification and signiticant

delays in thelr tire response are used, this corrective action cuan give

2.1

rise Lo & dangerous condition of unsbable operation. With high

auplification more corrective wction es the controlled varieble ofs)
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can take place for a given error, and the time during which corrective
action is required can be decreased. After the corrective action is

- initiated and the nced for correction ceased, an overshoot by the
controlled variable C(s) may occur. This may be abbtributed to the
inherent time delay of the system elements which regulate the action
of the control elements. The process of continued carrectivéxactiong
building up te violent oscillations, 1s started if the overshoot is

. greater than that which initiated the control motion,

| Qualitatively then, it can bs seen that the time delays

present in the conbrol elements cause the instability.




CHAPTER IIX

CONSIDERATION OF THE DRIVE IN BLOCK DIAGRAN FORM

3ol COMPONLWTS OF THE CLOSED-ICPP DRIVE

Fig, 3.1 shows a block diagram of a proposed varisble=
speed reversible drive using an induction motpro The functioms of the
various elements of the drive are discussed in this chapter,

A 3=phase supply of .standard voltage and frequency'supplieﬂ
the power modulator., The power modulator cowponents consist of
saturable transformers, The output of the power nodulator is a 3=phase
supply having a constant frequency.which is that of the supply
frequency, '‘he relative phase and magnitude of the output is a
function of (and ideally proportional t0) direct=control current I,
of the power modulator,

The ocutput of the power modulator is applied to the .stator
windings of a standard 3=phase wounderotor induction motor, For
control purposes it is désifable to have the torque produced by the
induetion mgtor.vary in pr?portian to the applied control surrent Ic°
wvince the charactevisties of induction motors do not lend thewselves
directly to regulated speed operation, it is necessary to alter the
basic speed*torque characteristics of the wound-rotor motor. This
is accomplished by the insertion of & nctwork imte thgaﬁggéf cﬁfﬁuig
. congisting of fixed resistive end inductive elements connected to the
- rotor terminals. For purpose of identification thess elements will he
referred to as the rotor network,

Anovher unit of the systewm is a pcnmanent=mugﬁet tachometer

generator  thet is wechenically coupled to a rotating unit of the
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mechonical drive such that its speed of rotution is proportional

to motor speed., This tachémeter generator provides the feedback
signal used to obtain speed regulation in the systew, The output
volbage B of this tachoweter is compured with a voltage R
representing the desired speed. The error & is amplified to produce
a proportional value of control current Ic which acts upon the power

modulator,

3.2 IDBALIZED PERFORMANCE OF 'FHL DRIVE

There are three mailn factors to consider in designing

& regulating system for a variable speed drives

1, Steady-sbate stabllity aust be present,

25 At any setbing of the desired s peed, the motor speed should
be relatively independent of load torgue up Lo the rabed torgue
of ths drive,

32 The drive should respond rabidly 0 changes in the ﬁéttiag-ofiw.
ths desired speed, that is, the transient response musht be
relatively fast,

The ideal speed-torgue curve for an induction moter in

& varisble—~spesd drive is shown im figure 3.2(a), 'Lhis curve is

drawn for a counstant control current I@ supplied to the power

wodulator, The ideal relationship betwsen bthe output torque and the

sonbirol volbage of the pover modulator will then be of the form

L.l

shown in figure 3,2(b) at any value of forward or reversed speed,

If the d rive elewe hs ave idsal the following relationships will

Lodd

heolds
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With reference to Iige 3.1, 3.2(a), and 3.2(b):

-LG = .Klﬁa 3.4
T = Kzlc‘ 3.2
B = KTﬁ 33
where K, is a consbant of the amplifier (electronic controller)

L

KE is a constant of the power modulsator and motor

KT is a constant of the tachouster
and T ig the total outpub torque of the drive in appropriste
units; From the foregoing equations the steady-stabe speed N of the
drive with a load torque Ty may be determined as followss

From equation 3,3 N = %ﬂ

T
Heference to Fig, 3.1 shows B = R = E,

Substitubion into egwation 3.3 yleldss
B "

lxggaelx:%:aam )ozé»

B K

Applying equation 3,) and 3,2 for an intersection of drive and load

T/N curves at speed N ylelds:

R 345
K K5
T
L
or H= N, = o BPé
v Rk
R
where %R = KT

=3

A torque limit TM wey be imposed onthedrive by

constraining the contrel current to the power medulator to a2 maximum
value of IGEP

Fron equations 3.1 and 3,2 it is sesen thats

Ty = KKoby 3e7

substitubtion into equation 3.6 where TL = TM yieldss




B‘ﬂ\’13

E’lf‘z%f By . 33.8

L M S

whenee Bz Jp ~ Ny - 2.9

~ where [ — Eﬂ
T

Within the 1imits 9n Ty, it is shown in squation 3.6

 that the slope of the ép@ed4torqua curve is . o
| o : LERr
If the product lezﬁT.is sufficiently large, i.e.
T, | |
<.'<
3{1{’ EK‘I? R

the stesdy-gtate sﬁeed of the drive will be indepsndent of the lead torgue
Ty. The steady-state characteristie of-the &rive will be shown as in
Fig. 3.2(c)e | |
The borgue lim¥t dominates the transieht responsse
of the idealized dg&vaew If the arive is connected to a pure
inestin load-with A& pole momend of imertia J (imcluding the .
inerbia.of the mobof ), and if the time constants of the amélifier
afg gower modiélator can be neglected, (in this case they may because
' the meshavical time constant of the inductior motor is much larger
thap that of the aseociated equipment), the speed transient can be describsd

by a simple first corder 4ifferentiel equabion

Cd K %%; = ¢ 3.10,
Here K 18 2 conatand é@p@ﬁdeni on the units used for torgue, speed,
- and inertia.
1f the speed is reversed from a velus <l to a value +Hp the
error B during most of the transieus duration, will be greater than that

required to produce the waximuwn comdtrol current Igy. The mobor will therefore




I
@ B @ g

have a constant torgue TM during this transient, Combining equations

3.7 and 3,10 it is seen that

E74 g_Ké e -
TEGE = Ty = Kylohy 51
and J K ol K KK = 3.12.
G 4 7z m,i.gm.mm f a 24 ade s
betting g 77 (a time constant),
27T .
ay _ 1 .
it follows that a6 = o (g = M,
Solving for trans ij;zr’o and steady state conditions 3,12 becoumes
m(,‘
N = Pe “% NR 313

wher. P is & constant such that ab tine t =0, N = QHR

therefore, ab b= O, ml\IB = P4y

R
and Feo ZBQR
et A
thence N=-2K e s N,
W “lr
. : = ’
=i, (l-2e /’7”) 3oliy

The apeed will therefore approoch the set value EJR in a simple

ex:onential menner with a time constant . The idealized transient
response will thsn be of the form shown in Fig, 3.2{d),
17, as slated sarlier, the producht K Kzﬁri, iz sufficlently
T

rge, wccurate steady-stabe response can be ach:a.mr@do this

.
A8

product may be wade large by employing high velues of gain in
the design of the amplifier and power modulator,

If equation 3,14 is expanded im & simple Ma claurin

4
H o= o 2N { 1 e &2 )3 a
é}:’: ( » ) 1‘3 30-15
or N=""p 5 .3 -
> ks

The approximabtion is shown in Fig, 3.2(d),
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. 3.3 THE INDUCTION MOTOR.

Fig. 3.3(a) represents the equivalent circuit on a per

3.1 The induction machine is

phase basis of ar.?;':i'hdﬁétioxi motor,
seen to be a generalized electromechanical transformer. The

symbols used to 12fer to this diagrem are generally accepted and

only brief refermce will be made to them here; The stator

resistance and _eakage resctarice are referred to as Ty and %o The
exciting currert I canm be accounted for by means of a shunt branch,
formed by cora-loss cénductanés ¢ and magnetim.ng susesptance b,

in parailel &s shown in the i‘igurm Both 8c 2nd by ars usually
determined ab rated stator frequency and ars assumed to remain

consbant ¢v:r the renge of operation of the rotor. The voltagss,
currents . 2ad impedances in the eqaivalant rotor are represented by
their walu:s referred to the stator, The normalizing faectors are ratios
of sffeckire burns and are the sawe in essence as in trepsformer
theory. It iz shown fa the Literetures°2 '&,hat the. @éaonﬂary registance
{i.2., rotor resistance) mf@?f@d to tha s?;a:ho? is jg% where 5 is defined
a8 the per unit slip. Tifmé the roter resistance appears as a reflected
resistease thich is & function of glip and therefore a funecbion of
mechenical ?,ma.ci.,» The secondary reactance X, is pmporﬁional to

vobor frequency and therefew®to slip. Thus 2, is defined as the vslue
thal the peferred rotor lesksge reactance would have at stator
freguency. It should bs potad that when robor currents and voltages

are reflected imto the stater; their {requency is alsc changed to

stator frequency. It thue bsccmes possible Lo make an anaslysis of the

equivalet circuvil using established ecireuit theory techniguaes.
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A simpliiied per phise analysis of an induction motor
follows, the resulits of which will be applied in section 4.4 of
Chapter IV,

Fig. 3.3(b) shows ~ simplified fer phase equivalent of
an induction motor, The core-loss susceptance, primary winc_iing
resistance, anu friction losses are neglected. The primary-
lea,kage reactance anc;tlmaguet;zing‘ reactbance are *y and X, respectively,
ab line frequency. The eflected secondury-~-leukage feactancs and
total robor fesj,stancé per phi.se are X and r, respectively. The
slip of the robtor Tor positive sequence opm,at'im ig 8, |

in matrir forn the equutions of the network shewn in Pig. 3.3(b) are:

v J(:‘{L ¢ Jcm) - 4%, Il. 3,16
= ‘ ¥,
0 IR i ,3(:»:2 + v:m) 1%

where V_ is tr: per phase mobor voltage avplied to th: statoer

I, is the stator current,

and I, is the rotor current,
The detominant 2\ of the systen may be writien in the form
AN w.i‘g’(}:- v ) - (o bk )x, 1 x ) b E 317 »
, 8 Tl I 1 m’ e 1A m
Defie ¢ lealkage .t‘em*barz ¢4 such that
I X T
P o m , 3. 1g
Sl - (. +x J{x, + x - a
EECEEnICE
b - .
f.s is o reasomable definition in shat for x, = £y = U K= (,




Further rearrangenent of equations 3,17 and 3,18 yieldS

) = (xl + xm)(.,{2 + %m) OQREZ_:“QET -1 3,19
m
T2
Set G{é@;ﬁ;ﬁg:j = $m o ‘ 3,20

It will be shown that S = Sm when the motor torque is a maximum,
From equations 3.19 and 3,20 it follows that

Y
NS - 3 .,,;xg N °
VAN =y vx M, vx ) X (1o 3021

Using equations 3.16 and 3,21 it may ve shown that

v Jlx, +x ) (L + 38/5) ,
z  =R.lt B —— 3,22
\ O(Sm

where Zal is the motor input impedance per phuse to positive

sequence current,
Ir Zoo = j(xl + xm) is defined &s the no-load motor

input impedance per phase, then the normaiized motor input impedance

per phase o pesibive sequence current is

Z., L+ 38/5)
2L . 3,23,
&OG (l + L5 )

Gh D

It follows from squation 3,23 that bhe noruslized motor
. inprt impedance per phase Lo negablive sequence current 1is
i+ 32 8)
Z_, S
ag _ m
2, L1+ 28

<
o v
tom

The develecped internal torque T of an induction meotor on

a per phase vasis isj°3

RN O ~ R |
T = §= 42 “g 3025‘
S .




where T is in synchronous watts,

Wg is the synchronous speed in mechanical radians per second, If

W, is arbitrarily set as 1 pu (1 per unit) tuen equsbion 3,25 becomes

r
i 2 o
}.4'2 g 3.26

The combination of equations 3,16 and 3,26 yields
xPuRg 2
T o e BB 5 5
2 ) L]
Ko F + 3
ihj xm} (s S, ) r,

b

T e

5

LM
[+]

D
ond

The stator terminal per phase voltage as used in equation 3,16
is not negessarily the rated motor per phuse voltage, If Vm =Y ,

where V_ is tre rated per phase mobor voliage then equaition 3.27
- p 9 &
&

Decomes:
2.2 2
-x ¥ _ 878
m op m :
T = = 3028‘%
{x, +x 32 (Sg + 8 2} r
i m’ m 2
. otk oo dT . o -
Now taldng the derivative aa of equation 3.48 and
e N A 4. d‘T Py 3 ] £ d"f 4 o
evaluating the result aib a5 = 0, it is found that Go 8 2 maximwn
Yot
ab & = 5 as sbated in conjunciion with equation 3.20. “he waximum
i
torque T when ¥V = ¥_ is from equation 3,28
Y "maw m O p A 3e
2. 2
"X Y5
¥ & .y,
T, = 3029
K Dfs. b o }2 P
Ca ) SL
& l .ll»m 2‘

]

The combination of equuticns 2.27 and 31,29 yields:

2

_— i 2 Tmax 3.30
E?i | 8 *ﬁm
s

i)

where T is the torgue per phase in synchronous watis,

Sebp  nopo

If an overload capacity A 2,7

5 T? ie essumed,

where T is the rated motor torque per phase, then, equabion




3030 may be written as follows:

;i | ,
P v L ’
i = v{% ""“"‘5‘“2’2‘5:"“‘“’” 3031
pi13
L4 s

The results of equations 3,23, 3.24, and 3,31 will be

B

2.
o
m

applied in secuion 4.4 of Chapber IV,

Jod THE ROTOR METWORK
5
Fige 3.4 shows a bypical torque versus slip characteristic” "’

for a J-phase induction motor. It wes shown in equabion 3,29 that

the slip at wexinum toryue is directly proportional to the total

o

rotor resistance Yoo Lxpansion of equation 3.<9 shows that the

value of meximum internal torque is independent of "oo The speed

2% which maxlmum internal torgue cccurs may therefore be directly
controlled by inserting axt@rnal resistance in the rotor clreuit Qf

& wounderotor mobor, while the mawimum internal ¢ Lorgue remains
unafincted, This exbernal resistance control is made possivle

by use of a rotor network which lorms on inbegral poert of the closed-

loop drive and will now be brief JJ described,

iddally, if the drive is to have uniform 2CCUrsCy

and transient response st all speed settingsgthe borque nust be
incependent of the speed as shown in Fig. 3.2(a).

have suggested an analytical method
for the synbhesis of a rotor network to obbain prescribed Lorgue-
speed characberistics with induction motors, Through the manipulation

of roLor lupedance it is shown that the Lorque-speed GhquCb ristics

reculred of a steble variable speed drive can be synthesized,
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The proposed nebwork consists of a coil having résistance
ana inductance, connecteu in parailel with a resistor and inserted
in each phase of the rotor circult and is shown in Fige 3,5(a)

The form of the network is justified on the following grounds:

To develop constunt internal torque it is necessary to
have constant air-gap power in the motor. To wnaintain a constant
air=gap power it is therefores necessary to have a relatively
constant effective total value of rotor circuit resistance as
seen from the air;gap, This is achieved vy having the rotor current
transfer from Lhe low resistance path through the coil at low
values of slip to the high resistance path at high values of slip,
In order to achieve this behaviour a rfeactive ncetwork which has a
real frequemey locus {since the only current of interest in torque
production is the in=phase component) which increases with
frequency is needed, With reference to Fig, Boﬁ(a) it is seen

that the fellowing equations applys

LT
(s)| 15 "4 A7 3,32

S hR R
a8 J ‘33
z’(@)
¥ hen ~S'*’is separabted into real and imaginary components,
7 N L 2.2
\ A )+ .
N O B i VML 3.33
el S 4§ . . VR 2.2
3 "(_Ri + Rcf + 8 3
-7 2
r £ .
Tnage Z(S) o o )"3 % . 3.34,
S - 2 2,2
_ {iil + RO) r SK é]

7 =
SN LI o Z8) . |
A plot of real ~&§ versus lmaglnary|—w=lfor ali values of S results
fel

in a curve of the forw shown in Fig. 3.5(b),
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The synthesis of the rotor network as suggested im

- reference 3.6 will be carried out in Chapter V for the particular

" machine used by the present author. Reference 3.6 showed that

. performance characteristics of a polyphase machine incorporating a
rotor network can be modified so that a rising;gmﬁﬁa can be

obtained throughout both the driving range and counter torque rangs.
With rated voltage applied\to the motor; the effect of this rotor
combination is shown in Fig. 3.4 , where it can be caﬁpar@d with
the conventional curve of the wound rotor motor. As the voltage
‘applied to the primary of the motor is reduced, this curve will move
downward, Thus for various values of reduced primary voltage & family
of speed-torque curves will be produced. It has been shown that a
reasonably constant torque from about 80% forward speed to full
reversed speed i.e. from a slip of .2 to a slip of 2.0 per unit can

3.7

be attained with the use of a rotor network,




CHAPTER IV
THE POWER :UDULATOR
4s1 CHUICE OF GIRCUIR,

The power medulabor ussd in this project ubilised an
arvengement of bwo saburable transformers, Each winding of a
saturable trensforuer may be thought of as a saturable reactor,

Zhe impedance of a fixed reactor is invariant, whereas

i

the impedance of & saburable reactor ¢an be conbtrolied., A
satureble reactor has one a.e. primary winding, and 2 second de¢.
combrel winding, 4 decresse in the a.c. winding iupedance may be

F)

e ifected by increauing bthe do8, conbrol currenb.

.
4ollinger hod2

has given typleal saturable reachor
characteristie surves for & siuplifisd satureble reactor cireulb,
The circuilt and characteristis cwrves ave shown in Fige hole

With small d.c. excibabion most of bhe volbtage drop is across the

s

g

reschor, with lditle across

Y

the load, If the conbroel current is

e

increased Ho 505 of the reactor ratimg, bhe vollage icross the
250G, winudng is reduced, with o rosulbing increuse of a.c. current
whroug. the load. Yhe volbage drop coross the reactor is low if
the load impedonce limdts the current to 50» of the full load
albernabing curvenb, I¥ en increass in load current is requirved,
vhe dot. conbtrol curre.t must be increassd in opder Lo reduce bhe
voltage drop acvoss the a.¢, priuary winding

The reactors in the power uodulabor way have the lorm of
sedf-suburabing mugnetic amplifiers or the form of d.c¢. conbtrolled
saburable reactors. sobh civeuwibs have non-lineur average voltuage-

YN

current charactéristics, and both produce harmeonics, %The non—
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linsar volbuge-gurrant éharacéaﬁiataas LAy be quadibatively discussed
with reference wo Fige éezéa)vanﬁ (6}, “These fizures wepisit She
idealized oubpub chavectoridiss of o seturabis reschor ond a
selfmsatuf&tigg nagnetie ampiiiiér@ Fig. 4o2{a) shows thel the

sburavis reactor hes nigh incremental dmpedance in the operabing

in

.-

region, If resctors are used £o cohtrol the current inpub to an
induction mahor; aisborved speed-torque eharashﬁriﬁtica may vasull,
AL speeds close te synchponisti, the notor impedance is highs
cafreSandinélgsﬂmst of Vhie supply voltoge APPBVATS ACHCDS ﬁhe mobor,
widle the rewctors, ‘geratiﬁg in their inibial low impeaaﬁﬁ@ reglon,
have ~ little woltegs. ‘the torque bﬂ@refore spprosenes that
obtuined with ruted nober voltuge, %The molor iupetunce decroases
when bhe slip increases v the current through Lhe a.6. wrimuery
winaing wi Lhe salurable reasctor rises, ihe volbage seross the
3@&&&9? rises pharply ed & cerbain value ot pri@ary cuyrant
debermived vy the reschor conbrol current. bmmseq&enh¢yg the motoer
voltage decrenses und the borgue falls off repidly,

he selfe

(4
2

Fraudnebion of Fige 4.2(b) imiicates Lhu
ier exhibits & low cubput impedence.

L such an anplifier wers wsed fo coptrol the sbabor current of un
induction mobor, vhe neter speed-torgus sheracteristios wouid approssh
Luese obbtslned vhen Lie wobor shubtor was wirechiy sueiled by an

¢

Be®e BUPLLY sOUrce, lowsver, the use of seli=suburating megaclic

2y

sapdifiors introuuces the need for restifiers wilh resatively
dow shopt-tilke overiosd capucily inte bhe power cireuit. This
broblen was resolves by Lhe use of soburable reactors within the
power moundabor and the wss of o robur newwerllo mainbisin i

relatively consbunt mobor lupedance throughout the slip ranges
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hod  ANALYSIS OF A SATURARLE wIATOR CIRGUIT

A schematic olreuit diagram of the power nouulator is
showsn in Fig. 4.3, The arrangswenlt hes veen described in a pijer

o A

Ry bolt, bimeongsmu vhepherd] ™ and uses two satursble trensformers
bKi and Sk,.  Bach sabureole trensformer hes idenbical loua op zabe
A ™
winaings. The d.c. conbrel windings are cmitted for bthe sake of
(3]

ty

clarity, iood impedances are dejeted ws by end Lhe megnetic

pelarity is inoleeted by the uots, The resulis of the analysis
performed in redersnce l.li, anu the : sumpbions maede will now be
oibiinged,

unalysis the reuctors ure sssumed Lo

be ideal, lossless, and have no Leskege flux, When this iaesl
b4 2 : £
megnetic coupding hes uniiy turns ratio, the self inductances of

sach power winding ana the mutual incuchb.ance between Lhew are 2 Quads

ihe mutual reacbunce is symbolized by X in Fig. 4.3 ang is a
function of the reactor conbrol currenb,

A% L5 assumed bhat the reachter core hes an idesiized
swgnetization characteristice of the type suown in Fig., 4.1 ., It

fdid

is appsrent that veactance X is then variable rom almost zere a

wion Lo admost infindly in Lhe unsaturabed region end has

dilferent finite values corresponding to every voint on the curved

ransitional reglon ol the wagp aracberasiic, ‘the

asswaptions ol reference 311 81% of this circuild to

be carrisd out vy convenbtional steaqv-s tabte sinusoidal eircuit
o F)

cesessss the basic prope

§J¢
&
L3
=~
W
k)

that its cubpul voliages sre caepuble of controlied phase inversion,

riy
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oot

This property is an axiomatiec requirement of & variaeble speed drive,
in that the driving wmotor must be reversible,

‘ The authors of reference 1,1l found that the theoretical
load voltage characteristics had a locus as shown in Fig. 4.4 when
the load }'impedance ZL ie arbitrarily set to equal a pure resistance R,
such that Z’L = R, 1{;zn examination of this figure indicates a phase
inversion-point- at u%@ °

The relative symmstrical component load voltages for the

agircuit of Fig. 4.3 are shown in Fig. 4.5. The torque-speed
.. characteristics of & polyphase induction motor to which are applied
unbalanced voltages, may be considered as the algebraic sum of two
&@paré.te characteristice. These two characteristics are due to
the positive sequence and negative se(iuence conponents of applied
voltage acting iﬁdep@ndentlya The analysis of reference 1,11 did
not preclude an induction motor load for the balanced
_impedance .Z‘L° Fig, 4.5 was plotted fov EL “ R and f@p Zg%;. 3 L.
The authors *+3% found the theorsticsl characteristic for 2 rura
resistence load to consist of two elliptical é@c‘zi@_m intersseting
3% the phase inveralen roinmd, The cheractepistio for a purely
irduedive load was found to he limesr;, The thacretical locus

~ for any 73 and hanee any inductien mater Wil tharafome lie wmithin
©  the sheded srea of Fig, 4.5, |
The measured performonce of the power medulater was found

to approsch itas ideal thegretiesl perfermence fairiy elesely.
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4-3  ANALYSIS OF THE, PURER MODULATOR WITH s INOUCTION SOTOR_LOaD.

The power woduiabor is now anulyzed for the case of an
induction motor load. oSuch an analysis gives informstion as to
the nature of the motor currents under asyuuetrical operating
conuitions wna the motor Lorqye deveioped under these conditions,

It is shown that rewctor control current may be represented s a
function of moter torgue and thut torque-siip curves méy be thereby
predicted, wnotor currents preaicted with Lhe use or the power
modulator will be compared with those currents which would cccur
in the s;muetrical cave {i.o, with the impedanée of SK,= Q, the

i
impedance of SX,, =od), For simplicity the effect of the rotor
network will be neglected. Tnis simplificatlion is justified on the
grounas that symnetrical and asymmetrical operation will be compared
for the same wmachine,

The circuit under consiceration is shown in Fig, 4.6. The
assuaptions made for the suburavle reactors in secbion hoe will
apply here,

It wus founa that an explicit solution for the currents
lb and 15 of Fige 4.6 could not readily uve naue in terus of.th@
Yixea line voltages, the wobor terwinal voltages, and the mouulator
puruiieters, nplementary ciréuib theory uictated that such a circuit
must have a unique solubion for the currents Ib and IE if the
proper independent equstions could be written, However, it was feund
impossible to choose proper equations to solve the circuit
uniquely, This was evicenced oy the fact thut any set of equations
chosen had a zero celeruinant, and hence constiluted & tependent

set,




It was therefore decided to solve @& circult such as
shown in Fig. 4.7. This ecircuit has resistunces "R" placed
in series with the reactor power winuings. ouch & circuit
resoily yielued inuependent eqguutions vhich were solvable
for Ib ana IE in terms of the Iixed line voltuges, motor terminal

voltages and wouulator paraueters., In the final result the

resistances "R" were allowed Lo approach zerc.

it was assumed that vne motor rotor circuit was wye
connecbed and haa no neutral return connection,

et Xl and Xz be the s=lf inauctance of salurabie
transioruers le and sz respect.vely. With the & ssumplions made
in section 4.2, the umwbtual inauctance of e ach tranSformer is equal
to the seli inuuctance of the power windings. For purposes of
analysis let X = jX, .~itn refzarence to Fig. 4.7 Lhe foliowing

system equations may be written.

Vig ¥ Vpy = ““1.1(R + X‘l,) + LX) 4,1
Vee ¥ Vg = LR+ 2 X)) = L(R + 2X,) b2
Vpe = LR + Xy - LX) + 1Y, = L (R +X,) 4.3
\/BC = lel = lz(R + Al) + 13(R + Rz) - 1hx2 hol
where Ly, L, 13, and I& are the currents irdicated in Fig. 4.7,

Véﬁ, VBC’ Vba’ and Vib ar'e the volbages exisbing across the teruinals

shown in Fig. 4.7

These cguiliomng mhy be weilten i mavrix Torm as follows:
VAB + Vb& ~{R + Xl) Xl 0 v ll
Voo * Vs, (R+22) ~(R+20) © S0 1, s
Vag =1 (R¥X) Xy X, =B+ X) I ’
‘JBQ 71 ~(R + xl,) (R + x2; axz IA
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POKER wODULATON WITH RESISTANCE AND ANDUCTION MOTOR LOAD




bolutions for currents 1, 1, 13, I,» @re as follows:

(Vg Vg ) (42X J4X (Vg ot V)

=~ R(%RX, ) b6

. (Vpo#Vigy s (Rl )+ (Re2K (VY )

. s , 4.7
R{R “X.L} ,

Lo Sagog Vg Kt (R, ) (Vg Wy W) o

3 R(R+2K,) bo

I = v a8V +V b))L,+(R+X )(V Vy MBC) o

4 | R(R#2X,)

The motor phasc currents Ib and 1«5 wey readily be found frou,

Ib 1 + 1

[
J.E» = 12 + 13
Lefine the following quantities:

=1 4,10

4o11

A=y,

AB * vba)

B=
¢ = (Vyp+ vb *Vs)
B=(Vpg+V,*V )

Byuations 4,10, 4.41 may now be written in the following forms

-(Rr2x,) [ARex (2A+B] ~(R+2X )[RD+X (D+C,)j[

1 = R(R+2X, ) (8+2X,,) bo12
. ~(R*2K,) [R(B+A,+xl(a+2A)] ~(R¥2X, ) [RC+X2(C+D)] s
¢ R(R+2X, ) (R#2X,))

Fig. i.8 shows & vector aiagram of & syrmebrical set
of phase voltages applied to the wotor ter.inals of Fig, heTo -
Voltage vector Van is taken as the reference vector and arbitrarily
assigned an sngie of gzerc degrees, The veclor Van leads vector Vbn
!

b, 120° in time anG iugs vector Vgn by 120° in time., 1f a vector

T
operator "a" is defined such that &= exp(d%.) = 1 /+120° then




ee037

the phase voltages may be written in terms of their aymet.ric_al'

component voltages as followa:l“l

vmzv&0+val+v.a_2

2 | |
Vop = Va0 + 8V, +a 7, A oLl

Vo = Vg ta Yy, e,
where VaO’ al? and V a2 ore the zero sequence, positive ,s‘equence, and
negative sequence symmetrical component phase voltages respectively.
Although equations 4.l) are in the form most commonly
used in practice they do not lend themselves to the anelysis
at hand.
Fig. 4.9 shows the vector diagram of Fig. 4.8 rotated
in such a manner that the line voltage vb?é becomes the reférence
voltage vector. Re~define the vector "a" so that a = e =27 /3 =
1/-120° . With the aid of Fig, 4.9 and equations 4.14 the motor
terminal voltages are now defined in terms of the positive
and negative symmetrical component sequence voltages Vbl and
: ng of line woltage ngo o

Yoz = Vo1 + Yo
2
an = g Vbl + a Vbz
2 .
Vab =g vbl +a Vbz 4,15

In a three wire wye connection with balanced impedances

by definition

there is no zero sequence component of load voltageol‘”z Since a
three phase induction motor constitutes a balanced load itfnped&nce
no zero sequence component voltage appears in equations 4.15.

i‘he motor line currents may be written in terms of their
positive and negative symmetrical component sequence. currents

Iqend I a2 10 @ form similar to equations 4.15. The line currents




-~ h

1)
DY O

V.
oa B ¢+ 4]

¥,

g
FIGURE 4.8 BALANCED 3.PHASE VULTAGES WITH V,_  Ab REFERENCE

FIGURE 4.9 A ¥

basANCED 3-PHASE VOLTACGES WiTH ?hg AS HEFERENCE




are referred tc the current Ia and zre as follows:

I =1 by aefinition

a al a2
) .2
Ib dl&l + a la2 4,16
= o2 ,
IE = a Ial * &laz

The three line input voltages to the power nodulator
are applied at terminals A, B, and C as shown in Fig. 4.7,

For « phase sequence ABC,;

let VBC = V©

Then VCA = 3 VQ Lo17
_ 2

and VAB = a VQ

where Vo is a constant.
Solving for I, and I, in 4,16 in terms of I, and Iz
results in the equagtions:
1 =Ib==ala=
al (a-1)
dlb - l@

, a2
CSVN
Lquations 4,18 may now be solved with the use of equations 4.1<,

4,18

.1.3» lﬁg and 17, .
(R+2}§2)[RB@;#RA(;;LQL)-#}LL(B*%ZA) (w.,] +(Rr2X )[R(Ca=§})+}§2(c+n) ("”‘48 419

Tax (a-T)R(R+2%, ) (R¥2K,)

}s, [Rm%(lma)+x (B+2A)(l=—@] +(R+2Xl)E(G-aﬁ)-é-‘iz(c-z—ﬂ)(laaﬁ L. 20
Iaf T (- LR(RAK, ) (RVEK,)
where A= a(a?é - av, - Vba)

B= (Vg = Vpy = Vo)

2 2

C=a"V = Vbl(l +a”) - V2 (1 + 2)

, i 5

BEquations 4,19 and 4,20 express Ial and Ia2 in terms of Vblg Vbzg

V@9 the ¢ ircuil parameters xlg XZQ and R,
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With reference to Fig. 4.8, it may be shown thabl“j

Va1 = a3 &1
G421
Vo = 10 29

where Z , and Z_, are the impedance per phase to positive sequence
and neg;tive seijuence currents respectively, val and Vaz are the
poé;tive sequence ana negative sequenée}voitages per phase
respectively, where V&n is taken as a reference vector,
However, equations 4.19 and 4,40 are written in terms of

gbl and vb2° Reference to equations 4,15 will show that
the voltuges vbl and Vbz are the positive and negailive symmetrical
component sequence voltages of iine voltage Vbzo
Equations 4.2l nay be rétodii‘i‘ed 50 that

Vor = - W3 Lai2a

Vo = 3V3 I, %, hese
Substitution of equiations 4.19 and 4,20 into equations 4,24 yields
the foliowing results:

~3/32  (B+2,) ERB&+RA(&=—J.)+X (B+2A)(a-—lﬂ+(ﬁ+22{l)[1{ (Ga-D)¥X,,(C+D) (-1
b1 ~ (a=-DR(RvaX]) (Re2k,)

(equation No., 4.23)

L L (7926, [RBvaa(1-a) e, (Bren) (1-a b (Re2t ) [R(c-an)en, (040) 12
b2 (a=1) m(R+2X )(R+2X2)

(equation HNo. 4.24)
Bquations 4.23 and 4.24 may be rearranged in the following forms

KV

BV b1 " F Ve 4ol2

G V@ = F ng + M ng 4026

The parameters L, K, P, G, F, and M are functions of Xlg K
Ry Z ., & ape 8nd ¥a®, all of which are known, solving equations

1,25 anu hoz6 for the ratios Vbl’ Vbzﬂ and allowing R to approach

Vo Vo




zero (in the linit) yield the following results:

Yo ”zal a2 X2 v 20 5 % 27
Vo G b Ky i L, Kv e XX T2, KK
Vo2 _ 20 Z 5 T 25 %) 4528
Vo ZgZpK vZ,Z, ot Ea K Rt h

Equations 4,27 and 4,28 permit the analysis of the
induction motor operation to be carriea forward as a function of

the power modulator parameters Xl ana X2°

Lok

The per phase anulysis of the equivaient circuit of an -
inauction motor was earried out in section 3.3 of Chapter 1II, The
following equations were derived:

zZ, 1+ 3 S/sm

zZ "1+
o¢ AS
n

3.23 (reprise)

1+ j(2.=8)
% .= S

Ty T71 G- 324 (reprise)
| | 0§§m |

I - Zg? 2ol 3.31 (reprise)

T Vé' S S -

e L e B

where the paramsters huve been defined in sedtion 3.3,

With refercnce t0 eguation 3.31, the qpantities
Vm and V_ have been defined as per phause voltages where Vm is arbitrary,
and Vp is the rated per phase mobor voltage, Nguation 3,31

mey be mouified as follows:




VEV 2
P VIV Y
r P — e
Ol o

4,29

nated motor line to line voltage has veen defined as Vo in
section i4.3, Frou elementary considerations
% 7 VE Y
ols ' = .l
also, set\/3 ]vm[ lei
bguation 4,49 ray now be writtenas follows:

V*:Z E
L{ -1 T 4,30

where V, and V_ are iine to iine motor' and modulator tsrminal voltages.
then woth posilive unu negative sequence voltages are

applied éimulbaneously tov the motor stutor teruinéLsg the total

developeu internal torque is as foliows:“°h
T=T! T 431

where T' is the torcue produced by the presence of positive

sequence voltage, anu T" is the torque produced by the presence

of negative sequence voltage,

| If superposition is applied to equation 4.30 the

folivwing relgxtions may b e writtens

] v
_'L:_. = b -cazgczm . yr
T - V"" 5 S ho}z
| "r | © —_— B

)

n
= . -l W 2
3’;:: a3 -p.g 5°5 & 33
T, v £2-8 8 O et
£ r-! o o + L

5 (2-5)

9 At
T ' a cus ;
where| &= | is the normalized positive sequence torque,and L is
Tr ‘ 2 Tr
the norusiized negative sequence Lorque.




Incorpurating the results of equutions 4L.3< ana 4,33 into

equation 4,31 yieids:

v
Ln...bj;i mj_ﬂ_g___.m b2 ?42&%:&__, bo3d,
T \) _E S S v R S °
r o N 0 . m
5, 8 =8)

Equation .34 expresses the noruwiized wuotor torque per phase
a8 a function of wmotor siip, motor parameters, and power moduluator
paraneters, |

The nornalized per phase motor stator current may be
defined as I/lrj vhers I is oy currant per phase and I?
is the rated phase current,

In order to find the'fatio I/lr it is hecessary to

-

define & ney quantity zﬁz which will ve called normzlized rated
ebafor impedance per phagg, ‘ For the symmetrical case when
either Xl or Xz is uero, the power modulator is bypassed, ana the
motor stator tenruinals «re wirectly connected to the supply source,
this cannot te verified by sinullansous substitution of Xl = X2 =0
into equations 4.<7 anu L.<48 since the equations then become indeterwin:$e.
Bquations 4.47; 4,28, cun be verified as peing consistent with
Fig. 4.5 by letting X., X.2 approach %ero independently,
For exauplie |
when X‘;L = Q, }iz = finite

) v

then g‘g}? =1, :{7&% = () : b 35
) o

. ar . o .
In oruer to deteruiine 7 it will ve necessary vt o define a
Sr o¢
quantity 3 where Sr is the rateua motor siip which occurs when
m
K‘l or X2 = 0, «na torque T is eyual to rated wotor torqgue Tr

(ice. T/Tr = 1), The qguentity S, has been defined in equation 3,20




of sccuion 3.3 buvstitution of eyuations 4.35 inbo cquation 4,34

yielus tne tfollowing results:

when %“- =1,
r
2
then L= (1) e ..
Sr %n
, 5ty
This result gives D r
S
5 = 0,19 o360
m
Zar
The quantity 7 Ly now pe found vy appuication of equation 3.23
e
which states
+ . 3
&1 ] 1+ b/SmQ
Z,, L+
oc a8
m
Cleariy, it & = Sr 9
Zal . Zar
then = m g
% %
oc oc

1f the leakage factor™{ is taken to be .l (a reasonavle value),
and the result of equation 4,36 is substituted into equation 3,23,
then it fobllows that:

-Zar L+ j .19

=z - ‘!—637
Zoc 1+ oig
zar
D= =3 Xy o L]
whence Zog o407 [=51°30°"

It was snown in equations 4.35 that vb2 = O when Xl = 0
(i.e. conuitions of symaetrical motor operation). Hefercnce
to equation 4,22 yields:

Voo = W3 52,

but Vbz = 0 &s shown in equations 4,35,




1, i
Ay
a0 ol

E:S

Thereflore, when 212& =, the negetive segucnce eurrent I i 0
since Z a2 is nob necessurily zere, seference L0 equabions L,l1b

shows thub

‘1’& = lal * 2&2
but 1&2 = 0
whence %= lal A 438

Further reference to cquetiorsi.lé indicutes

jzzal'g = &zaj = 5| = |z} s wnen 1, = 0.

The bove inuicates symumetricad motor opex-abiom It
was shown in egualions 4.<2 thab

Vo1 = =ivF Ly 22

From equations 4,19 it is scen Lhat

Yoz = N1 * Vi

bubt vﬁg = |
whence ?‘jb“é = vbl 4o 39

Substitubion of equations 4,38 and 4,39 intc eguution 4,22

J oo @& TI g
Vo3 V3 2 “al 4o&0
with reference Lo Fig, 4.7 it i seen Lhal the volbage ¥, =
is in phase with the volbtage VBG when }{1 =, The voltags
VBG hes been defined such thab ’«JBQ = Vg in section 4.0, whers
s

"&?0 is the rabed motor iine to line volbage,

By definibion it may be stated thet

= o )
¥, = 3 I, % bobd

where ¥ o is bhe rated motor line Lo line stator voliage

and fr is the rubed mobtor per phase stater current,

Zw is the rated motor per phase stabor impedance,
&




Division of squation 4.40 by equation 4.4l yields:

= 5 = Loh2
VQ W2 lr Z&r ‘
whence I V,=-12
- DG | &t
Ir VO Z&l

- Since the voltages ‘JbE- ana Vo are vector quuntities that are in
phase when X,l = 0, it is seen that their ratio is not complex.
Substitution of equgtion 4,39 into ecquation 4.42 anu multiplication

. . s . L oc | .
oi the right namnd side of equation 4.4z Dy 7 yields upon
) ce

rearrangement s
fg_ = 3 Vb Zur Zoc 4o43
- £
lr V@ éo@ Za._
Vo) .
For given values of 7 and assumed vadues of O, Sm”
0 - L IR -

and « . , & set.oi' nor@lized inuuction motor torquef-current
characteristics muy be derived by application of cquutions holk and
L.43 , It has been shown that unuer conditions of symmetrical
opération llaf = 'lbl = ll?f ’a Heﬁce, equation 4.43 is equally
valid for‘ all phases of the three phase mschine,

For the case of asymmetrical operation when X, 7 X, # 0,
a different procedure must be fo.Llowéd in order to deduce a set of
torqgue-current characteristics,

Equation 4.2« may ve written in vhe form

Zg;; - = vjl@.l Zajl;.,

Yo Yo

But frow equsbion 4,41, V.= V3 L%

Therefore | vbl -iVE ‘Ial z’al

e

v, Y3 .z




i@'l;‘. = j Vbﬂ zar-' Zoc i«}ola‘-l&
I. VOJ Zofgj ‘{'a.l:‘

It follows froum eguation iL.22 that

Tz _ =3 [Veg) Zar:} 2o | s
II‘ Vg J zoqc,ii _Za.z

In order to utilize equabions 4.44 anu L.45 a minor
change of forw nust be introauced into equat.ons §.27 and 4,48,
If the numerator and denominator of the aforementioned equations

3

are divided by Zoc the result is as follows:

2,1 2,5 %o Lk X

vbl n zoc Zoc Zoc Zﬁc Zoc Zoc 4aib
V@ Zal Za2 xl N Zal zaz X N Zal xl X2 > Za2 Xl XE
oc “oc “oc “oc “oc “oe “oc “oc “oc éoc “oc Aoc
L . Z, X Z X X
~| _al & 1 , a2 1 2
Vb2 = Zoc oc oc £oc Aoc Loc Y
Yoo ZaZaXy EnfpXy ZuX Ko 2, X
Z . Z L 4 7 z 2 7 Z .z 7
ce “oc “oc oc “oc “oc o¢c “oc “oc oc “oc “oc

With reference to ¢ quutions L.46 and 4.47 it nust be recalled that
‘the puarametecs Xl and X2 were defined as kl = Xlg and X2 =3 X2
in section 4.1 of Chapter IV to facilitate @nalysis, The paraneter
ZQQ was defined as Zog = J(xl + xm) in section 3.3 of Chapter III,
It is therefore evident that the ratio X/Zoc is mPeale

For assumea values of S, 8.2 s xl/zoeg ijzocp an§

“with the use of equavions housy, 45, 46, and 47, the vaiues of

I 1
Tﬁé and = may be found,
r r

A further application of eguations 4,16 peruwits the

evaluation of tne asyumetrical normalized induction motor per pnase
Ia I I

stator currents ——, -2 .4 S .
I 5 1 5 @il T
r -y “r
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Soluvion of eguation 4,34 uncer the sume conditions assumed

I, L
for evaluation of -if-*— and == will yield the noruulized per phase
v T

inauction motor toryue in synchronous watts,
A norréalized set of Lorgue-current inauction motor

characteristics nay now be plotted for any value of motor slip S and
. - | %5
any arbitrary normalized power aodulator impedance 7 and 7 e
: oc oc
Table 4:1 has wveen compiled ror the case of symuetrical

inauction wotor operation (i.e. == = 0), Lquations 4.43 and 4.34

A
. oc
have veen used to compute values of I&/lr and T/T,, for three
\'j
different values of motor slip S and for various values of f{’:tl%’
. o

Table 4.2 has been compiled for the cuse of asymmetrical

Lo %

induction motor operation (i.e. 7 # . # 0). For the sake of
oc “oe

simpiicity it hus been assumed that saturable transformer 5K, has

no d.¢. excitation applied to the control winding, while suturable
bronnformed ;xl has goptrol winding execitation., These

assumptions imply that the normatiised satursble transtoruer impeuances

tuke on the foilowing values:

X

7= —> o0
o¢

X
= (]
o<zQc <

The case where il;..g. oy and 0 < i@@ < o0

[o18} 60@

need not be considered. It may be shown that the results in this
latter case are identical to the results of Table 4.2, except that
the direction ¢f rotation of the induction motor is reversed, The
data of Tables 4.l and 4.2 when set out in graphical form aisplays

the effect of the power moduiator on inauction motor operation.
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Table 4.1

Symmetrical Motor Opsration

ry KL
leukage factor®t = 1 Sm = W =y E:; = ()
S i S gzwg
o .Ir .gTr
0200 100 o'fh2 077
o 20 U, 75 - 502 0382
obw Uojo n.}?a 03&69
- 500 0,25 0 287 042
4,00 1,00 doR2 1.30
1.00 Uo7y o915 032
-LOO(} Unbo . 063.0 9325
1.00 0.25 - 505 .08
4050 1,00 1,70 1,81
1,50 0aFh 1.28 1.02
L. 50 U, 50 o850 oh53
1.50 UoR5 oh2h 013

————d
g

In Tuble 4.1 the following terminology applies:

S is the inauction motor slip,

¥ont

bl . . _ . . L . .
?”“@ is the apsvlube vaiue of the normalized pousitive

o |

syumetrical compunent voltage of the itine volitage ?bﬁu

N : . . . "
==1{ 48 the absolute value of the normelized line current L
7 | |
&= 15 the absolube value of the nurmalized per phass motor

r |

horque T,
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Asynwetrical Motor QOperation

r X o
leskage Tactorel = 1 5m = ?§T§.2+ ” j‘z 4 22 ~&Aﬂv©‘<zé T oo
2 m ot os
[ s - .
o kPl Per Pl el Bl B[Sl
400 vo Ve glr ’ ;lr '31? Ir g*ré ;T?

2500 0,00 L.U0

o ‘)OU (—}o .l() o 910 o ll’ﬁx} o 675 ) ,,9;5

U0 742 G0

STh2 ThR T2 (667
832 JT3T7 500 530

L5000 QuR5  8l2 190 603 323, G000 679 368 37
QQ 019 M0 o232

<500 0,50 .73

5 o206 545 384 L,

oS00 O 698 305 518 518

1,00 0,00 .00 0.U0 1,22 0,00

L.00 467 .06

.00 1.00 560 440 683 .52
00 &0 500 500 611 611

1.0
A
100 U040 835 L3190 1,02 232 1
3
L.
L.

Leb Uoiv 1,00
dob  UWRS .64
J.of) (Jo.’jg 04‘)9
1.5

1.5 oy ol

J516 516 158

o2  lo22 1,22 1,30

22 1,10 - 800 863

O 370 805 451 1,22 904 L550 390
22 743 58 152

22 .61l .6lL G.u0

U0 17U 0,00 1,
Loooudh3 L.09 J3z8 1,
5 0&08 093:') 53‘&8 l.

Lo
1o

U000 500 o634 850 470

5 L0988 (518 518

c.‘,g

0 Lo7u 1.70  1.81

38 L.l L.8l8 L0611
28 L.00 o735 49R
07 B4 538 179
04

e

e

In Table 4.2, the following teruinology applics:

the lnouction motor slip

is the absolute vsiue o
symmetrical component
is the sbseolute value
symmetricgal componsnt
i the absolube value
syrmnetrical component

is the absoulube value

ents I , 1
T Tmd b

are the wosolubte values of

Pl

of the normalized

cg¢6‘ o516 158

i o e
SR PN A

POLLLLY

rry 1A < 1 L gy g
voltage of Aline voldd

of the normaliged negabive

voltage of ling veltage Vbuv

of the normdiized
of current of ths
of the normelized

of current ol ths

wositive

line cuvrent

negative

Line current

the per phass

.
I3

“r

“a

i~

i)



%%%% is the absolube vaine of the normzlized per phase
r
mobor boryue T,

4e5 'THEQRETICAL PRRVORMANCE CHARACTERISTICS OF Tuli MODULATOR AND

INDUCTION MOTOR COMBINATION,

The motor current=torqyue characteristics compiled in
Tables 4.1 and 4.2 are repreduced in Figures 4,10, 4,11, and 4,12,
The current-torgue cnarécteristicg havék:een plotbed for mobor
slips of U.5, 1.0, and 1.5 for the conditions

§%a-ﬁ» o0 901<§éw‘< o0

¢ oc

Exemination of Fligures 4.10, 4.1, ane 4.12 shows a marked
unbzlance of motor phase currents for asymuetrical wobor operution,
However, it is seen that ut higher values of normulized per phase
torque, the métor phase currents wpprozch balance,

For the case of symmetrical operation it is seen that
the motor phase currenbs appre.ch zero wheng%a approaches zero,
However, this is not necessarily true of asymmetrical operation.
Fxaminublion of Figs. &.10, 4ollyend 4.12 inuicates the following
consequences of asymmetrical motor operations

i

(1) Yor iow vuliues of 1
TZ‘

and mayle quite large.

the motor cucrents are not balanced,

2} Values of noxualived borque 1 may nobt approach zero, but
T Y

some finite volus cifferent Lfrom zero,

Fig, 4.1l is drauwn for the stundstill condition (i.e, 5 = 1),

For the case of asyumebrical operabion where Zé = T =00 (i.e, no
(o1 og

Uot, execitation on either Si, or SX, in Mig. 4.6) it is apparent
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C O & A

that the phase cusrrying currenb Ia is swjecbed to mastimum

%;- = U, Yhis result is indicabive of single-phase
r
operation. ‘that this is in fact the case, may Le borne out vy
X X
subsbitubing the puraneters = -ﬁu@% =@ into equabions 4,27 and
0c oe ‘ Vbl e.z,a‘
4028, bubsequent solution of these equations yields T T; s
b2 a2 -
This resull is charucteristic of single~phase operationgths

excitabtion while

vue to single-phase excitution, torque becomes imecdiately available
when one ol the saturable reactor d.c. control currents is increased,

This situution is very umdesiravle, since at sbunustild (8 = 1,
T

e

r
of the saburavle transforuers, and a iine contactor is nscessary,

= 0 ) the motor currents cunnot be interrupted by d.c. control

It has been stated that for esymmetrical motor operation

the motor phase cwrrents for small vaiuves of l%m are high, Tuble 4.3
i’r

shuws & compuarison betwsen symmetrical motor currents {i.e. the case
X
when Z.l-.:., = () ana the currents incurred for the asyanetrical case
}Lg o¢ xl
ey o< T Eo., For asyumetrical motor operation the three
o . og :
phase currenbs at a given btorque are guwbined to an equivalent per

phase symuaetrical mobor current which would result in the same
seconcary resistance logsses, The foellowing is a sample calculat.ion:

With reference to Fig. 4.11; the motor current for symmetrical

I
T = 1, ing

r §Ir
is Ty then the secondury resistance ioss is

operation at = = 1,08, If the secondary motor resistunce

(lau&ﬁz ry = L L7 r, norualized watts per phase,

X
For conaitions of asyuietricai vperation at ,1, = 1, 3& = Lo22,
I . l-é r r
= Ladd, T 1.0
r r

Thersfore, tobal secondary resistance loss  for the three phases

is as follows:
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ooabb

D 2 R 2 . .
ia{iagk; + {1,157 + (1.0)° ry = 3,81 N normalized walis,
ce SoBd ot -
The average Joss per phuse is 5 = 1,27 T, norsaesdzed waths per phases
The secomuary resistance ioss under conuitions or syumebrical

operubion hes veen Lounu to be L.17 zr, normalized watds per phuse,

_— e P Lo — :
This corresuonus e a noruesized currcent T = Ji.i7 = i.08 as shown
T

above, Laaddériy, 1Or bLue cusbe of esylLsaetricad operation, 4

nortisLiney current #\/Laz? = 1,13 is founa,

L.
I

Table 4.3 is now coupllied as foliovws:
Table 4.3
Conpurison ol kober fhase Currents Under Conditions
of Lyrmetrical «na asymmebricas uperation

ALl dats compiled frow Fig, 4.Ll1

T L L
g 4 1.
0 0 o 86
o5 .65 .96
1 L. 08 1.13

In Tavie 4.3 the foilowing terminology applies:

Ul
%m is the absolute valus of the nomaalized per phase
r
mobor torque L,
ia
T is the absolute vaiue of the per phase melor current
r
I& nnaer conditions of symwetricald operation,
‘,:'g., 2 3 " ' . * z % 4 .
S is the sbaciute veaue of the eyulvalent per phase
“r

mobor current under conditions of a symumetrical
operation,

Inspeckion of Table 4.3 shows bhat for low values of

1T ,
i@?@a mehor curcents unuer cenditions of asymmebricas operabion
Ty

are much lurger thon the eurrents which would result under conditions




of syimetricadl operation. Hence, Tavle 4.3 confirms the fuct
that a high degree of asymmetry is introduced by the power modulator
at low motor louds, as load increases the currents oecome more
. Nearly equal, anu relatively symmetricai motor operation is possible
with tne power mouulator,

It nuy be conciudea thut a criterion for mucnine heating
due to current asymuetry must be considereu if thie power mouulator
is to ve useful in control of tne induction motor,

Fig. 4.4) snows the relstive magnitudes of the two

posilive anu negalive seguence volmégpsfor slip values of .5,

l.U; ana 1.5, The characteristics of Fige. 4.13 confirm the results
oobained by Bolt, Simeonyand bhepherdl°ll which are shown in ¥ig. 4.5.
The characteristics of Fig. 4.13 difrer from those of Fig. 4.5 |
in that the former are plotteu for an induction motor loud, whereas
the latter are plotted for & generas ioid iupedance ZLo

Fig. 4.14 shows & piot ol noruieiizZea motor toryue versusg
norualiized reuctor impedance at three different valiues of slip,
The absolule vadiue of siope at any point on a given characterdstic

of Fig. 4.1y may ve found vy evaluating
I

J[r

—
SR |
© % = constant,

Fxawination ol Fig. 4..4 shows that for a constant value of slip

the slope ol the torque=reuctor impedance curve is small for
light loads ana large for higher vaiues of torque., It is recognized
that when the motor is to be centrolled by 2 'velocity-feedback loop,

the loop puin will be substantially affected, causing the response
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of the system to vary av various operating poluts,

ool

Fige 4ods Blso shows thub resstor impedsuce does not vary

dinearly with norualized motor torque for the chosen values of

mobor slig, To show that this is true im general tne following

proceuure nay be carried oubs

The substitution of equabions 4.46 and 4.47 for the case of

X5 X
T —2>and 0 7
o¢ [¢]]
as rollowss
T 2 2’”2% Z
r % %2 |, [%a
% N Y3
o Qe ag

=22
oe | %o

Xy

==L o9 into equation 4,34 yields equution h.48

inspection of eyuation 4048 shows thats

T

ST

Tr

o=

A
£ 2

&
z@@

)

T&a

s 1]

In order to substuntiate the resulbs chown in lig. 4.14 it is

necessary to perfori the following operations

2

H
21l

e
VA

O

5

=

2
Z T, B ..Eﬁéﬂl |
Zoe Foc Fue % _ foc Z@u Bk
—am 2%
5.8 5 ' 28
4 ,
a2
o
bot9

gonstant.

Due to the cumplexily involved, vhas operation will not be carried

forward,

&,

where s
ZO@

Xy & Lyp

Since zmis not & function of 7 O T

4. o8 0c (+1d]
and g are conplex nubers, the foiiowing operation may

o

be perfored by differentiating equation i.483




I
9 [Tze] 4650,
o

Xy

A & .

Q¢ S = constant.
It is awso possible to find
2 %
o LTel
>[5

5 xl
N = constant
oc

4o51

by aifferentiating equation 4.48, Since % o and Zaz are both
couplex functions 'of "S" this operation woula entail considerable
difficulty.

The incremental expression of torque may be written as

follows: - ;[%ﬂ A {%ﬂ+ 9{%;] AN [42;]
Ar ‘

: [ 1 F] -
. S :
9 ZQ,,,« 5 = const. i xl = const,
Aoc
Quass At has pointed out that, aituough cruue, t he approxination

that rewctor impedance is proportional to reactor control current
Ic may be waue, odince aii guanbities of equation 4,52 are normalized,
I
Ce c .
let the normalized reactor control current be " o Define
o

the foslowing quuntitiess

8l

b

ﬁ.z = const,
Z
oe

S = const.,
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Then equation 4,52 may be written ss followss

boaols] st

The values of Klg and their variation for varying
operating points are of basic,interest for transxept and stability
analysis,

-Quazzah°§ has also shown that the tranéfer function of.th@
power modulator and induction motor may be represented by a linegr
tfanéfer function for small»perturbationsa ‘The transfer function
is dependent upon the coefficients "K," and “Kgﬁ'ahd may be
satisfactory for stability and frequency response considerations
arcund a given operating point, Quazza has also suggested the
use of phase plane analysis,

A third alternative analysis would be that of a So-
called "black box" analysis. The power modulator and motor transfer
functions couwld = be separately described graphically and an attempt
could then bs made téAdescribe the over-all transfer function,
However, this method of analysis would be extremely difficult in
that the powér modulator has three separate outputs. Alternatively,
it might be srgued that the overall transfer function of motor and
power modulator could be graphically determined, This method
cannot be readily applied in that the overall transfer function
of motor and power modulator-is dependent on moterialipo

It was decided that the theoretical analysis of the
reactor-motor transfer function was beyond the scope of this work,
and only the resulits of closed-loop operation will be given in

Chapter VI,




CHAPTER V
DETALEED CONSIDERATION OF CERTALN COMPONENTS OF THIY DRIVE
5.1 INTRODUCTION
Fig. 3.1 shows a block diagram of the drive., The
theoretical behaviour of the power moaulator and induction motor

ha8 peen uiscussed in Chapter IV, The synthesis of the associated

control equipnent shown in Fig, 3.1 will now be carried out,

5.2 ROTOR NETWORK

It was pointed out in Chapter III that the performance
characteristics of a polyphase macnine incorporuting 2 rotor network
can be modified_so thal & rising torgque can be obtained for all
speeds in the driving range ana ¢ ounter torque range, The synthesis
of the rotor network as suggesled by W. Shepherd and G. R, Slemon3°6
«1'1l now be carried out,

The per phase equivalent circuit of a polyphase induction
motor with an external motor network Z(8) = R(8) + j x(8) is
shown in Fig. 5.1l. all quantities in the rotor (secondary) circuit
have been referred to the stator (primary) circuit, whence the external
rotor iupedance become; Z(S)/s.

The outhors of reference 3.6 made the following
assumptions: Core loss, the effects of saturabioﬁ, and space
haruwoniecs are neglected. The pussive two-terminal frequency sensitive
network Z(8) is connected externally to each rotor phase, The
rotor f requency is SW radians per seconu where S is the per unit
" slip, and W is the anguLar supply frequency in radiuns per second.,

An application of Thevenin®s theorem at the air—gap

’,




45 in Fig. 5.2 yields the following results:

Vljxm
1 *d (x.l N xm)

Vy = 5.1
where Ve is the open circuit voltage at the air-gap,

lue shorte-circuit current at the air-gup is

vy

Be .7 ENENEY | 502

The Thevenin equivalent impedance is

Ve , SAminrix) 5.3
Isc th ry+ (xl + xm)
Equation 5.3 may be broken into L wo parts; the real part
R, [z’th] = ros @nd the lusginary part Inag Z’th {xg;'
Frou equation 5,3
x 2 r
r = m 1 5.4
e 2 2
ry + (xl + xm)
2 2 2
_ Al XA KRy
xe 2 505

—>
ry ¥ (g X))

The internal electromagnetic torque T of an induction
uwotor is determined vy the power Pg crossing the air-gap ana the
synchronous speed. J4n wKS units, torgue zna speed have units such
that

By =T | 5.6
where P g = Synchronoti;ls watts per phase, and T = toryue in newhon-
meters per phase p@r_E pele pair and W = synchronous speed.

The oir=gap power of e uation 5.0 may ve expressed in

terms of rotor current and impedance ag follows:
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EIGRE 5.1

THE PER PRASE ROUZIF  OF & POLYPHASIE 1MDUCTION BOTOR
;i.‘ﬂ A RUTUR ETHORK

FICURE 5.2 THWYENIN EQULVALEST CIRCHLT




X oé(s

. {1‘_2;_5_‘3@] 12} 5.7
& !

where R(8) = Re [Z(s;l 0
From ¥Fig, 5.2, it is apparent that 12 may readily be expressed as a
function of V e 4N the motor parameters,

It is ex;euient to stete the foalowing definitions:

r '%'R;)

X=x+ i 5,9

S
where X( 5) = Imag ‘[Z( ﬁﬂ

Gonbining equations 5.6, >°7; 5.8, ana 5,,9,_;yiclds:3°6

R Y_g__ =T | TIET X X&, i 5.10
2TW - 2THW . .

BEguation 5,10 is represented by & family of circles of
constant torque in the R, X plane,

Frowm e quation 5,10, it is seen that the inauction motor
will deliver constant torque at constant appiiea voltage i1f the rotor
impedance locus X versus R canbe made to foilow the circular
constant torque locus,

The form of the rotor network hus been discussed in
Chapter 11I. vonsider Fig. 3.5(a) where all quantities are referred
to the s tator: : '

g e sn) [2]
(9 LS S 5.11
S (Rl, + R@) + }{3
- 8
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2 sy s EXN 1.3
Imegl (54 . 22 . 2.9 : Tk
o~ e 2
5 5 (R, + B2+ S 2,2 |
L7 %) E

The relabionships e xpressed in equations 5;1433, 5.12, aml
513 allow the robor nebwork syiame:.—sies to be carrisd Iopuard,

With relsrence towusblion 3,10, e logus of the
nonstant torque cirele for TS L potte e W, = L pouts G0y ba
dyawn. - The values of » ard x e NOY be fouml Lrem bhe mober PP mahelrs,

The mobor piramebers are given in Appendixz A snd ave reproducsd in

Table 5.1

Paraneters
{all q;:.,azﬁ,»itms 1~:§.w“&,d to sbator)

Foo o L0600 pou,
oy @ 39755 e lts
By od2é pit. &b 60 gycles
Ko = o143 pous ab 60 eycles
%2 L3% peu. ab éo‘ cycles,
pransfommiion & = 1,429

The fodlowing valzz:u of Fo 2nd x ., Were calculated rom
goustions 5.4, 5.5 and table 5. l:

= 004 poue per phase
shase ab 60 cyeles,

X, = 2308 pou, per

Fovatlon 5,10 mey now be wribben as
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The locus of ecuation 5‘ 14 1s plotted in Fig. 5.3,

An attempt must now be made to £it the locus of «-(ﬁ)-
to tne locus of equution 5,14,

Tne authors of reference 3.0 stated thut in order to

obtain the proper shape of locus it is necessary to choose the

- R R
proper ratios of Rl* and X§° The refercnce suggested the
o

following vuluess

=—.~_-,=°2§

- =

An arbitrary, but reasonable value of XB must now be
chusen. The values of R.l, 4na R are then determined and the
locus of =-(=-) 13 plotted for various vaiues ol slip, The
procedure is repeated several tiues until a value of Xg, RJ;” and
B.Q is founa that will give the proper shape of curve, Trial und
error proceaure inaicales that X3 = ,28 ohms p.u. at 6U cycles is
& gooa cholice., This iixes the vaiucs of Rl and Ro as foliows:

Xg = (48 OIS p.lo

Ro

%" = 1 therefore, Rav «28 pou,

R .

ol 0R5: theraforeﬁ Ra= 07 pou.

o ;

From equutions 5.8, 5.9, 5.12 ana 5,13, Table 5.2 is compiled:
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Cusponente of the Roter Girculd Impsdance

{Per Phase, referred bo g bator airouil)

’\7.4‘

4

G675 potue

Hp = Ll peue 4t -60 oycles
(=)

33 ® ,26 pou. ab 60 cycles

By = UT poute @b 80 oyeles

H. o= .28 p.u. ab 60 oycles,
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The unibs of B and X are in pou. réferred to the sbabor sircuid

ab 60 gyules,

The valuss in Tebls 5.2 ure now

Pl emit s Teyeriie o8 1 o NN -

LS CORBLENG COrQue CLIrCLS, NI FAR A 3 PR VRS
A e ey ! 3 et

ohg poile reaschancs &b L0 oyvles referred

. .| L et . Lot o . ES o be

in series with the rober nebtwork. I=b

Table 5.2 is now oliered bo becons Table 5.3 as
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Table 5.3
Modified Components of the Rotor Circuit Impedance
(Referred to stutor eircuit)

S R X ) 4

£+X

4 by

1O . 035 Y U6 oL77
2,0 o447 L6y Ub oR2h
1.0 0218 0223 LUb 0283
+50 0324 <268 LUb 0328
220 684 29U .06 2350

The values of R and (X + XL) obtained from Table 5.3 are
plotted in Fig. 5.3. The result is a rotor network which results
'ig a one per unit toryue (within 5%) from 4 siip ol 2 to a siip of
apprbximately 0l pef unit, |

Xt must:be recalled Lhat tLhe constant torque circle of
Fige 5.3 is based on equation 5.10. 'The ‘Thevenin equivalent
voltage Ve was taken tobe L poue gefercnce to equation 5.1
shows that Vl nust be greaﬁer than 1 p.u, for Ve to equal 1 pou;
Gohsequently, the unity torque circle of Fig, 5.3 represents
approxiuetely 125, rated brake torque ror this machine,

Fig. 5.4 shous the synthesizea rotor network. All
results are with reference to the stabor,

rhe motor base impedance ;5 i2 ohms anu the ratio of
trunsforuetion is 102931 as founu in appendix A, Fige 5.5 shows
the rotur network with reférence Lo tne robor circuit at 60 cycles,

Rotor network resisiances were constructea of”#lé“_
nichrowe wire which has a resistance ol o424 ohms per lineal foot,

Since the current carrying capacity of the rotor network
must equal the per phase current of the motor, physicaelly lurge

reactors were reguired in ils construction. This, coupied with the
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fact that the regquired reactances vere not available led to the
aecusion Lo use the variaole re.ctors in the a.C. Lab, Pach

indaividual reactor convains @ nuaber oif coils which‘could be cormested
in either serics or parallel, or both. Uitn «ll couls in pérallel

it was founu that Lhe resistunce measured with a "ducter" was

negiigibie coupared with the resistances present in the rotor

netwcfko The reactors were adjusted to have the required u.c., impedance
ab 00 cycles by use ot a variac, ammeter, and voltumeter, The |

ad justment of the reactors was carrica oul at ratcd rotor current,

and no appreciable saturoetion was noted,

5.3 SATURALLE. REACTOR CONTROL WINOING VOLTAGE SuppLy

As pointed out in Chapter IV, control of the power mouulator
is effected by variation of the d.c. control voltage to the control
winding o1 & saturable transtforuwer. The rating of the controi
winding was such that a controL current of 1lOUU ma d.c., wouid
fully saturate the transtforuer when the power winuings carried no
current. {hic nagnituue ol current cun be reauiity su.plica Qy grid
counbroliea gas—fi;u.ed-rectii‘iers° Numerous circuits are availavle for
supplying current to & resistive and inductive toad (control
winding of & salurbie reactor) by controlled rectifiers. The

ol ~ - i <
2 is shown in Fig. 5.6,

one chosen for tnis purpose

The thyratrons selccted were « Lype 3C23, with character
istics repruduced in Figs. 5.8 and 5.9, This selection was based
on pedk inverse voltage railing, tube current rating, reasonable

cost, ana availability. <theoretical volitage and current waveshapes

are drawn in Fig. 5.7,
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! 3C23
GAS-AND- MERCURY-VAPOR THYRATRON

o8 Oﬁn%la WnMrcu‘r; :
rature Range
~40% to +100% -80° to +80°C

™\

GRID:VOLTAGE:

Peak ‘or: DC, before:
tube conduction . il 0 =500 max. s ~500 ‘max. velts
Average*; ‘during
tube:conduction o ui il =100 max. =10 max. volts
ANODE: CURRENT: :
Peak. o iy i 6 max. 6 max. amp
‘Avérage®. i Siie 15 max. 1.5 max; amp
Fault, for duration of
0.1:second max, .yl e 120 max 120 ‘max. amp
GRID CURRENT:
Average®, .o S e 40,01 'max. 40, 01 max. amp

A Averaged over: one conducting period.
1® Averaged. over any. Intarval of 8 seconds maximim,
Averaged over period of ‘gridiconduction;

ro— 8 Vi MAX, ——

MEDIUM CAP.
JETEC N2Cl-5

Vg ST16 BULB

To
%

ZONE WHERE

[ ; CONDENSED ~MERCURY.
4 I . TEMPERATURE  SHOUL D
o BE: MEASURED

ay \—MEDIUM-SHELL

S o SMALL “4-PIN
Lo BAYONET BASE
- JETEC NBA4-10

92C3-6745R2

4-% o) DATA

FIGURE 5.8
THYRATRON CHARACTERISTICS




GAS-AND - MERCURY-VAPOR THYRATRON

3C23

OPERATIONAL  RANGE
OF CRITICAL GRID. VOLTAGE

RANGE 1S FOR CONDITIONS WHERE:
E¢=2.5VOLTS AC 25%0; CIRCUIT RE-
TURNS TO CENTER TAP OF FILAMENT
TRANSFORMER. THE RANGE INCLUDES
INITIAL ANO. LIFE VARIATIONS OF IN-
DIVIDUAL TUBES. GR!D RESISTOR=0
TO 100000 OHMS. CONDENSED-MERCURY
TEMPERATURE =-40°C . TO +80°C

2. |
///‘//// ly/ COP:g%CT‘

G %
0

1000

N
\\‘1
N
:

15

% Y -
9%, .
7 ERITICAL 1/ iw
B e
% <
fj / 4000
o

CONDUCTING . //A//,
T LD

-0 -8 -6 -4 -2 o
DC GRID-SUPPLY" VOLTS
92CS$-670372

CE-670372

TUBE DIVIRION
TADIO CORPORATION OF AMERICA, HARRISON, NEW JERSEY

FIGURE 5.9

"THYRATRON CHARACTERISTICS
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Referancs bo Flg. 3.7 will show thet connubabllon from

Lo

one bube bo anobher does nob necessurlily boke place s bhe supply

vodtege pusses through serc. The bube Pooming 3" awy be prevesbed
from iring by o sufficlently negalive grio volbage. #s the supply

volbage pusses bhroush ¥ero the gurrendt through the conducbing

buve is not yeb gerv, Sufliciendt induces volbage 1s yprouuced scross

bhe inductence by a negebive current derivabtlve bo conblnus comubebions

:

This sonducbion is passible only wntil bhe current resches zero

&

{a&su; ing bhe bube volba

)
k«?

arep bo be negiigible), when conduction
through Lhe bube pust stope

If whe conducbing bubs has already exbinguashed before

the sseune bubs Lires, bthere in & perice during each half cycle when

#

wibthe? tube corducts wna bhe volbage across bthe loxd is gero,
Inspsction of Fig. 5.7 shows that two angles sre reguirsd

v specify the operablion. The sngle ¢ is measured in a particulsr

hall eyele ab whieh the tube sbarts conductions The angle S i

yele ab which the precediny tubs cesses

conduction. Lt is nobt possible Lor Siwisines the preceding
tube is forced Lo couse if ib

uas not already dons 80,

qt T S e e o " 2 o e mreny
The valuas of average veolbage andd current are given s
P
£ ,0 . o 0F
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A saturablé transforuer was tested with tne power
windings open circuibted. At was founu thut & potential difference
of L00 volls d.c. applied across tune control winaing caused
rated current to circulate through the winding. This indicated
a control winding df,cc resistance of 100 ohms., Therefore; the
thyrabron supply .ust be c apable of supplying d.c. voltages in
the ranges 0KV d c-—“— 100 volts, Control volivages lying within this
range will vary the outpul impedance of ihe satucable transformer
between zZero anu infiniiy as discussed in section 4ol.

In providing 1000 ma to the control coil it would be
undesiruable to have the thyratron conduct. for 180-degrees since
contrQl coil current would approach this value exponentially upon
sudden loading, anu the transient response ol the over-all
systeu would be reilalively slow, In orader to improve tihe Lransient
response, the plate supply transforier was so chosen Lhut for 180-
aegree conuuction of the thyratron, the average load cwrrent would be
<000 na., Under these conditions, the transient rise in lmd current
would reach 1000 ma in & nuch shorter vine,

If 2000 ma is selected as the loud current under 180-degree
conducting conuitions, the secomdary voltage rating for half the
secondary oi the plate t runsformer may be cualculated by use of

eyuation 5.16, as follows:

k
= oAk ; 108
2 7150 (cos X+ cos B )
but K = /£ =0° [or 180-degree conduction,
therefore B

2'?"&00 (L + 1)
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obbained Fron dppendin B.2. In Fig, 5.0L{b) bhe volbage ¥ lcuds

e

voirtage V_, by £5°, Treusiormer iy i8 so conmeobad fheb b

2

3]

vorbage ¥, lsgs voltege V., by 335%, (See the discussion in

& [

fg
Appenaix B.4),
The oubput voltoge of the phese sbi:fting eirecuidt is
goupled Lo bhe thyratron grids L hrough proteciive resistors 22
and 33 as shown in Fige. J.il{c). The resisbors R, and 33 have
LW PUrpOSes s |

velors anu 2ftery the bhubes conduch.

o
&
5
w3
4]
i
=
or

is To limit bhe griv

3

2, To aischarge from bhe grid cupucitors any vellage accumulabed
on bhem Bessuse of surges in bhe ancde sirculbs,
Selecbion of the resisbors ﬁz and ﬁg requires & coapromiss.
g B

To perfoym vhe irst function Lhe resisbor should be lurge, bub bo

perform bhe lather bhey should be smell, I& is 2 lso necessavy 40

avodd leading the phese shifting civeuit. The bube chavscberisliscs

reproguced 1o Fige 5.8 and 5.9 irdicate & coocace of O to 100 K ohas

The functions of cepaciters 0, and Gy showm in Mige 5.14(e)
3

aye Lo prevent bne respecuive Lubes irom Bshocking-over® or conoueting

if suaden voliage bransients ocsur in

Gs pfd capeelibors wers found B0 Funstion

1 m s sy 3 8 3 P | s
A3 menblonsd previocusdy,

L2 B & ]
L A2 e ¥ 2 -] % - =
dirsctional bubs grid volbupge, This
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the phase shift network is 15 volts peak to peak, then the thyratron
output can be controlled by varying the unidirectional voltage betwe
polnts "A" and "B" betweer + 8 and -15 volts with refersnce to
point "A", Fig. B.5 of Appendix B shows that zero tc full load
current is available for approximately helf the firing range of the
thyratrons.

| 5.5 AMPLIFIER

The system thus far developed has provided a means of
varying the control-coil current in the power modulator by
varying the magnitude of the d.c. componént of the thyratron
grid voltage.

This d.c. component of thyratron grid voltage was obtained
by the use of a vacuum tube amplifier. The vacuum tube should
have the following properties:
1< A high amplification facgcr (), .

2. A hormal current-carrying capacity of at least 10 ma. -
3+ Linear transfer characteristics in order to decrease steady-
state error.

The amplifier circuit shown in Fig, 5.12 utilizes a
12AT7 duo=-tribde° All circuit parameters are obtained from

Appendix B.5,
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snoﬁld respond t o the rate of chunge of one of the guéntities
involved in such a menner thet &« change in that quantity
will create « tranéient aamping force acting in the direction
opposite to that of therestoring force,

An anti-hunt circuit was ovuiil into the system, The design
of the eircuil is given in Appendix B.6, The elfect of the

circuit on thyratron operation will ve uiscussed in section 5.8,

5.8 LCONIROL CIRCUIT OPERATION

Fige 5.14 shows the circuit that controls the power
moduletor, 1f the action of the anti-hunting circuit is neglected
for the moment, it is seen that & siight decrease in motor
speed (i.e. a decrease in B) will cause the output & of the
comparator circuil to become more hegativéo Conse§uently9 the
agplifier tube current will decrease and the potentiul of
point "B" will increase with respecl to point "Aﬁo The anglé of
thyratron ighition will be advunced causing an increase of
control current vo the power modulator, The power modulator
will then supply additional power to the 3-phuse motor, so #s to

oppose the change in motor speed,

The anti-hunting circuit consists of a current trans-

Yormer T

4
condenver 06. A direct voltage proportivnal to power mouulator

» & 6H6 rectifier, resistors RlB’ le, Rl5’ and

control current appears across tho Capacitor Cé blocks any
d.c. voltage component from appearing in the grid circuit of the
anplifier, Under unstable conditions the system will tend to

oscillute and the current through the power moaulator comtrol—coil
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oo 9

will oe subject fo rapid change. This change in current is
reflected through the cwrrent transi‘ormér T 42 and results in

a change in voltage across Rlb’u Capacitor Gb wiil cause a

transient current to flow inthe circuit consisting of 06’ Ry,

and leu Capucitor Cb will either charge or discharge, depending

on the sign oi‘bthe rate of change of the voltuge across tho

The magnitude of the rate of chunge of the voltage across th

is dependent upon the magnitude of the rate of chunge of uu.fren‘b
throwgh tne power mudu.l.at.'or‘ control cuil. wuring the auration

of tuis t ransient a dambing voltage will appcar across Rl§° If, say,
thc conbtrol current to the power modulator is increusing, it is

seen that the vollage across RlA will increase in the sateway.

Tnis will cause & transient current to flow through G, le s

ana th in that order. .iigmentary positive voltage will appear in
the grid- circuit of the wmplifier, the nugnitude of this wltsge beimg
depenaent upon tne setiing oi Rlﬁo An increuase of vaunp.i.i:.‘.i.er t uve
current will occur, delaging the angle of ignition of the thyratrons

momentarily, anu thus dauping the systeu.




BR VI

]

i

A

§

18
Sy

-

3

ris

a

.88

Ga,

£
EN

Q

ANGE

3

&

perf

k

7

[

(%)
]

4Tl

PEELe

Aatio inie

BEN

Shiy

LHS

L
ki

shous

LY

PoMG

[

&
s

N

Loop wa

L 20

amed

LarLS

25

LR

Fes

&

e
o
o
et
&
]

A

RS

s

t

[
v

O

o3

6
el

W

S

who

EA




05092

HATHO (TITONEGy 00 WWHOVTIO X007 T°G sinnT
JBBUOTORY
yaomgasu FTOGITO
Jon0x AU TS - "
. Supyges
/ : . \/ \/ poads
PRITSOP
X070U -
. o HIOMABU -
Ged SO BTTDON fa - s AN oy
. : . oz - T TYTOys o g AV AT
UOTAONTUT amnod 5 aitys vmwﬁﬂrm - T IITAwE - /Ny\i K»{WW <
& ¥ pup uwosywrdyy | Oq e o3 o 0
M
i\
Arddns sewyd ¢ M




-

sy
7%

&

-
lue

3

a

[e 3 =23
v
1.0

-2

ﬁ
eohd

¥

Iy

ched Lo th
he co

bee;

£

e
o

or ha

wWas sor
1,

filed

2y

@F
2

2
(7

L

e

e dyni

Lt

SR
on

&

e

2,
204

£
%

i

1

The

Loryue moeas

2

4
&

long
@

.

2%

2}

s foliow

3 A
L8

@

9
M

nd

oy
o

o

Vs

g,

=

I3

g LS

ool

3

o

<
3t

Loy

B

I

.
4194

L4

97

52
et

e
%

A =
DG

18

¥

p2s




3

Motor Spesd-Tovrgue Characteristics
{potor network out)

Stator voltage - 50 volts line te line

owor gpzed  Dynamometer Seale Rdg. Hotor Shaft-Torque  Corrected Mntor

Shafi-Terque
ibs, f. = 1bs. £4e - lba

B ped g

ok

1.25 0.625 3.03
1.50 0.750 3.6k
1,75 0.875 5225
2,00 1.00 b Bl
2,25 1.13 5,46
2,50 | 1.25 6,05
3.00 1,50 7.25
3,25 1.63 7,90

’3>3€} :i.c‘éﬁ go%

ungtable region

2.50 l.25 .08
245 1,23 5,83
2035 1.7 5065

N
©

\“ )
<
.
ot
WiR
A
S

WY
AN




Qcogﬁg

?&fblg ‘{3@2
Fotor Spesd-Torgue Characteristics
{rotor network in)

Stator volts =30 volbs line to line

Motor speed  Dynamometer Seale Rdg. Motor Shaft~Torque  Corvected Motor

Shaff-Torque

ToDolBy LB, b, = Abs, £, = lbs
1440 G.00 0.00 0,0C
1090 Q.50 .25 1,23
1050 G.75 0.375 1.82
1010 1.00 0,500 2,42
980 1,25 0,625 3020
S00 1.50 0,750 3.62
660 L. 75 0,875 L2k
110 2,003 .00 4 .84
Y 2,25 L.13 Sod2
s ‘%Q £05§ iu28 60‘2&
= 100 2,60 1,20 6.30
= 220 2.65 Lo.33 6o45
= 550 .70 1.35 6.54
= 3{}0 20?@ lc3§ é"ék
=1000 2,75 .38 6,65
=4100 2,75 1,38 6.65
=400 2,80 .40 6,78

i

Exsminabion of Table 6.1 shows that an unstable operating

reglon exists betwsen appreximately +800 and =800 r.p.m, Subsequently,

]

10 steady~-siate, spest-torgue characteristic could be obtained

oy

Lrda

1 this region, The motor speed—torgue data found in Teble 6.1
are plotiea in Fig. 6.2 and referred io as curve (1), The region
of curve {1) betwsen 4800 amd ~800 p.p.m. has been estimeted,

if stable mobor operation had been obbainable through
the reglon of 2ero speed, @ discontinuity would have cccured a2t
zero spesd, This discontinwity is dus %0 dynumometer losses and
to “stdction® (nonlinear friction). VFor induction motor speedé

greaber vhan 2erc, the shall cubpub torgue read from the dynsmomater
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scale will be low by the amount of the losses incurred in the
braking motor. When the induction mobor behaves as a brake

{i.e. the reverse epeed region), the shaft-torque read from the
dynamometer scale will be high by the amoun? of the losses
incurred in the dynamometaro Since, the region between +800 and
=800 rop.m, has been approximated, curve (1) will not be corrected.

Data obtainea from Table 6.2 8P plotted as the broken
line characteristic in Fig, 6,2, As predicted in chapter II1,
the motor speed-torque characteristic exhibits a rising negative
slope, and permits stable operation at any motor speed throughout
both the driving range and the counter-torque range, As discussed
earliergithere ig a dis;ontinuity in the s peed=torque characteristic
at zero speed, If the negative segment of the speed-torque
characteristic is exbrapolated to zero saeeﬁg the torque discontinuity
way be approximated,

Helf the torque discontinuity at zero speed was subtracted
from each ordinate plétted for the negative seguent of the speed-
torque characteristic, Conversely, the same swount of torque was
added to each ordinate plotted for the positive segment of the
speed-torque characteristic. The resultant, curve (2) is continucus
through zero. speed aﬁd has 2 rising negative slope,

» For speeds inexcess of approximately 70% synchronous
speedﬁ comparison of curves (1) and (2) of Fig, 6.2 shows bhab
the motor develops a greater shaft-torque in the absence of the
Totor network, For speeds less than approximately 70% synchronous
speed, the motor exhibits unstable operation if no compensation

is introduced into the rotor mircuit, Although the rotor network
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' ensures open loop stability through both the driving and counter= .

torque range, examination of lig. 6.2 shows that the avaiiable
shaft-torque has veen decreased by approximately 50% for speeds

in excess of 70% synchronous speed.

6.3 CLOSED=LOOP MOTOR_SPEED-TOROUE CHARACTERISTICS

The system loop was closed, and the anti-hunt circuit
was ad justed to a limiting setting, beyond which motor oscillations
occurred, This adjustment was carried out under no-load
conditions., OSince the system was stable under no-load conditions,
then 1t would certainly be stable under loaded conditions sinee some
of the cowponents in the system would operate at greater saturation.,

The drive was then Lésted on a dynamoueter with various
“sebtings of'Spéed and-initial torque load, Tests were pertformed
fﬁf both the driving anu countef«torque regions,

“Abrief description of the method of testing in the
driving region is as follows, The drive was adjusted to deliver
an initial torque at & chosen speed. The torque load was then
increased tc a new value, Subsequent to this change in torque, the
drive experienced a_speed‘transien'b° The new Steadyestate speed
was Rhen measured, An increased value of torque loud was then
applgedg and thé?procédure was r egeated until the torque limit
of the drive was reached, Any attempt to increase the torque
load beyond this point led to a decrease in drive speed to 2Zero
and ultimate drive reverssl, Once the torque limit of the drive '
had been regcheds the driveISpeed was readjusﬁed to the speed and

torgue loau chosen initially in the test, The torque load was then

[
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peduced and the sboady-shate opsed for each step inm tovgue
reduction was vecorded. Saveral teste for varlous conditions of
initial torgue end speed were conducted in the driving region.
Similar tests wers conducted in the braking region., These tests
differsd only from those in the driving region in that the
induction motor was now supplying braking torgue rather than
roboring quueo

‘ Results obbained in tio driving range and counter-
Lerque range are retorded in Table 8.3, Values of initially chosen
torque load and epeed are demoted by a rajsed asterisk.

Table 6.3

sady-State Speed Versus Tovrque Characberistics of
L@fﬁplce%e Drive for Various Setbings of Desired Spgeed and

'Im*qmau
i%t;w ‘»nea@ ‘%@%@r Smm-»‘l’emu@

o Dofa ﬁu«m
1300° 1,00
20%0 1.50
1080 2,00
g0 : 2,50
TR 3.00
850 225
1120 Q.75
1340 0.50
1000" 2.00"
280 2,50
900 3.00
820 3.25
1020 1.50
1040 1.00

1340 0.50
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Fable 6.3 {contimnued)

e e

¥otor Speasd ¥otor Shaft-~Torque
PoDolle by
~1000" 2,00
=1020 2.50
=3 Q50 3.00
=1060 ' 3.25
1880 3.38
«1140 3.50
bl 980 lo.?s
L ‘250 . 1950
had 9% 1025
- 800" 2,00
- B20 2.50
- 910 3,00
had 950 3025
= 970 3.38
=1040 3.50
- 750 1.50
s 69@ 1000
« 600" 2,00"
= 610 2c5° '
« 620 3000
= 640 325
- 700 3.5C
= 580 1.7%
= 550 1i.50
- 400" 2,00°
= 410 2.50
= 430 3.00
= 470 3.25
= 530 3.50
~ 350 1.50
- 300 1.25
- 200" 2,00"
- 210 2.50
= 220 3.00
haad 3{}3 3050
- 150 1.50

i

et
o G e o s e

Steady-stote spsed versus torgue characteristics of the
drive for various settings of desired speed and torgue avrs showm

in Pig. 6.3. The initial speed and torgue sebiing onr z given
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characteriotie is denoted by 2 eross.

Exanination of Fig, 6.3 ahﬂ%ﬁ‘%&a& load torgques of
less than .50 foot-pounds were not plotted., As the torque lcad
Was é@cre&sed, the system regulated motor speed by decreasing
resgtor control current. >Ehea torque load was decressed to

approximabely 5 foot-pounds, the reastor conbrol curvent bocems

pogligibly emall, and the motor reverted to single-phase opersiions

e P’y

Zhip behaviour had been predicted in sestion 4.5 of Chepter 1T,
Further system rogulation was not possible beyond this point, and
astor spead epproachad syachronous gpead 1f the machine was initially
operating in the deiving vegion. Conssquently, %he speed iovgue
cuaracteriotics in the deiving ragiaﬁ wers projeched to vablad noe

™

The wobor reverted to single-phzse operabion fov

£ torque in the braking region. Again, syshen

prosible bayonmd this poind and moler spesd

fse _— N o 4 2, E . o s epele
decreasad. Moveovsr, ths {inal sposd of the soier souwld not be
; g o Y ary e o %7 ox . s e YA
wredetermined. 1t wop possitle Pfor the molor %o stall at sevo

o w o gty gnd®T o e 1 TN P N PO R T
W reversel speed, wWitimately approsshing

& o oo e o 0 B 8
Ag & reoull of 4

N b2 e 3 2 -
in bhe driving

ez e R ey T en e e o a3 e T B P S N ez b G vier  wvmers o o
fpece~yorgue onaractaristice meosured in Sihe brakine resion wars
3 Ll ) £

vy e g Jemanlie conl O Er s B ey D
0% projsched o vlitissde velues.

e By LY 4293 2 ge e Ve o) Ap1 D s &
BRGLINH G WiLL how that the orlimabes 08

P B D evmm Tegtg 9 e mred e s o P+
v dn Flg. 6.3 ave low in the motoring region

15 o Ry b of o ey g 5] Sa fo oo
produce bhe following resulies  im ths
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-

5o spoed-torgque characteriatics would sxhibis a

Iy

-sleepsy slops for torgues greabter tham the inttial Horgue

while the
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slope would decrease for values of torque less than the initial

value. In the braking region, the speed»torqug characteristics

would exhibit a steeper slope for torques less inan»the initial

térque, while the slope would increasefor values of torque greater

than the initial torque. In order to preserve the actual resulis

obtained, the characteristics were not adjusted.
Examination of the characteristics of Fig. 6.3 shows that

the speed regulation for torques ranging between 1 and 3 foot-pounds

approachéé an average of approximately 15%. This average negiecta

the presence of the characteristic drawn for an initial braking

torque of 2 foot-pounds at & speed of =800 r.p.m. The shape of this

characteristic suggests than an error was made in recording the results.
'The speed regulation might have been decreased by the use

of higher amzlifiervgain;' The apparatus was required to be dismantled and

“the laboratory space vaeated before this could be done.

6.4 TRANSIENT RESPONSE OF THE CLOSED-LOOP SYSTEM,

A number of tests were performed to assess the translent
performance of the drive connected to a dynamometer load. A
Ssnborn 150 multi-channel recorder was used to obtain a permanent
record of the test results,

Briefly, with reference to Fig. 6.1, the test procedure was
as follows: the reference voltage R was sebt so that the drive
operated at 2 given speed for a chosen value of torque load. The
magnitudes of reference voltage R, tachometer feedback wvoltage B,
and eryor signal E1 were simultaneously reccrded on a strip chart,

Tachometer fesadback voltage B was proporticnal to tachometer spsed



‘a8 ehown in Fig. C.1 of Appendix C.1.

The reference veltage R was then Yshepped?, anﬁbﬁh@’
transient behaviour of B'&ﬁﬂrgl werg simultaneously recorded. The
tachometer feedback voltage'g had 2 swall superimposed generetor noise
voltage, This in itself did not affect the opsration of the drive,

but made the interpretation of the results difficult. The Filter

- network shown in Fig. .2 of Appendix C.2 was installed betwesn

the recording unii and the tachometer.

The transient speed response of the drive for a2 sudden
change of reference voltage B is shown im Fig. 6.4. Inspection
of Fig. 6.4 shows that the rise time of the spsed charaiteristic
is much greater than the time required to inecrsase R %o its final
vaive, Consequently, the changs in the value of E will be referred
" to as a "step change®,

Extensive tests wers conducted in order to evaluate the
transient respomse of the drive. Due to lack of facilities, it
was not possible to test the transient responge of ths drive fer
a step change in torqus load. Figures 6.4, 5, 6, 7, 8, 9, 10,
and 6,11 show the system iransient response for a step change
irn reference voltage R,

Examination of Fig. 6.4 shows that the speed response of the
drive is osclllatory in nature, and decays %o a steady-state value
after a finite time, Although, the system under discussion is
non-linear, the system oscillatory speed response in a small region
about a point exhibits the type of bshaviour expected of a second-

order linear system, Data obtained from the aforementioned figures
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' ave presented in Table 6.4 as follows:

Table 6.4

System Transient Response for a Step Change

in Reference Voltage.

Flgu ToLo I‘;Sss- chwgo ‘P ?
ft. 1bs, r.p.m. r.p.m. seconds seconds
6.4 1.0 1075 390 1.9 18.8
6.5 1.0 1065 200 1.8 10.0
6.6 1.5 1060 611 1.8 5.3
6,7 2.5 %6 153 - = 1.8
6.8 2.5 92 918 - = 2.8
6.9 1.0 =1260 =120 1.4 5.8
6.10 1.5 =1295 =153 1.4 4.0
6.11 2.5 =1345 0 = = 3.0

where

- T.L, is the motor shaft torque,

I.5.5, is the initlal motor steady-state spe
F.g.g. ig the final mobor steady-state speed
T is the poriod of the moter-speed ocseillati

7-is the setiling time of the drive,

ed.

<

OR,

The variable - was not coempuled, bul approximated from the

figures, OSettling time was taken to be the time lapse from the

instant the refersnce volbage was Tstepped® until such time as the

drive approached 5% of its final steady-state spsed.

that the settling time 7 is small for large shaft-torgues.

It is seen

This

may be attributed to the fact that the drive components are op-

erating under conditions nearing saturation.

Reference to Table 6.4 indicateg a difference in the pericd

of motor speed escillation for the driving and breking regions,
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The characteristics which furnished the data repmseﬁted in
Table 6.4 are representative of drive operation, More test results
were recorded than have bsen shown, many indicating better drive

performance than some of those shown,



CHAPTER VI

CORCLUSIONS

An attempt has been made to construct a reactor-controlled,
reversible, induction motor drive., A simplified analysis of a
reversible reactor-control schems has been presented, The principles
of the reactor-control coperation have been presented and the motor
operation has been compared on the basis of symmetrical and asyumet
rical operation,

The results suggest that a criterion for machine heating
due 0 current asymmetry must be considersed if the pawer modulator
is to be useful in control of the induction motor. It would be
instructive to perform the corresponding caleulations for different
saturable reactor c@ﬁnectianso Such & computation would require
the use of cmmputing’machineao

| The insertion of an external rotor network into the

rotor clireull of the motor decressed the aveilable shafi-torque
to approximately 508 rated motor torgus. Capacitive compensation
right be emploved to increase the availabdble ahaf%»torquef7*l This
may be done by connecting capaciiors at the motor terminals for
power factor corrgction, Use of the rvotor network ensures onen=
igop stabllity which is noil available throvghout the driving and
counter-torque range for a mechine with a short-cireuited robor,

Under conditions of closed-loop opsration, the speed

- regulation for torgues ranging between 1 and 3 foot~pounds
appro ached an average of approximately 15%, ‘It was found that the

speed regulatbn incroased very rapidly for small torque loads due
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e single phasing mobor operations The eiveult configurabion of
the power modulaior mede this ap wwveldeble condibion.

Tests mm' performed to Geternine the spsed ivensient
response (at comstant load) to large sbep iupubs, Uxperbusntel
results have boen presented as evidence of the good éranslient
response which cen be obiained by the use of reactor-conbrolled

industion motors,
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APPENDIX A&

MACHINE CONSTANTS

A.1  DETERMINATION OF THE INDUGTION MOTOR PARAMETERS

Numeplate of Inauction Motor,

ASTA ilob. 3 phase 60 cycle
KD 11 Serial No., 4236081
1 h.po 1140 r.pon.

Primary wye connecleu
110 voltls secondary 70 volts

5.3 aups 7 waps,

Mewsurement of Stator and Rotor Resistances,

The stator circuit was connected Lo & u.c. supply us
shown in ¥Fig. A.l, It was assumea thal the stator windings had
equal d.c. resistance. The d.c¢, volbage source V shown in Fig, A.l
was increased until the amneter indicated rated stator current. ®
The stator was allowed to heat, adjustments of V being made to hold
the -stator current I constent. The resuits were as follows:

V = 4,80 volis d.c,

I= 5,10 aups d.g,

Stator d.c., resistances per phase were found with the aid of
Fig. Aollto be as followss
5.JR + 2.55R = 4.8

By = 527 ohms/phase, .

% Thig measurement was lnadvertently performed at a current
othier than the rated stator current,.
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FAGUAB Ao1,

| TEST CUNMECTLON OF MOTUR PRIMARY AND
SECONDARY TO DETERMINE », & x,
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It is geuerslly accepted that the a.c, resistance B, e of & motor

D WO

— —

windin, may ue expressed us L.15 Rd o at 60 cycles, Thus, it follows

]
that R . = 1,45 x 627 = ,720 ohus per phase,
° o
The results of & samilar test of the.-rotor.circuit

were as follows:

V = § volts doén

I = 7.1 aups Qoc®

o o rH(. rSE

hdocov.o@a9 chms per p@@ €

R, = Lo15 x 469 = 540 olus per phase

Bhg o
Open and short circuit tests were carried ocut as described by
o

A ; - AL . .
Puchstiein. Lloyd, and Uonrad "7, Resulis are tabulated in

Tubles A1 and A2 &s Ffollows:

Table A.) Open Circuit Test

Stator Volts Shator line Power Inpub  Rotor Open
L/L Current Wabbs Cirenih Volbs
110 3.7 65 70

Table A.2 Short (ircuil Test

Stator Veolits  Stator Line  Power Inpub in Phase
/L gurrent Wabts Component of Shors

Circuit Current

L7,0 3,00 50 1.70
29,5 5.30 138 2,71
33.0 6,00 170 2,98
38,5 7.00 233 3.50
L0 8,00 305 4,03
L9.5 9,00 380 boh3

* This measurement was inadvertently performed ab a current
other than the rated rolor current,
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Fig. A.2 shows a plot of line current versus iine to line stator
ﬁen&zina:{ Yolts,

' : 110 |
From the open circuit test Zné ioad = m = 17,2 .. per phase,

. 6 ‘
Rno Joad . = 3 x 2397)2 = lo 58 I Ber ,ah&%

« - 2 2 . »
KRO lO&d Jz ne load = R no lm & J 296 b 205 - ‘LIOL JL pﬂ!‘ phdbeo

From Figc' A2, the blocked motor impedance zbl. at rated voltuge is

110
Zb;k,@ m@:iolti . per phase,

The blocked motor resistance is

R,y = #g%é % 3,18 = 1,62 .\ per phase,

Hence, the blocked motor reactance is

X .”'\/(303,8)2» - (1962)2 = 2,74 . per ghuse,

From tuble (9-1) Fitzgerald and Kings.ﬁLeyA"Z

.2 ey o .
xst,ator “a xrotor = .3 zbl 0D R 2. 1.37n. per phase

where 18" is the turns ratio.

%, = Knl = Bgrator = 17l = 237 = 15.9 per phfme '

In order %o fina the correct ratio of transformation "a?,
it wes necessary to eliminate error owing to differential leakage |
flux between stator and rotor turns., The method is that given |
in reference &.1. VWhen the stator windings were connected to their
rated line to line voltege ¥, the rotor._ line b0 line volbage E,
was Tound, The stator winding was then disconnected and &
vdlé,tage Eﬂg was dmpressed on the rotor, The induced sbator line
to line voltuge V' was read. The correct ratio of transformation

is given byﬁ"lg
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¥ B!
a = e
f W sew PR3
v 9 B
V Ve

Resultss

¥ = 100 volos ¥t = 93,0 volts

o
i

% sy bt g 9 = 1
D {0 volos EZ L0 volts,

il

) a = 1,29

Ihe machine parameters may be tabulated 2s followss
Primary resistance ry = 720 chas/phase.
Secondary resistance Ty = 340 ohus/phase,
Primary reactance Hy = 1.37 ohms/phase & 60 cycles,
Secondary reagtance x, = .825 ohms/phase & 60 cycles.
Magnetizing reactance x_ = 15,7 ohus/phase @ 60 cycles,
fabic of transformation a = 1.29.

P

wore convenient to refer the machine quantlibies Lo b

e
o
@

Fand
e
L.
.

shator on & per anil vasis,

4 oho the stator al

]
[¥7)
w5

Ko ® Lod7 ohms/phese & U cycles
e “w o e o csas N
%, = {.825){1.29)" = 1.37 ohws/phase @ 60 cycles,
&
x = 15,7 ohas/phase & 60 cycles,

base v oliage per phase = volbs,

H wu 1Ry 3y e g oea s 202 A
pase ourrent per phass | 5.0 8PS, g

’?in@ \aﬁaﬁ ‘gaaﬁh Wu{@jﬁﬁ@ Zbagezlﬁ w 293 —'12 M/men

e mechine peramebers on @ p.ou. basis referred Lo Lhe sbator
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17 “%ﬁg = o060 p.u./phase.

B 2t 09?5‘ ?o‘-&v‘!{:ﬁ)hé&ﬁe'

I . .
%y B SE o2l pouo/phuse,

ey

-4

= is% ® .1l p.u./vhese,

5.7 .
*n © MZE = 1.3 pou./phase,

<. 0129



APPENDIX B

THIRATRON. CLROUIT AND ASSOCIATED EQUIPMENT DESIGH

Bol  TILRATRON_PLATE=SURELL TRANSEORARA.

It was poinked oub in section 5o3 of Chapter V bhab
a plute transformer which had bae. segondary capgc:ity of 110 ya
and 4 secondary velbage rating of 445 volts centre=tappsd was |
raquired for the piate supply of the thyratrons, In crder Lo be
ccnse;:vaﬁ‘ai\ré i% was decided to use & trensformer of 2t lsust
200 VA& secondary rating. f‘au.e_m a2 transformer was not available,

and sinee the installation was to be temparary, use was made of

Jurgs identical trunsformers available in the Aﬁt}u@mbo The
transforwers hed the i’ul.}.cming‘ nume plate d atas
Hame Plate Data of Trensformers: |
Westinghouse . | OKYA 3
Style 582677 Impedance 3.4%
Voltages 220, 110 Lo 220, 110 Serial No.'s 1887548
&0 cyecles } » - J887550

It was Tound that the oubput: vollage of the transforners
connected « s shoun in Fig, 2.4 was slightly nigher then réquir;eczo
The discrepancy was Lhought t0 be small enough to be neglected,
B.2  DESIGH OF UHE FUASH S siGUIT

The schemalic circuit diagram ang bhe vector diagram of

the phase shifting circuit sre shown in Figs, B.2{a) and (b)..

With reference to these Pigures, circult considerations show that

fe,
a:a._.'-'é = Y .§ L,
B.«} L8R % B, _L
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FIGURE B.1 AHRANGEMENT OF THYRATHuw PLATE-SUPPLY TRARSFURLERS
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{a) Phase Shifting Circuit

Cirenit

FIGURE B.2 PhaSE SHIFTING WNETWORK

(b) Vector Diagram of Phase Shifting
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where ¥ is a5 shown in Fig. B.2{p}
The ¢ ireult was aéasigzm wihat voltags V £ir would
lag ¥V, by 135°, This required an angle ¥ such that T = 459,
A .1 ufd, capacitor was chosen for S.ZL o From éqm&t’i@ﬁ 21,
Rl was deterained as follows:

Xcl

¥y " Tan %
2

1
where Kc.& @ gég
' i

w = 377 radians/sec

R;L = &4 K ohus,

In order te insure edsy circuib adjustment, & polentio-
meter varizble in the range Q to M0 X ohms was chosen for Ry

The trensformsrs ’E2 and '.i”g hed no nameplate data
stamped on them. Tests on Lhese btransformers showed U hat
each hadg & unity burns-ratic.

Tests also showed that if the inpub of the phase shift
circuit was a voltage ab &0 ¢pa, the output volwge waveform
suffered negligible disbortion., The current in the circulb was
linited by bhe high series impedance of }iel ang Rlo

An examimabion of Fig, 5.10(b) of Chapter V shows bhat
thyratron tube current can be ¢losely controlled because the
angle of intersectlon befwsen the eritical grid ch&.fa@tez"j.stic and

the phase shifted gria volbage is lergs. & swall change in
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wagnituse of alternating ecuponent of wrin volbage has little
effect on tube cuwrrent, provided the allernabing component itseld
bas sufficient magnitude.

It was decided to make the magnitude of the output of the
rhase shifting circuit 15 volts peak to peak. This was about
three times the mazimum critical grid volbage of the thyrotrons,

A Yvariach® was pleced at the inpub of the eircuit anu adjusted so
that the oubput phase shiftod volbage was 15 volte peak to peak., The
potﬁesnt;imneter By was adjustena so that the proper phuse shilt was
obbained. Fig. B3 shows an vseillogram of voltages V&@ ant Vi. o

displuced 135° in phass,

Wi

| PIGURS 5.3 N
PHASE SHIFT BETWEEN A.C. THYRATRON PLATE AND GRID VOLTAGE®

B.3
In Aomer Lo deternine the critical grid characteristic

of the 3023 thyratrons the e ircuil shewn in Fig. B.h was seb ups

With reference to Fig. B.4 it is seen bhat the 1L megohm  resistor

in the plate circult served to limit the tube surrent when the bubs

*Note: Thyratron plate voltage is the larger waveform,
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fived. ,

Grid voltage 3»5*2 was m;&;&. sufﬁeientw negatiﬁe 0
prevent the tube frowm firing w'nan voltage B.l wes aeveml huntired
volts, Voltage 5l'was then adjusted to a fixed value anu rosd
on VIVY Nos 2. Grid voltage B2 was t hen &liowed 'ﬁo become more
positive unbil the Lube fired, ab the instant of Liring
VIVA Ho. 1 indicuted a sherp rise in potentiad. The grid voltage
EZ was read on a "Cenerul ladie Heter® type 1800-A Just before
the btube fireds

Test Resulbs: .

DG, Grid Volts D.C. Plate Volts
=2.15 30
""3 © é{,{) 5@
""3 ) 7@ 75
"“’ii © 08 . .100
°’“‘¢‘~5o 34% 125
R “‘-‘A} [+ 51 .Lf‘a
“‘iﬁ‘o ?l ’ l?fb
“,"’34 o a‘; 23@
='§ 004% 325
=5.20 =250
<5040 75
“’5 @ g’& 39{3
“"5 ° ?é 3 25

Bols GONTROL OF THXGATRON OMERUL.."

The ei'itical grid characteristic of a type 3C23
thyratron is plotted in Fig, Baé’;}“‘i-fith the infornation obtained
from section B.3. It was pointes out in section B, 1 that the
secondary volbage for half the winding of the plate trunsfosuer
was 230 volts fomos, Subseguently, Lhe ¢ ritical grid chavacter—
istic in Fig. B.5 wes deuwwn for 2 simusoid having a peak voltage

of 230 x\,j 2 = 325 velbs,
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It is apparens from Fig, B.§ that control of the
thyrabron is aveilable in the yange %?Z *'*‘-;‘I wh § ?’z“ » For wb & %@
the thyratron fires over its whole rangs. This was « glaring
error in design; Apparently the phase shifting network should h%we
been designea for & = 90°, where € is the &ngle indicatea in
Figo B-5 e

| However, i ests showed that ths thymtrbn power supply
would supply leoad current in excess of 1000 m for & firing
rmigéa ééz AWt anu Lhus met losd current specifications.

An inspesction of Fig. 35,5 will show that the d.c. control
volbage to bhe thyratron grig must nob exceed +8 volfcs s vbtherwise
the thyratron will fire over the whole range 0K WESTT

Examingtion of F’z.ga P.5 shows that a d.c., control
voltuge of -15 volts applied to the grid will assure exbinction '
of the thyratron, A

The circuib of b’é,g-a. 593.1{3 ) was t.eatéus and the control
voltage was appiied bo points¥A® apd "BP  us suown on the figure,
Point "BY was allowed to range in potential from -15 to +8 volls
with referepce' o point ®4%, The resulting load current varied

within specifications,

| The operation and purpose o‘f the amplifier shown in
Fig, B.6 was discussed in section 5.5 of Chapter V,

Design ¢ entred sround & 12A77 duc-tricde for reasons
gtuted in secbion 5.5. of Chapter V. The plate voltage supply

was chosen to be 300 volis and the load resistor R& in the plate
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FIGURE B.6 aHPLIFIER CIRCULT
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circuit wun chosen «s 15K ohma,

The plate charuchberistics for a A25T7 tube are
.fepruduce& in Fig, 8.7, The lesd line uwey be plotica on Lhese
characteristics as followss

‘l""?hen ih & Q‘g %@ = E‘Qb = SGQ Fo

E,
and ib m‘zggm = 2%% = 20 na, &, = 0.
- 4

It wes poinbed out in section Bos thet peint YBR wus
allowed Lo rame in potential frow =15 o +8 volls with reference
o poindt "aAV, Az poinbed oub in section 5.5, the volbage applied
te point E'is a variable negative volbage aependent upon the
anplifier tube current. The amplifier tube current is controlled
by « varisble negative voltage B applisd to the grid cireuib as
shown in Flg. B.é. The amplifisr wus designed so thab the
pég;;;iai of point BEY veried Lrom -13 bo +8 volbs when the grid
volimpge £ varied so thab 3= E 22 -4 volis,

Framination of Fig. B.7 indicabes thali when the grid
volbage is =4 volbs, the veltage d?op'@§?osa R% is approximately
35 wolks, That is to say, the gotential of point B%is appronimstely

35 volbs below the B+ supply. a8 discussed previously in

o~

:ebion 5.5 the Liring angle of the thyratrons is advanced as

B

o

¢

the grid of the saplifier in Fig, B.6 is mude move negative,
Since the potential of polnt "u® shounld not exceed the potential
of point ¥A® py more then +8 volls, R@ is tapped at a point where
the pobential of 4% is 43 volts helow the potential of the B+
supply. If bhe gris volbsge ol the amplifier in Figy B.6 is

allowed to inerease Lo -3 volts, the pobential of poinbt "BV is
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approximately 60 volts below the poteﬁtial of the B’b supply.
Hence, point “B" is appredmately 17 volts below the potential of
point A", which insures that the thyratrons will %10% firs,

’Va.rigblg resistor .Ré. ghould be large enough to avold
loading the B+ supply and small enough to permit a fine ’adjustmeht‘o
A 10 watt, 10 K ohm rasist,or was p}xoseno With a calculated
dissipation of 9 watts, & 10 watt Ohmite wire-wound resistor
was considered sufficient. |

Capacitor Ch bypassés Rko Since the lowest ripple-
fréquency expected was 60 cycles a 2 ufd. capacitorwas used, This
corresponds to approximately 1300 ohms impedence at 60 ;: ps and
thus serves to bypass 60 cycle or higher ripple frequencies,

Grid resistor R§ was chosen to be 500K ohms which is
a standard value, ‘The grid bypasse capacitor 05 serves t o bypass
any extraneous a.c¢, signals present in the circuit. Capacitor 05
was chosen so that an a.c. signal of 15 cps was down 3 db at the
grid terminal, All higher frequencies would be attenuated at the rate of
6 dbfoctave,

_RT7 £ R585 = 1

CS l —
5 2x15x 500 x10°

C, = 0212 ufd,

2
A .02 ufd. capacitor was chosen for 050

The circuit was tested and the operation behaved
as anticipated, It was found that if the B+ voltage and the
tap on R@ were v aried and then held constant, the required oubput

between peints "A" and *B® could be obtained for different ranges
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Under operating conditicns Ry, was adjusted to an
appropriate level to provide anti-huating action (as determined
by experiment) and Rys was adjusted to provide a proper level of

damping voltage to the grid of the amplifier,
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APFENDIX C

TACHOMETER CHARACTERISTICS

C.1 TACHOMETER OQUTPUT CHARACTERISTICS

Nameplate of Tachometer.
The Electric Tachometer Co.,
Philadelphia, P. A., U. S, A,,
Ho, 00704
Max. Speed = 2000 r.p.m,
The tachometer was tested and its outpul voltage was

found to vary speesd as shown im Table C.l:

Table C.1

Tachometer Outpat Vollage vs Speed

Volts_ Speed r.p.m.
-580 1760
.515% 1580
425 1310
310 960
- 170 520
LO70 . / 220
-050 160
040 130
»020 60

7/

Fig, C,1 shows that the tachometer output voltage
varies almost linearly with spsed.
v The tachometer time constant was much smaller than the
mechanical time constant of the induction motor. It was assumed
that the tachometer time constant had 2 negligible effect on

gystem operation.
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C.2 FILTER NETWORK

The tachometer output voltage was found to contain
a small amount of "hash®., While, this did not effect system
performance, it made interpretation of the strip-chart obtained
from the Sanborn rscorder difficult,
| The filter circuit shown in Fig. C.2 was inserted

between the oubtput of the tachomster and the recording unit..
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1X
+
5 Input. to
Tachometer 100 ufd =T Sanborn
Input ' = Recorder,
FIGURE C.2

TACHOMETER OUTPUT FILTER




