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ABSTRACT - ' R

" Several strategies for controlling the speed of a closed
loop induction motor drive, supplied from a variable frequency source
are discussed. Both static and dynamic characteristics are consideredy
The speed response to all drive inputs is analyzed using both time ‘and
frequency domain techniques. The results are reviewed to include practical
limitations 'such as inverter characteristiés and motor nenlinearity., It
is concluded that the best dynamic performance is obtained by using a
constant airgap flux control and supplying the motor from an inverter, of

the pulse width modulated type. |

A new method for pledicting the structure and the zero
location of the speed-torque transfer functions is presented. The method
. : / L . .
is general and applicable to any motor dglve, operating 'in ‘ppen or

closed loop and described by a set of ligearized equations.
. . | ‘ "
The experimental results support the validity of the motor

‘dynamic model as well as the predictions of the drive transfer functions
and the extension of the stability results to the motor nonlinear

behavicur. . . .
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Cette thése présente une étude de plusieurs méthodes pour
le contrble de la vitesse d'un moteur i induction I circuit bouclé et
dont la spurce est & fréquence variable.

i

Les caractéristiques statiques et dynamiques sont considérés,
et la fonction réponse de la vitesse pour tous les signaux d'entrée, est

analysée dans les domaines du temps et de la fréquence respectivement,

. Les résultats sont interprétés de maniére i tenir compte
de certaines liﬁitations pratiques, telles que les caractéristiques de .
1'inverseur et la non-linéarité du moteur. On aboutit 3 la conclusion que
la meilleure \erformance dynamique est obtenue en utilisant un entrefer &
flux constant, |et en alimentant le moteur avec un inverseur i modulation

par impulsions de largeur variable.

n présente une nouvelle méthode pour prédire la structure

i
. et 1'emplacement\des zéros des fonctions de transfert vitesse-couple. ILa

méthode est g#éralle et peut &8tre dppliquée 3 la commande de n'importe
quel moteur, en circuit ouvert ou f?rmé et representé par des &quations

s
I
!

ésuitags expérimentaux confirmentila validité du‘model

Les

’
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‘ ) : CLAIM OF ORIGINALITY

| o

To the best of the author's knowledge, the following contributions

are original.-

>N l
. - y .
1) The formulation and proof of two theorems which predict the
structure of speed-torque transfer functlons as well as.the nature and the

1qcat1on of their zeros. The theorems are general, simple, and valld'for

any motor drive, operating in an open or ckesed control loopiand described

by a set of linearized equations.

1
»

2) The presentation of the dynamic characteristics of a closed
loop, variable frequency induction motor drive, operating with a constant

volts per hertz control strategy. X : -

® : . o ' .
3) Thetstatement of the dynamic characteristics of-a variable

frequéncy induction motor drive, operating with constant slip speed
control strategy.

s S s e Ll

4) The formulatlon bf the dynamic charatteristics of a variable

+~ frejuency 1nduct10n motor drive, supplled/by a cufrent source and operating

s

- Wwith\constant airgap flux control strategy.
\ N t

\ \

\

\ 5) The 1nvest1gat10n of 1nverter effects on the dynamlc performance

-

of 1nduct10n motor drives,

W

- v Q§ «
L 6) The application of modal analysis to the study of practlcal
stab111ty of induction motor drives._ ?} "‘

a . ¢

7) The proof th

are inadequate to deal wi

ncepts of observablilzy and controllability

dynamlc behav10ur of practlcal linear systems
and the definition of two new terms, pseudo-observability and pseudo-

/‘/ controllability, which are more relevant to engingering applications, ’
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, CHAPTER I /

, \ _ INTRODUCTION /
. J

1.1¢ Applications of variable speed induction motor drives _

Since its invention in 1888, the inductiom motor has been one of the
N
most widely“ﬂsed motors in industry. However, until recoently, its appli-

cation was mainly limited to drives with constant or near constant speed.

Whenever a process required a wide speed range, the historically older dc
motor was generally used. Over the last fifteen years; two main factors

have emerged which promise to change this:

1) The trend towards automation of manufacturing processes which is

~x .

placing more stringent requirements on the drive reliability and

¢ dynamic performance. °

.2) The development of thyristors with adequate power and switching
capabilities whtch makes the use of variable frequency drives
pract®cal. OQ all the methods for changing the speed of an
induction moﬂ%p only control of the input frequency gives

* ‘continuous speed rqgulaélon and hlgh starting torque while using

maintenance free squ1rre1 cage motors.

Bothgﬁactors have resulted in a gradually ‘increasing use of
“variable speed‘lnductlon motors. Consequently, there has been an increasing
interest in their dynamic behaviour., -, '

It is appropriate to review the main advantages of an induction over

a dc motor in variable speed drives.

1) Maintenance. The squirrel cage induction motor is the siﬁplest
apd most rugged of all electrical machines, wh}le a dc motor has
all the disadvantages of a commutator machine; (Frequent )

" maintenance, arcing, suscethbility to,chemiéally aggress&ve
atmosphere and vibrations, flash-over, e;c.)'

~

2) Very wide speed range. Dc motors are normally restricted to 4:1
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3)

4)

5)

)

induction motor drives over the past decade:

\

speed range, -at most. An induction motor, supplied from an appro-

priate variable frequency source can operate from zero up to
. 12,000 rpm.! Thus, practically any speed requirement can be satis-

fied without the additional mechanical gearing.

Power to weight ratio (S]),'ecific power). For a given torque output,

- an “induction motor weighs only about 60% of 1its dc- coﬁhierpart‘.
Operation "at higher speeds, for which the dc motor is ill suited,

may further increase the motor specific power:
- For the same torque and, thus, size, the power output is higher

- With the higher input frequencies, and the same power output

the iron in the machine can be reduced, thereby reducing its

)

weight.

Liquid cooling is possible with induction motors and this further
increases its power/weight ratio. Motors with more than 1 hp/1 1b.

at 12,000 rpm (power sﬁpply included) ‘have been manufaqg\if‘gad.

Superior transientiresponse. During fast speed changes, a:nz‘
induction motor has a double advantage over its dc counterpért:
- It has a lower rotor inertia

kY

- It can better sustain large accelerating torques.

Cost. An induction motor has a much lower first cost than an
e , . ‘ o

. equivalent dc machine. However, the cost comparison for a

complete érive, including a power supply and controls depends on

the pawer xange and motor application.'® .

The follvovwing examples illustrate applications of variable frequency
e

1=7

Traction application where the requirements for low maiptenance, .

good power to weight ratio and general ruggedness will continue to

B

‘favor the induction motor. -

Aerospace“" : the main reasons for using induction motors in thls
case are the superior rellablhty and power to weight ratio.

-~

. e

L4




Mining,\ls\Whéremoizgr compactness sfid gxplosion proof quality have

been dominant factors in some specific applications.

Steel industry,”'“‘ for mettimotor drives, where the induction
machine has not orﬂy/{te‘chmcal but alsowen. economic advantage over

its ‘dc ceunt/rpart .

Nuclear reactor pump drives,®’® which are required to opérate

reliably, without maintenance over prolonged periods-of time..
¥ ~
‘Automatic tool machines, '® where the combination of good power/weight

ratio, total enclosure, good power factor and good speed control
have favored the induction motor.

17

Fan and pump dnves where variable frequency induction motors

are becomlng a viable alternative as the price of thyristors is

‘re'duced .

1

One should not c?x}‘c‘lude from these examples -that induction motors
w111 entirely repla@% the ‘dé‘ machines_in the foreseeable future. The main
reason is that the cost. of ﬁ complete drlve is usually 2-3 tlmeq higher when
amanductlon motor is used. s520 A vari able frequency induction motor will
be selected’ only when a partlcular appllcatlon makes it more economical,!®
or, when critical performance requirements make the dc mofor unsuitable,

aee o ! , ' ¢

1.2 °_ Review of previous work

. ¥

- Induction motor dynamic studles have preceded the development of

vanableg frequency dr;ves. Weygandt and Charp have investigated the motor

2]

transzents in a servo system by usmg an analog computer. Kovacs and Racz

have applied rotatlng reference frames and space vectors’to the study of
motor trans:.ent’s ' ‘
y The development of the. thyr1$tor gave a great 1mpetus to motor

dynamic studies. First Pfaf’" and then Rogers®® pointed to motor stability

‘ probléms at low input frequencies. ' They both used the lmearlzed motor
_equations; Pfaf giving the time and frequency domain ana1y51s for different



values of the rotor inertia; Rogers applying the synchronous frame repre-

sentation and root-locus method to investigate the effects of motor para-

meters on the stability.

A stream of papers, proposing various control strategies and

giving motor steady state characteristics followed: Heumann presented

several drive configurations and showed the advantage of the constant airgap

flux operatlon;27 Heck and Meyer,26 West et al??® and Heumann and Jordan?®

- pointed out certain advantages of current over voltage control  Abraham et
al?® and Mokrytzki®! propose%{pﬂ%stant slip control which results in a
constant power factor operatior? ~Slabiak and Lawson discussed the torque‘
controlled motor, suitable for ®#raction applications.’® The Brown Bover:i %,

engineers, invoj]ved in 1induction motor rarlway applications, have published

> e
a number of detailed papers,??’3" the most important being that by Shonung

»

+ and Stemmler’® They were one of the first to recognize the superiority of  _

Shatear P

the pulse width modulated inverter and to investigate 1ts harmonic content.
; Furthermore, they clearly formulated, 1f not analyzed, all control strategies
% for speed regulation in variable frequency induction motors.
Although most of these studies gave drive control schematics and
' outlined methods of operation, none has presented a detailed analysis of
'motor dynamics.
One of the first comprehensive stability studies, after the work
of Rogers, was done by Fallside and Wortley in 1968 and published in 1969.35(
The root locus method was applied to predict the motor stability boundaries

and two stabilizing feedbacks were used to improve the drive dynamic perfor-

g

mance.
At almost the same time, but independent of-this study, a sequence

of papers followed, inspired by previous work of Krause and Lipo on

/synchronous and reluctance variable frequency supplied motors. Krause and

'Woloszyk compared computer and actual test results®® for an induction motor

drive. Nelson et al®® and Lipo and Krause®? investigated the effects of
diffe}ent drive parameters on the motor stability in great detail. Krause
and Lipo showed that the(higher harmonics in the inverter output voltage

may be neglected without significantly affecting motor stability.“® Obi and ’

‘ Barton identified motor modes and used sensitivity functions to investigate




modulated inverter. Espelage et a

L4

the effect of motor parameters on the drive elgenValues.dz'

By that ‘time, the representation of the motor linearized equations
in the synchronous reference frame and the use of the state space method
in the dynamic analysis had become the most favored approach. A few studies
of the motor nonlinear equations were made, with varying degress of success.
They proceeded either by using.the equivalent circuit while introducing
substantial approximations,“® by directly solving the motor equations on an

45 18 komputer, or by applying the Liapunov method."’

analog"” or digita ‘
All these studies were done for constant V/hz motor gontrol.
Although several authors26231729:58:00,83 have proposed closed loop
speed oberation, and Landau“’® preserited the experimental results for eng
sucE«drlve, there are no iorresponding dynamic studies available. This 1s in
spité of the fdct that there are a number of closed speed loop drives in
operation.®’!121? v o

_ The development of variable frequency supplies proceeded in parallel
with the study of induction motors. The basic theory .for both line and force
commutated 1nverters was developed 1n the era of mercury arc devices,>?’%!
and was ready for use when thyrlgtgrs became available.

One of tﬁe f1r§t.1nvert¢r‘types to be aﬁplied in variable frequency

inductibén motor drives was a line commutated cycloconverter,®? which requires

Qlower grade thyristors than other types. Due to its restricted ouput

frequency range4 1t is being gradually'£ep1aced by force commutated -
inverters. ) ) . . .

The mest common inverter ¥ircuit in ‘use t9-day was proposed by -
McMurray and Shattuck®? in 1961. Bra@léy et al ggve detailed analysis of
. 32 Mokryt;ki,5“~

and many others recognized theé Advantages of pulse width
' 156

various commutation methods. Sh8nung and Stemmler

Heumann,55 Vere§5i

propgsed an inverter*with externally

injected commutation pulses. Phillips®® pres¢nted a véé; interesi}ng current

63

controlled inverter which generated further study. As the pulse width

modulated inverter is becoming an obvious choice foy better drive performance,

. L . .
59 62 analyzed varjous aspects of its operation.

a number of recent studies
It is evident from this review that variable frequency supplied induction

motor dri¥es are becbming a viable alternative to “dc motors and that their'

:", )

1 . )

3
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development is proceeding rapidly.

§ oo R e s,
3 Pkl Tvo e b N

WD

1.3 Present study

3 uz"f‘

.Although the literature shows that there<hé§“5ééh>considerable

research.’'on the dynamics of variable frequency induction motor drives, many

important aspects have been neglected::

1) Only constant V/hz control has been analyzed. There have been,

apparently, no dynamic studies of other (and possibly better)

‘ control strategies.

2) A great effort has been made to identify combinations of qﬁfor
parameters which ensure stable drive operation and improve its
dynamic response. Very often such combinations lead to poor
steady state performance. Only Fallside and Wortley3’® have
considered a more logical approach: the motor parameters are
selected to optimize drive effiglency and process requirements,

while stabilizing feedback loops improve motor dynamic performance.

3) No dynamic study has been made for closed speed loop drives, which

are becoming increasingly important in automatic process control,

4) Practically all previous studies have used motor lineariced
equations, which has proved to be the most fruitful approach.
However, most conclusions about motor dynamics were made by
considering only the drive eigenvalues, which determine only the
asymbtotié stability. This is insufficient for practical motor

applications, where relative damping and output rise times are

much more relevant. Where the input-output couplings have been
taken imto account, the results are pertinent only to constant
: V/hz drives. '

S
$) Arlarge number of studies have equated constant V/hz with constant
!' airgap flux operation. The two are, however, entirely different,

in both the static and dynamic performance.

i
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This discussion indicates the areas requiring further investigation

and clarification. In an attempt to improve the pertinent knowledge and to

further the development of variable frequency induction motor drives, the.

following are the main objectives of this thesis:

1)

3)

4)

5)

1
'

Control strategies

All the most important .control strategies are clearly formulated
and examined. The merits of each with respect to the motor dynamic

performance are critically evaluated.

Closed loop operation '

For the first time the closed speed loop operation is analyzed for
different control strategies. By designing speed controller for
each drive configuration, it is possible to improve the dynamic
performance of a standard induction motor, without placing uneco-

nomical constraints on its parameters.

Practical stability

All results are presented in both the time and the frequency
domain and include the effects of various drive inputs on the motor
speed. In this way, the drive practical stability is evaluated

and presented in a form readily understood by practicing engineers.

Realistic limitations

1

Dynamic results are first obtaiqu for an ideal, sinusoidal power
supply and are then reviewed to assess the effect of practical

inverters, tachogenerator and motor nonlinearity.

Thus, the final results consist of two partsy the first is
independent of inverter technology and reflecfs the nature of
induction machines, and the second, which take‘ into account all
the 1limitations caused by imperfect drive coi&onents and which

depends on the future developments of variable frequency supplies.

«

+ Experimental verification

The dynamic model for the induction maéhine and the theoretical




results are confirmed experimentally. Again, both time and

frequency domain téchniques are used.

In addition to these stated objectives, a new method for predicting
the structure and location of zeros in the speed-torque transfer
function is developed. The method is general, applicable to any
motor drive operating in open or closed loop, and described by a

f

set of linearized equations. ‘




CHAPTER I1I

SPEED CONTROL - -STATIC CHARACTERISTICS

2.1 Introduction ‘ t
! Y

Thrj> strategies for controlling the torque and thus the speed of an
induction metor are presented, together with the corresponding static torque
curves. The effects of the saturation of the main flux path are included.
Since most of these results are available in the literature, the static
characteristics are presented here only for the sake of completeness.

While the speed control of d¢ motors obeys a simple law, the corres-
ponding relationship for induction machines is much more complex. Basically,
there are two independent inputs which are used to control the motor speedf

'

They are:

- Applied stator voltage
- Applied stator frequency

In addition to these two inputs the speed depends also on the motor load <A
control strategy may be now defined as the law which determines how éach of L
these inputs. should be manipulated in order to obtain a desired motor. beha- -
viour. It will be seen that the same motor has significantly different static
and dynamic characteristics with different control strategies.

While there are many possible strategies, only the three which are

most often used are considered in this study. They are:

1) Constant volts/hz control A
S
2) Constant slip speed control T i‘iﬂ \

—

3) Constant airgap flux control

The drive configurations which implemént these stra;egies are described in
the study of the motor dynamic behaviour (Chapter IV)(

The motor static characteristics for each strategy are obtained by
_using the standard equivalen% circuit (Fig, 2.1) and are then modified to
allow for magnetic nonlinearity. All" results are expréssed in per unit (P.U.)

L] %
B as, o I ,.‘Lg“%x&.;. b "&:‘g’igg

—
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values, with the motor rated values used as the base.

Ry ©jurz jwla

. R4
jwM

PLa

Fig. 2.1: Standard per phase equivalent circuit of an
inductiod motor.
The parameters of the motor ufed in this study are given in Appendix A. It
is useful to restate-at this point the expression for the electrical torque
of a 3-phase induction motor. From the equivalent c¢ircuit, it follows:

Ed
v

2
MI) Ry ‘ -
C n 2 ws ! ) H (2-1)

T =3
O Rele)t )

where Wy is the slip speed. When the motor operates within rated load, the

slip speed is small. Therefore:

2 2 .
(Rafu)) >> (L) S

o

so that the rotor leakage inductance can be\neglected. The equation (2-1)




|

™

then becomes:

2 2
IMI w
T = m 5
e Ro (2-2)
or ”
T = ¢ ¢ : 3
e t Y. (2-3)

where ¢ is the airgap flux, while ct 1S & constant given by:

N

Ct L 3/R2 :

v
o
The last expression shows that the electrical torque can be contfolled either
by manipulating the slip speed or the airgap flux. 3 -
j‘;‘ '.X.)

2.2 Constant Volts/hz Control

This strategy results in a fixed, linear relafionship etween the
. - . _ C . .
applied voltage and *frequency (Fig. 2.2). The aim is to maintajin the airgap
flux density approximately constant as the applied frequency is éhanged

while avoiding any feedbacks for-direct or indirect flux measurement. In

order to prevent a pronounced decrease in the electricalfxorque at low input
frequencies, a fixed component VO is added to the applied voltage so that it

becomes: . . ’ )
- - ' i {' e
V = Vo + kf \ (2-4)

v
4

The constant component Vo is .usually chosen so that rated stator

~

"gurfeﬁi flows at0 hz while the proportionality constant k gives| the rated

motor line voltage at 60 hz (Fig. 2.2).
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VOLTAGE

FREQUENCY

Fig. 2.2: Voltage-frequency relationship for constant

V/hz strategy.

The constant V/h:z control is the simplest to implement since it does not
require any feedbacks. Consequently, it has received most of attention 1in

the literature.33,39,42,64

The static torque-speed curves for this control strategy aré pre-

sented in Fig. 2.3. The natural starting torque of this machine is relatively

high due to the large rotor resistance.

When all points of the positive and negative peak torques in Fig. 2.3
are ccnnécted, an envelope of the static torque-speed curves is obtained (Fig.
2.4). It has been shown before®“ that the very large negative peak torques
at low input frequencies are incompatibleiitth the nature of the‘magnetic
circuits in electrical machines. Therefore, the saturation of the main flux
path has to be taken into account. This is done by treating the magnetizing
inductance ip the edhivalent circuit as a nonltinear function of the-motor
magnetizing current (Fig. 2.5). The computation of the peak torque requires
an iterative procedure which was found to converge to the correct values of
the terminal voltage and mégnetizing current in three to five steps. The
envelopes of the torque-speed curves so obtained, which allow for magnetic

saturation, are presented in Fig. 2.4. N

. 4y
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Fig. 2.4:  Static peak torjues for constant V/hz control

A) 1linear circuit model
B) with saturation of main flux path included.
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E Fig. 2.5: Motor magnetizing inductance as a function

g of the magnetizing current. The curve was

obtained experimentally. -

A few comments can be made with respect to these results:
& .- 1) The effects of magnetic saturation ought to be included when
- | considering the constant ¥/hz operatiop of induction motors in:

- Generating mode, when the motor acts as a brake.
- Motoring mode at very. low input frequencies (below S~6xj1‘z)

' 2) The motoring torque is significantly decreased as the sdpplx




Fig. 2.6a: The machine is in the mgtoring mode. The airgap
voltage E is smaller than the input voltage V.

~e

Fig. 2.6b:  The machine is in the braking mode. The airgap
- voltage E is larger than the input voitage V.

LY




14

7z
frequency- is reduced. For example] it fails to 1.46 P.U, at S hz
as compéred with 3.25 P.U. at 60 hz. Besides limiting. the motor
loading capabilities in this«fxequency range, this decrease Tesults
in a reduced slope of the torque-speed curves which is.detrimental

I to the motor dynamic behaviour, as will be seen in Chapter IV.

- .
3) The decrease in the peak motoring torques.is the result of a reduced
airgap flux, which in turn is due to a relative increase of the

stator resistive voltage drop at the lower input frequencies.’ Con-

‘V,;,,‘-«:.\ ) sider Jtl{e motor voltage equation (Fig. 2.1) when the supply fre-
7 qu{n}y is reduced:
Vph = V. +E = lim {(RS+ JULS)IS+ JuM Im}
' w +o ,

i
Obviously, as the frequency is reduced, an increasing portion of th
applied voltage is required to cover the stator resistive voltage

drop.

°

4) The torque-speed curves are not ;ymetrical with respect to the”’ _
_ synchronous speed point. The difference between the motoring and‘/Q
brakipg peak torques i’s’ most evident at the lower supply frequencies.
The reason for this difference is best understood.by considering the
c&rresponding phasor diagrams (Figs. Z.6a and 2.6b). It is evident
from these diagrams that for the same applied voltage V, the airgap
T flux is larger in the braidn'g than in the motoring eperation. For
a given input frequency the difference will increase with.the
increase in - the magnitude of the rotor slip speed For a given
slip speed this difference be_comes more pronounced at lower supply
- frequencies, when the stator resistive voltage drop starts to domi-

nate [t’he machine voltage equation.
{

2.3 Constant slip speed control

R This type of control has been proposed by several xm'chors.29 31
. ty It has the advantage of reducing the motor core losses at light” loads by .
d k4
" ) 3
» £ \\\




decreasing the value of the airgap flux. Fyrthermore, this control yields
a ccnstant power factor over the whole speed range. In this strategy there
is no fixed relationship between the inpu{ voltage and frequency. The input
frequenf:y reference 1s obtained as the sum of the actual motor speed and
selected slip speed, which 1s, therefore, maintained constant. The input

voltage 1s changed independently to control the electrical torque by con-

trolling the—airgap flux--Equation (2-3). B
’ Since the motor operates with the constant slip speed, the standard
& torque-sneed curves are not well defined for this type of control. Consider,

for example, tne motor overation at point i, Fig. 2.7 .

-

Fig. 2.7: The trajectory ,of the operating point with the

constant slip speed contrel.l) and 2) are the

.‘ . motor torque curves while 3) is the load torque

curve.
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The selected slip speed is W » the airgap flux is ¢, , resulting in motor
torque curve 1). When a request for a speed increase is given, the motor
terminal voltage increases, strengthening the airgap flux and transferring
the motor operation to point B on curve 2). Since the input frequency has
not changed, the motor starts to accele;ate along curve 2) frqm B to C,
reducing the slip speed wg - This trigg®rs an increase in the supply fre-
quency which moves to keep the slip speed constant. Due to this, the motor =
continues to accelerate, following this pattern, until the new electrical
torque equals the load torque, point D. The motor dynamic behaviour is
described in greater detail in Section 4.5.

Since the standard torque - speed curves are not well defined for
this strategy, the torque - voltage curves are presented instead (Fig. 2.8a
and 2.8b). They correspond to Equation (2-3) with four different slip speeds.
Both linear and nonlinear magnetic circuits are considered. It is seen that
magnetic saturation lowers the value of the output terque for a given slip
speed and input voltage. |In addition, the saturation greatly increases the
motor magnetizing current, this effect being more pronounced at the higher
input voltages anq/tﬁe lower input and.sliap frequencies. For exaﬁple, at
100 r.p.m. slip speed, 60 hz input frequency and 3 P.U. applied voltage, the
magnetizing current is 3.03 P.U. for linear and 6.88 for the nonlinear magnetic
circuit. The corresponding values at 10 hz input frequency are 3.18 P.U. and
7.22 P.U.

When calculating the torque curves, the input voltage was changed
from zero to 3 P.U. at 60 hz and from zero#® three times the corresponding
constant V/hz voltage at 10 hz input frequency. Although such a voltage
range is impractical for the steady state motor operation, it may be required

during transients in order to produce the large electrical torques necessary
for fast speed changes.

a
-~
-

2.4  Constant airgap flux control

If the flux is maintained constant in Equation (2-3), ;he electrical

torque varies linearly with the slip speed. While this arrangement requires
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somewhat complex feedback loops for flux measurement, it has many advantages
and has been the subject of numerous studies.27,65,66

In addition to the linear relationship between the slip speed and
torque (which exists for sufficiently small values of the slip speed), the

salient characteristics of the constant airgap flux operation are:

1) The p051tive and negative peak torques are constant and equal over

the whole input frequency range. This is a direct consequence of

the constant airgap flux operation. Theelectrical torque is given

by:
RzI 2 w
T, = $T = 5, ——;———5————— (2-5)
2
s Ry% + GJSLr)
\
The last expression has i1ts extrema at:
R
E w, =t - (2-6)
L
T

This indicates that the torque speed curves are symmetrical with
respectito the synchronous speed point. The maximum torque is

obtained by substituting the positive value of wg from (2-6) into
(2-5): ‘ '

mn 2L ‘ (2-7)

With constant flux ¢ the last expression is independent of the
applied frequency. It is interesting to observe the effect of the
rotor leaKage inductance on the value of the maximum motor torque.

2) The maximum torques are much larger than those obtained with the

constant V/hz control. It was shownS“ that for this particular
motor, the respeciive values at 60 hz are 8.25 P.U. and 3.25 P.U.
The difference becomes even greater at lower inputmfrequencies.

At 5 hz the values are‘8.25 P.U. for the constant flux and 1.46 P.U.

o

L
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Fig. 2.9: Static torque-speed curves for constant airgap flux control.
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for the constant V/hz control. Therefore, the constant flux

control can produce much larger starting torques.

3} The slip speed at which the peak torques occur is constant and
Jarger than for the constant V/hz control. For the constant flux

operation, the maximum power transfer occurs when

- Rr
"S = —
T max ] Lr

this giving then equation 2-6. For the constant V/hz control, the

stator impedance must be included so that

R2

Smax = / ) R >
Ryc +w (LS+LI’)

4) There is no magnetic saturation at lower input frequencies as-in
the case of gonstant V/h: operation since the applied voltage is

continuously adjusted to maintain the desired flux level.

’

The torque-speed curves for the constant airgap flux control are
presented in Fig. 2.9. The flux level is the same as for the 60 hz synchronous
speed operating point. The input voltage must change considerably to keep the
flux constant as the load is increased. For example, at 60 hz the voltage
reaches 1.75 P.U. at the maximum torqdé point. If the voltage increase is
limited, the qemagnétization of the airgap will start as thg load is increased
and the motoriwill revert to the operation at a constant stator voltage (Fig.
2.10). The slope of these curves is small because of the high rotor resistance
of this particular machine. Squirrel cage motors, generally used in variable

frequency drives, will normally have much steeper torque speed curves.

2.5 Summary

¥

The motor static characteristics for three different control strate-

’

gies were presented. Although these characteristics-are not of diregs interest
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in the motor dynamic study, they provide some insight into the motor transient
performance. Since for fast speed response large electrical torques are re-
quired, the importance of the motor torque capabilities in the dynamic beha-
viour 1$ obvious. With this criterion in mind, the following conclusion can

be made:

1) While the early studies30,32 of variable frequency induction motors
have equated the constant V/hz control with the constant airgap flux
operation, thesc two strategies result in significantly different

rive characteristics. The constant V/hz control results in a reduc-

tion of the peak -motoT torques as the input frequency is reduced.
This reduction becomes even more pronounced when magnetic saturation
is taken into account. Thus, an inferior dynamic performance at the

lower input frequencies may be expected.

2) The constant slip speed control is.capable of providing large torques
at any supply frequency. However, if the selected slip speed 1s
small, these large torques lead to.magnetic saturation, and very
high magnetizing currents. Thus, the motor static and dynamic
operations have contradictory requirements in the choice of the slip
speed: it should be small for high steady state efficiency and pre-

ferably large for the large torques necessary for fast speed response.

A compromise between these two requirements leads to suboptimal motor
9
performance in both the steady state and the transient motor oper-

ation.

3) The constant airgap flui control can give large torques while
avoiding magnetic saturation. Therefore, this control is potentially
superior than any other considered, for both dynémic and steédy state
motor operation. The main disadvantage is the relatively complex
drive configuration necessary for implementing the constant flux
strategy. Furthermore, the associated power source must be able to
operate over a considerably wider voltage range than in the case of

the constant V/hz control.

'

The efficiency curves for each control strategy and changing supply

frequency are presented in Fig. 2.11. The cufves were obtained for the rated
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8 motor torque. The values of the airgap flux at 60 hz, synchronous speed and .

‘?‘ ) the rated slip speed were used for the corresponding control strategies.

%J Magnetic saturation is included but the motor mechanical losses are neglected. .
2; + Note that beloWw 4 hz, the motor efficiency becomes meaningless since the

P
N

rated torque can be obtained only for the hegétiVe machine speeds.
These results should be considered only as a guideline since the
actual motor efficiency depends largely on the voltage waveforms of the par-

ticular power source.
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. CHAPTER 111

DYNAMIC STUDY--METHODS OF ANALYSIS

v

3.1 Introduction

Before considering the analysis of the motor dynamic performance,
x one shfuld define the methods which will be used i1n such a study. This

% ' approach offers several advantages:

A
s - A uniform basis is provided for the treatment of all three control
IS é strategies presented in the last chapter.

- A justification for a particular method is given only once and does

s

not have to be repeated in the study o \each drive structure. X
4?"]
- A single framework is specified so that\dynamic characteristics of

various drive configurations are easily tompared.

For these reasons, this chapter revidws the methods which will be later
applied in the study of variable frequency drives.
The machine equations in the synchronous reference frame are first
- presented. In addition to reducing the number of motor equations, the treat-
ment .in this reference frame yields constant, dc, steady state motor currgnfs.
Therefore, when the motor equations are linearized, a constant séate matrix is
obtained so that the linear control theory can be applied to the machine

transient analysis.
- Both time and frequency domain techniques aYe briefly reviewed. " The
presentation of the state space method is included for the sake of complete-
- ness. A considerablelnumber of previous studies has proceeded to conclude ~
about” the induction motor stability only on the basis of the motor eigenvalue
location. This is used, then, as a reminder that the complete convolution
integral has to be considered beforg any statements on the drive transient
response can be made. )

. . Since the frequency domain technique proved to be superior in the

design of speed controllers .for the closed loop drives, various rethods for
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the transfer ?unctlon derivation are also reviewed. In addition to the

other well_kmown _techniques, a new method for the calculation of the
speed-torque tzansfei functlon‘}s presented. This method is given in
the ana“/tlcal orm, ‘1,5 gEneralL andk;s applicable to any motor drive’

descg}bed by a set of hnearued equations.

- .

- } ) .

1

-
- A

‘

3.2 Yotor eguations
1

! Ll
Induction motor equations in the synchronously rotating reference

frame are used. These equations are then linearized .and written in:
standard state spacle form, so that linear control theory can be applied to

<he motor dynamic sﬁgudy.

|
1

3.2.1 Machine refarence Zrames

The transformat:cns from an original, physical, machin® systam <o
that aescribed 1n an groitrary reference Srame 1s well explained in many

L
texthooks and papers, 2288563 within the standari assumrtions or:

2

- neglig:ble core losses, hysteresis and saturation
N

- operation with sinusoidal airgap flux,

-

an electrical machine can be represented in a reference frame, which

rotates with the speed of w_rad/sec, by these equations:
P .
4 ' o

—

(LR + n 6D + w71 + L1 ) 4 . (3-1)

-
]

-3
i

' i
=0 il6d - £ - Jppuy | (,3'2)

In the case of an induction motor, with uniform airgap and un-
grounded stator, (3-1) is a 4 x 4 matrix equav, describing a machine

electrical systen. )The machine mechanical part'is characterized by (3-2). ‘

For an induétion motor the matrices R, L, F and G are:
Lo

-
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where R} and R, ard motor stator and rotor resistances, respectively, M 1s a

. . L4 .
mdgnetizing inductance in the motor equivalent circuit, while Ly and Ly are

- given as*’ . /
| L = M+ L | . -‘h
L =M'+Lrl ) “
R LS and Lr be@ﬁg respec;1¢§1y tpe stator and rotor leakage inductances.

. N
) With tne stator winding supplied ana the rotor short circuited, the

voltage vector 1n {3-1) 1s-

! V_ces ((w )t +
3 Y - W
. il : c ) -
/3 e
- . - . >
Vo3 s (lw - uc)t + a)
- L | ~
. (3-4)
o 6 , »
Do
L 0 S
<
wnere V_ 1 the peax voltage of each motor phase. .

m
17 the speed of the reference frare, Jc’ 1s chosen to be equal to

the radian supply frecuency w, machine repre§ent3tion in the synchronous
‘y~-3) reférence ‘rame 1s gbtained. Choosinga = 0 at t = 0 1n (3-4) and

denoting the rms motor line voltage by V, the steady state voltage vector in

. . the y-é frame becomes: (553

[ v ] R
i
e = | ° (3-5)
- 0]
[ O

- |
The current vector in (3-1) contains stator and rotor currents in the

1

synchronous reference frame: P

-~
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Representation in the synchronous reference frame offers the following advan-

-

tages:

1) The motor equations become independent of a rotor pegsition angle

o . i ’
m

2) All steady state voltages and currents become dc. Therefore, when
the motor equations are linearized around an operating point, the
state matrix [A] in X = [A] X + [B] Uwill be constant.

3) The number of equations 1s’ réduced to 5 from the original 8 used

in the 3-phase motor representation. P 4

While 3) 1s desirable, 1) and 2) are‘:ndlspensable for an efficient
computer application to the drive dynamic analysis.

Since shaft speed transients are of the greatest interest in this
study, the speed is chosen as the motor output vafiagle, and equation (3-1)
becomes nonlinear. Furthermore, a nonlinear mechanical equation (3-2) has

to be included for a full description of motor dynamics. p

3.2.2 Linearization of motor equations

Before the state space control theory can be applied to the analysis
of motor dynamic behaviour, motor equations (3-1) and (3-2) have to be’linear-
ized. This is achieved by perturbing the supply frequency and the, magnitude
of input voltage from their steady state (operating point) values. Such
perturﬁations cause a corresponding change in motor currents, ,speed and outputﬁ

il

torque. .

.
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The motor variables will be, 'after perturbation:

28

P New Steady
Variable = State + Perturbed

Input frequency w = Q + 5w
Motor speed w = Q + Sw

m m m
Motor current vector . i = I + 61

Y6 Y4 Y6

) = \ + Vv
Input 'voltage vector de Y6 8 ¥é-
= +

Load torque TLl TL STL
Reference frame speed w, = Q.

A f

Note that the speed of the reference frame reémains unperturbed and constant.

By suBstitutlng expression for the new variables into equations

(3-1) and (3-2) one obtains:

Vs ¥ OVye T LRI +n @ IG] + a [} I+

+ {[R +n q_[6 + o [F]+ [Llp} Giy'd +
] b

+n §uw [0 [IY5] +n 6wm[G] [51Y6]

and

T H ST =@ £+ Sw £+ Jop Sup

' T K SN ‘ T, 1o

+ nll 1G] {IM] + Rl JTe + 16 ) 8i ]+

T
+ n[61Y5] [G][61Y61

(3-62)

(3-6b)
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Note that [L]p [IY5] =0=J.p @ since at an operating point all

currents are dc and the speed is constant. If the steady state equation
15 taken out from (3-6) and 1f the perturbations are small enough, so that
cross products of perturbed variables can be neglected, the motor linearized

equations become:

<SVY<S = {[R] + n Qm[G] + QC[F] + {Llp} 6176 +
St esgm[G] !Iyd]‘_ o (3-7a)
er, = (1.7 (6l + (61T} 6i_, - £ 6w -J_ pbuw (3-7b)
L vé & T m T m

where matrices R, F, G and L are given by equaﬁ?on 3-3.

The voltage vector [6\Y6] requires special attention since the speed
of the reference frame, Qc, 1s constant, while the input frequency 1is per-
turbed. If correspondinE‘new variables, defined on the last page are inserted

into equation (3-4), it becomes:

(V+ 8V) cos (R - 2+ (sm)tT

[Vyél + [6VY6] =

(V + 8V) sin (& - Qc + Sw)t

Since QC = Q, the perturbed voltage vector is obtained when the steady state

solution, given by equation (3-5), is takén out from the last expression. Thus:
] .

-
V(cos 6wt - 1) + &V cos Sut

SN UV , (3-8)
V sin Swt + 48V sin dwt

0
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If the supply frequency perturbations, Sw, are small and of short duration,

equation (3-8) can be linearized by approximating:
coswt = 1 ; Sin Swt = duwt,
8V sin Swt = &V Swt

Furthermore, OV Swt = 0 as a second order effect. The perturbed voltage

vector thus becomes:
8y

[(SVYG] = | Véy ' (3-9)

where 6y = ow t. The geometric interpretation of input frequency pertur-
bations is .given in Fig. 3.1. At constant supply frequency the’inpdt vector
V ccincides with the y-axis and only the ‘y-coil is energizéﬁ while 6-coil

is short circuited, equation (3 -5). When the applied frequency is perturbed
by dw, the vector V deparfs from y-axis with the speed of 6w el. rad./sec.,
while the whole reference frame contirues to rotate at constant speed of

Qc = Q el. rad./sec. Physically it means thit any change in the input
frequency will result in a change of speed of the rotating electromagnetic
field (emf). In the conthnt speed synchronous reference frame this change

can be produced only by another voltage component along the §-axis--hence.
V 6y term.

<
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Fig. 5.1 Input frequency perturbation in the synchronously

rotating reference frame.

3.2.3 State space equations : -

The linearized equations (3-7a) and (3-7b) can be written in a
compact form as:

P

L o0 6i (R + nfmG + Q F)  nGI Sisl | Vg

Y3§
= + (3-10)

T T
0 J 6mm nIY6 (G+ G) -f 8w T

v8

T m L

f

where matrix notation for R, G, .L, F, IyS’ diyd and SVYd is understood.
If the motor state vector is defined as




[ x| [ 613 ]
X2 Giz
X = X 3 = 8iF
Xy 6i§

%5 . éwh i

and the input vector as:

SR

Vg

~6T
L L

the equation (3-10) can be written as

PIX] = [QIx + U
OI“
X = [(PIT[QIX + [P1T'U
which then identifies the state A and| input B matrices in
. 3

5( = [AlIX + [BlU

as

(3-11a)

{3.11b)

(3-12)

(3-13)




I

[A] (P17°Q
and

(8] = [P]”

Matrix P can be inverted by hand to give:

. (L) 0
o
0 1/JT
where
L, o
- 0
Lt —1 M 0
Ly = Ll - M B
L 0 -M

while matrix Q is given by:

R 2l 0
QL Ry QM

[Ql

It
(=]
-
QO
wn
=
]
b ol
n

-nMI nMI 3J nMI 2

QM
[
0

QSLZ

-R;

~-nMI

‘H(MIz + Lng)
H(MI1 + LZIS)

1 _fT
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(3-14a)

(3-14b)

(3-15a)

(3-15b)

{(3-16a)

where motor slip speed is Qs = Qc - nﬂm in el. rad./sec. while the vector of

the steady state motor currents is:

[~ T
I
1. = I (3-16b)
Y4 .
1, \
I,
r
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When supply frequency and load are specified the motor operating point is
defined so that its steady state ¢urrents and speed can be computed. Equation
(3-12) describeg then fully motor dynamics behaviour at that point. The eigen-
values of the :§Xte matrix A are the poles of the system and are used to estab-
lish motor asymptotic stability. Together with corresponding eigenvectors, .
they determine the motor response to the perturbation from a point of equili-
brium, caused by initial conditions. If a response to any drive input is
desired, the input matrix B has to be taken 1nto account.

Since 1input frequency, slip speed and steady state motor currents all

appear in the state matrix A (equation 3-14a), the resulting eigenvalues and
ergenvectors (1.e. motor dymamics) will depend on both applied frequency and
motor load. As it will be seen later, this dependence complicates the analysis
of the induction motor dynamic behaviour.

The methods used in the analysis of local stability are discussed in

the next section.

s G

5

o

&

3.3 Methods of analvsis

o+

t.
N,

The methods used in the analysis and interpretation of dynamic
behaviour of induction motor drives are outlined in this section. In this way,
a necessary notation is established and a uniform basis for drive comparison
is defined.

The section starts by reviewing some of the basic concepts of the
linear control theory. It continues the review by showing that a transient
response of an autonomous system, determined by its eigenvalues and eigen-
vectors, cannot be directly correlated tp the system practical stability. In

. other words results of asymptotic stability alone are not sufficent to provide

answers to more practical questions, such as how does a system output track

an input reference signal, or, how does it respond to a disturbance.
Since these questions are sometimes better answered by a study of
the corresponding transfer functions, the second part of this section presents
. a short review of techniques for motor transfer function derivation. In

addition to well known methods of canonical controllable forms, Laplace
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transform of state equations,partial fraction expansion and frequency response
of state equations, a new approach to derivation of speed--torque transfer
functions 1s presented. Termed the Direct Method, 1t permits a better insight

into speed--torque interaction for a very large group of electric drives.

3.3.1 Review of the state space techniques

-

Any linear system can be described by the following set of equatlons.71

o< .
il

[AIX + [BlU (3-17a)

—
I

[CHx + DU (3-17b)

where U, X and Y are N x 1 1nput, state and output vectors respectively, A and
B are N x N state and input matrices, respectively, C is an output and D an
input-output matrix. If these matrices are all time invariant, the system
(3-17) is a fixed one. ;

Since most physical systems (motor drives included) do not have inputs

directly coupled to outputs, the matrix D 1s zero.. Then, jn order to simplify

the following discussion, the states X are chosen as the system outputs Y, so

that the redefined system is:

[AlX + [BlU ) (3-18a)
(1] x (3-18b)

b=
i

<
I

Characteristic values (or eigenvalues) of this system, denoted by .

Ay, Apte . AN’ are the roots of a characteristic polynomial:

o

DET | Al -A | =0

. 0 .
System /eigenvectors, m ., are obtained from:

[AkI - A?mk = 0, k = 1. ..N
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The modal or eigenvector matrix 1s a matrix having for its columns the

corresponding eigenvectors:

) mpy My mlNﬂ

I *

£ M2, mj2 m .

z 2N

, M =[m]mi .. mﬁl] = (3-19)
. ™ ™2 0 N

The system described by (3-18) 1s asymptotically stable 1f every

one of 'its eigenvalues has a negative real part. This implies that all states

will return to their respective points of equilibrium, defined by X = 0, after

the system has been pérturbed instantenously and then 1eft free. This can be

best understood if the state equations become decoupled: Define a new state

. variable vector gq as:

p——

X = Mg and q = (M 'x (3-20)

e

Substituting (3£20) into (3-18a) and premultuplying by M™!, system uncoupled
equations in Yhe space of q states are obtained:’?

df= M'AI Mq + M B 'U

(3-21a)
Y = IMgq (3-21b)
///
The first matrix equation can be written as:
.. o q = [ANq+ [HU (3-22a)

&
where [A] is a Jordan matrix and [H} is the input-mode coupling matrix.

Assuming distinct eigenvalues, the last equation can be presented in the
‘ expanded form: >
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- ] 1,1
a F)\.l 60 0. . .0 q1 [—hll hy, r . .'th r Ul
O ’ ¥
1 q2 0 2, 0. ..0 q2 hoy has . ‘. . th UZ (3-22b)
s _— + v
- v !
A [0 0 0 - gl 9y by, Ty Pant | Un
" L . L J L 2 4 0L i
5 . ' The response of each A state to initial condition is:
' At at
;o _ Ko 3y .
: 9, (t) q (0)e q, (0= ¥ (cos bt + j sin brt) (3-23)
where: ' .
3 i
o= AT b
At .
Term e-~ is called a mode of a system,’? while q, (t) 15 its modal

state.* In the space of q variables, response of each state qk(t) is \
decoupled from responses of the remaining states. Obviously, for 2 < 0 the
k-th mode approaches zero as t + =, and the response of k-th modal state,
qk(t), is asymptotically stable. L

When input signals are applied to the system (3-22) the forced

response of each modal state, with zero initial conditions and to = 0, is

given by a convolution integral: . 1
t . i
: A, (£-13 N |
k h, .U. (1)dT, k= 1. . N 3-24
qk(t) =Je z kj J()T ( )
o j=1
)

-
where hkj is the corresponding element of the input-mode coupling matrix H

in (3-22). If the system is excited by both initial conditions and its
inputs, the modal state response is given by the sum of (3-23) and (3-24).
The system response in the space of the original states is given by

IS-ZO). Or, in scalar form:

»

*
Modal state, qk(t) is sometimes calléd a canonical state.

s
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xJ. (t) = mjqu(t) ‘?=1 ... N : (3-25)

=M

=1

Thus, t%'ich original state xj (t) 1is obt\ag‘;led as a linear combination of all
modal states qk(t) and corresponding eigenvector components. The last .
equation holds regardless whether modes dre excited by initial conditions,
by ’input éignals or by both. Normally, in real physical systems the modes
are perturbed by input functions and equation (3-24) would apply. The
following discussion will be thus limited to this, more genheral, case.
Although the property of 'asymptotic stability 1s a very important
one, 1t satisfies only the first, most basic dynamic requirement, namely that
each system mode 1s stable and that i1t will return to rest after being per-

turbed from 1ts equilibrium point. This information is, however, not suffi-

cient to determine the dynamic characteristic of a practical system. For

example, not all modes have to be present in the system outnut. S[)ClelC?ll)A,

a moae will not7 3ap;75eawj in the output XJ {t) 1 either ol these two conditions
is satisfied:
Q' : \A't .
1) The mode e is not excited by any of the system inputs. This
means that the corresponding k-th row of the input-mode coupling
matrix H -ha; only zero elements (equations 3-22b and 3-24). This

is called uncontrollability.

2) The modal state qk(t) is not coupled to the particular output v
xJ. (t}. This means that the ::o.rresponding element mjk of the modal
matrix M is zero, equation (;5-25). Obviously, if the whole k-th
column of the matrix M has only zero elements, the k-th modal state

- (and thus the k-th mode) will npt appear in any of the system
outputs xj (t), 3=1. . .N. This is called unobservability.

Although very imf)ortant, the definitions of controllability and
observabilid:y represent more a mathematical than an engineering concept. For
example one could have a system which satisfies the observability criterion,
but where the coupling of Sne p_articulgr modal state,‘lqk(t) into the :‘;ystem

outpi.lts is much weaker than the coupling of the remaining states. That modal

A}

TS YV

i



K4 state will be then practically unobservable in the system respons%imilar X
argument can be made for the concept of controllability. For this reason,

and in order to deal with the practical case of motor drives, two new

T R
v

concepts are defined: \

e -

. s 1) Pseudo-observability:. '"Pseudo-observable modes are the modes which

appear in the system output, but which can be neglected without
noticeably affecting the output response." .

2) Pseudo-controllability: 'Pseydo-controllable modes are the, modes

which have sufficiently weak coupling to the input vector U to be '&1
A}

considered unexcited when the inputs are applied."

To establish whether a given system has any mode which 1s either

pseudo-observable or pseudo-controllable, one has to look into relative magni-

AR

i tudes of elements on thg corresponding row or column in the systenm i'nput;mode

coupling or eigenvector matrices.

A3

The discussion can be now directed towards the induction motor case.

From equation (3.11b), an open loop inductiom motor drive has three-

independent inputs: - ' ' -
o
: vy / )
. « U= 0 .
3 0 13
8T ‘
L L Ll

”

-~

. Ndrmally, one is interested in fi’nding. the drive response when.one single
input is applied. Inspection of corresponding columit in the input-mode
coupling matrix H then gi\;es information about the coupling between this
input* and the drive modes. For exafttple, if the change in theload torque i%

applied, the excitation of the drive Mhdes will be determined by the elements

on the 5-th column of the H matrix, as seen from equation (3-22b). Once thé

modes are excited they may,sbut do not have to .appear in the drive output.

~As stated earlier, the stability of a motor drive really means the stability
of its speed response. Thus, the speed b&omes the only output of interest




and the matrix C 1n (3-17b) becomes a row vector: }

v(t) = [CIx(t) = [000 0 1] X3 (3-233,
X2
-
X3
Xy
! Xs

If every drive state xk(t) were present in the output y(t), an 1induction
motor would qualify as an observable system since all its eigenvalues are
distanct and, thus, 1ts modal matrix M is nonsingular. However, with the
speed as the only output, 1t 1s sufficient to have a single zero element on
the 5-th row 1n the M matrix (1.§. my = 0) to have a corresponding modal

state, qk(t) suppressed
The terms ''controllable' and "observable" mean usually desirable
system propert1e§k1n the context of the state space techniques. -~ The, same
properties may be, under some conditions, undesirable in the case of an
' induction motor. Consider, for example, the load torque. Ideally, it wilg
: not be coupled to any of the modes, so that the drive is not sensitive to

the load variations. As well, 1t 1s desirable that none of more oscillatory

% modes 1s strongly present in the speed response.
*

At this point a brief recapitulation can be ma*g;

- 1) The dynamic behaviour of an induction motor drive cannot be studied
" by looking at its eigenvalues and eigenvectors only. The whole

My , . . . .
* system, together with its inputs has to be considered.

2) The input-mode coupling matrix" {H] is crucial 1n finding the effects
of a given input on each motor mode. Specifically, elements of a

f </—~s\\\\‘ j-th column in the matrix [H] determine how much will the corres-

ponding input“uj[t) excite each of the modes.

~

3) ' The elements on the 5-th row in the modal matrix M determiné‘the
. . \ participation of each modal state qk(t) (and thus of each mode *

e" kY 1n%the motor speed response. ./

[
. . .'i,? " % '*
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hith this discussion, the framework for the drive analysis in the

time domain is defined. The speed response to the known input functydn can
be obtained 1n two steps:

\]
1) Computc the cxcitation of each modal state, using equation (3-24).

2)

Write the speed response as the linear combination of modal states,
using equations (3-25) and (3-26).

Review of the transfer function methods

Several steps have to be performed in the study of the motor linear-
1zed equations, before the motor dynamic characteristics for any particular
control strategy can be firmly stated.

Roughly, the study can be broken into
three main steps:

1) Design of the drive controller for a given control strateg)y, with
some specified perf%rmance as the objective.

2) Theoretical analysis and prediction of the dynamic behaviour of the
drive so obta;;éd‘\\\

3)

Verification of theoretical results by an experiment.

The second step, theoretical analysis,.is straight forward when the state

space techniques, presented in the last subsection, are used. The first and
third step need some discussion.

lh
equally well in the time domain, usfng the state feedback method.’® (Briefly,

the method consists of restructutring the state matrix to obtain the desired
eigenvalue location)’

The first step, design of a drive controller could be pprfprméd

Since the rotor currents are not available for measure-
ments, state estimators would have to be used.’® Although it is mathemati-

cally very elegant, this method is not the most suitable one for this probl&m.
Its shortcomings have been discussed in some detail recently.7b

For these reasons, the frequency domain technique is used in the
drive controller design. The method is well known and uses Bode plots, to
represent the system open loop transfer functions.

‘

- Ny
/)/

N
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The third step, experimental verification of the theoretical
results, is fully discussed in Chapter VI. Since this step was performed »
in the frequency domain, 1t would be desirable to have the theoretical
results in the same form, for an easy comparison. For this reason, the motor
drive analysis (step 2) 1s done in both time and frequency‘domains.

The attention 1s now turned to the derivation of the motor transfer
\

functions. Two expressions are needed: Gj(s) and G»(s), "representing

respectively the speed-speed reference and speeddoad torque transfer functions:

-

Sw N (8)
m v
o= G = §h (3-27)
r
and
Sw N_(s)
T
ﬁ-@. - GZ(S) = _—D(s) (3—28)
L
where, generally
N N+
NGS) = I b J (3-29a)
=1
and N+1 - L o
- D(s) = I N+lod s? : (3-29b)
k=1 -

Solutions 6f N(s) = 0 represent transfer function zeros while D(s) = 0 gives
the system poles (eigenvalues). The transfer function G,(s) can be regarded
435 the motor equivalent optput impedance, which relates the load torque to
the speed. It will be seen that, in the analogy wit& electrical networks, this
impedance can be reduced by closing the speed feedback loop.

There are many ways of finding system transfer functions. Four ' *“
methods, pertinent to the induction motor drives will be now discussed:

1) Controllable canonical form N

»
This method is general and applicable to any system. The a's and
b's coefficients in (3-29) are diréctly obtainable from the control-

lable canonical form of the motor state equations.’’*79 However,



I Tp e, - ey

as 1t will be seen.later, one can better understand, and thus use,
a transfer functloﬁ“"represented by a Bode plot, rather than bv a
polynomial. It 1s true that once the numerator and denominator ;
coefficients are found from the canonical form, the corresponding
Bode plot 1s obtained eaM}vx. However, if only the Bode diagram
1s desired, therc are more direct and more efficient methods to

find it than the canonical form.

2) State equations

This method is thel most efficient one when the graphical (Bode plot)
representation of the transfer function is sufficient. The transfer
function poles and zeros are not explicitly calculated. Instead,

a frequency response of the system state equataons 1$ computed.

Consider a linear, time invd¥iant system, represented by a matrix

equation:
X = [AlX+ [B]U
)
After applying the Laplace transform, this equation, 1in the sinu-
soidally steady state, becomes: ,/"/
Vd
’ -
' juX(Gw) = [AIX(jw) + [BlU(jw)
or
. . -1 s —
KAGw) = [jwl - Al " [BlU(jw) - (3-30)

It is easy to write a computer program which evaluates the phase and magFutude
of X(jw) at each w and for a given input u (w) wlth all other inputs set to
zero. These results can be used to obtaln a Bode plot for each §tate X)\
Every Bode plot represents then a frequency reSponse of the transfer function
between an output X and an input uJ: For induction motor drives X becomes
Xs (Fhe speed), while uJ. can be either a specd reference or a load torque. . .
Since this method is straight forwg.rd, it will be used in the design

of drive speed controllers and as a check qf the partial fraction method.
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3) Partial fraction expansion ’*

Transfer functions Gi(s) and G,(s) can be decomposed into terms
corresponding to each eigenvalue. This 1s best illustrated by -
considering the decoupled state equation (3-22a). Its scalar

form, for any modal state qk(t) 1s:

. N
= u X = .. N
qk(t) k_qr(t) + ;:=l th j(t) k=1, N
o k 4
When the Laplace transform 1s applied, with zero initial conditions, this

equation becomes:

q, (s) = —— (3-31)

~
\Fex\motor drives the output speed is given by eguations (3-25) and (3-26).

Or, in s-domain:

[9e B

.V(S) = XS(S) = ‘ mSqu(S)

K=1

By considering only one input up(s) in equation (3-31), with all others set

to zero, the desired input-output relationship is obtained:

N m., h s
k" kp

z o U (s) P

K=1 k P

I
—
=z

y(s) = (3-32)

ey

This expression enables the evaluation of the transfer function between the
motor speed y and any of the drive inputs up. When presented in Fhe form of
a Bimulation diagram, it makes the input-mode-output coupling obvious, .Fig.
3.2. This diagram deserves some comments. Elements of the input-mode
coupling matrix show how much will each modal state 9 be excited by an input
u_. The 5-th component of each eigenvegtor, gi5;, gives the coupling of each

modal statq/ Qe into t/]{notor speed, Y(t)\\‘—'k‘ (t). The product between these

=™




45

¥

two couplings, 1.e., hkpmSk’ divided by the eigenvalue Xi gives the dc gain

of each term in (3-32). The total speed-input dc gain 1s the sum of all term

gains.

It 1s clear from Fig. 3.2 why the eigenvectors and input-mode coupling

vectors are both so important in evaluating the output response. Note that
the equation (3-32) could have been obtained as well by taking the Laplace
g transform of the convolution integral (equation 3-24).
Since both modal, M, and coupling, H, matrices have to be co?puted to

evaluate thgfconvolution integral-(3-24), no additional effort i1s needed when

-

calcuating the motor transfer functions by equation (3-32). This method will

then be used to obtain both G (s) and G, (s) transfer functions at each operating
point.

4) Direct Method

Since this 1s a new method for the calculation of the spced-torque

transfer functions, which 1s not limited tec induction motors, and

.

which gives an analytic expression for this transfer function, it

will be treated separately.

RSN 4
7

>

3.3.3 Direct Method

¢ The Direct Method will be formulated by using two theorems which
- correspond to open and closed loop machine operation. Since this method 1s

. applicable to any rotating electrical machine described by a set of linearized
% equations, the output-ipput transfer function is first presented.

Consider a linear system described by equations (3-18). Its transfer

function matrix is obtained by performing the Laplace transform on €3-18a)
@
with a§l initial conditions set to zero:

[sT - Al [B] U(s)

or

Adj[sI - A
(*} X(S) __ Det SI - A [BLU(S) : e

e

% ng)
;

t
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Define now matrices CO and No as:

. Ad:{sT - Al (3-34a)

[
)

L
1

Adj{sI - AJ[B] = [C_]B] (3-34b)

pid
o
it

he relationship between an input uk(s) and an output xJ(s) is given

then by a corresponding transfer fuhctaion T1k(s)‘

’ N 0s)
x.lLS) = TJK(S)uk(S) —:ﬁ_ uk(sl

wnere D(s) 1s tne svsiem cpnaracteristic eguation given by:

D(s) = Det[sI - A]

while N , (s 1s the 1w-th row, n-th column element =-f the matTix \O 1n {3-34b)
Ja
If C11 18 a 3-th row, 1-th column element of the matriv CO in (3-34a), the
/7 .
numnérator of T  (s) 1s: {
Jk .
N .
N = I C (s) B - 3-36
() 1n(3) By (3-36)

where N is the order of the state matrix & in (3-18a).

From the definition of an adjoint of a matrix, ij(s) 1s a minor of
j-th row, m-th column of the matrix Cs1-AJ.

While the roots of D(s), which represent the polgs of the systenm,
are readily obtained using one of the computer eigenvalue subroutines, roots
of N.k(s) are more difficult to compute. In a general case equation (3-36)

requires calculation of N determinates of N-1 order to find the corresponding

4

polynomals Cjafs).
Consider now the case of a rotating eIectrifal machuine. In'most

1

cases, such a machine will be represented in its cqgrqsponding reference

framg by the following generalized equations:®?® -
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<
I

(IR} + nuw [G] +w [F] + [Liph (3-37a)

anIG]I - f

1}

T

L -J

Py (3-37b)

T%n
The matrices R, G, F, and L, as well agxthe colnmn vectors v and 1 assume
different forms, depending on the machine. The number of electrical
equations 1n (3-37a) 1s 3 for a dc compound machine,”4 for an induction

machine, and 5 for a salient rotor synchronous machine.

The reference frame rotates at the radial speed v, which 1s cqual
to the machine supply frequency. For a dc machine this results i1n a station-
ary, d-q reference frame and the term wC[F] in (3-37a) 1s zero.

When equations (3-37a) and (3-37b) are linearized around an

operating point, as described 1n the subsection 3.2.2, the result 1s

Sv

1l

{IR] + an[G] + QC[F] + [Liplé1 + n[<:]106wm (3-38a)

1l

T, . . T
8T IO {IG] + G  }é1 - deuh - JTPGmm (3-38b)

where Io and Qm represent the machine steady state currents and speed, !
respectively. The spged of the reference frame, QC 1s unperturbed and 1s
equal to-the operating point supply frequency.

. t is useful to define at this point the machine decoupled electrical
system aské

he one described by (3-38a} with the rotor spei?‘constant, 1.e.,

Sw =0.
m
The last equation can be written now with all SZ;tC derivations on
one side:
) ’ A
-R- - - §i SV
L 0 !P 81 R anG QCF nGI {83
s = f -]+ (3-39)
’ 0 J 8w nl (GG} ; 6T
T m 0 T L ) )/x<\
. B
/
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Since speed and torque will appear always on the sa e, k-th row in the

machine equations, the speed-transfer function 1s, from (3-35):

Suw Xk(S) Nkk(s) (3-40)

—
[ =4
>
i~
w
j —
fun]
—~
w
N
e

where D(s) 1s the system characteristic equation, while Nkk(s) is given by

(3-36) .
L3
The Direct Method, as applied to the open and closed loop operation

15 now formulated.

Open_loop

The relationship between speed W and torque TL 1s given by the

following theorem. -

Theorem 1: The speed-torque transfer function G;(s) of any rotating
machine, which 1s operating 1n open loop and which is described by a set of
inearized equations, will have N-1 zeros, N being the number of "machine
igenyaiﬁés. Furthermore,. all zeros of G,(s) will be identical with the

e;gdﬂvalues of the machine découpled electrical system.

¥
Proof: The open loop machine is fully described by (3-39), which can

be written in a compact form ast
palx =F [Qulx + U (3.41a)

thus defining the state (A) and input (B) matrices in (3-18) as:

¥
b -

(P, 7' Qi )

I

[A]

and ; (3.41b)

(8] Py
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where

(" - (3-42)

The speed ‘torque transfer function 1s given by (3-40) Rote that for the

open-loop system k = N. From 3-36 and 3-41 the transfer functhp numcrator,

Nkk(s), 1S: | .

-1

(s) P 1k

N
Ny (s) = £ ¢ (s)B

J:l }‘.]

kJ( 7k

R
¥ C
)1

T -1
However, from (3—42)/511 elements on the k-th column 1n [P]

are zero except k-th one, which 1s equal to l/JT.' Thus, the numerator 1s:

Nkk(s) = Ckk(s)/JT (3-43)

where Ckk(s) represents the k-th row k<th column element of the matrix CO.

% * From equations (3-34a) and (3-41) this matrix 1s°

-1
# IC 1 = Adj[sl - Py Q] (3-44)
fay
' The zeros of the speed-torque transfer function Tkk(s) are the roots of
N 2 e (s)/J. = 0
k() = G =
From the definition of an adj01Q§ of a matrix, Ckk(s) 1s the minor, Mkk’ of
- the k-th row, k-th column element of the (sI - Py Q1) matrix.
‘ This matrix is given by
\ )
-1 -
sl+ (L] 7 {Rl+nq_[Cl+ @ [Fl } (L] ‘(6T
~ [s1-P, Q] = ] s-ae)
1 T+ (6 gy s+ £ ’
¢ fe) T T™ T

N o ) ‘ 1




Thus, the k-th row, k-th column element 15 s + fT/JT.

To find the minor M}k=Ckk(s) one has to delete k-th row and k-tﬁ

column 1n (3-46) and then to find the determinant of so obtained matrix:

Ve ' (547

Cop (s) = Det[sI + [L]7MCR] + 0 [63 + 0 CF1}

Since this determinant represents the characteristic equation of the machine
decoupled electrical system, the roots of Ckk(5)=0 are the eigenvalues (poles)
of that system. From (3-40), (3-43) and {3-47) the speed-forque transfer

function of an open loop electrigal machine is:

1 J -
= = Gy (s) = (sfﬁa)
A

s’

wnere :J‘s are the eigenvalues of the machine decoupled electriacal svstenm,

Xy

whzle AJ'S are the poles of tne total svstem, described by (3-39).
Q.E.D.

Discussion
A
]
1) Theorem-1 1s equally valid for motors and generators. For motors,
equation (3-48) gives the machine équivalent output impedance. For

generators, (3-48) represents the input impedance which will an

external device, such as a diesel engine, encounter while maintaining
, ;

4 ) the geperator speed. ‘
¥

i 2) If the machine is operating in an open loop, the coupling between

1ts electrical and mechanical parts becomes usually very weak. This

E means that the electrical eigenvalues are little affdcted when the
mechanical equation is added.“? Because of this, the N-1 values of

!
. zj's are almost identical with the first N-I values of )\J.'s in (3-48).

E
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. Consequently, pole-zero canceilation occurs, so that the speed-
' ¢
torque transfer function 1s reduced to first order and can be
approximated by:
3

1
—_— (3-49)
JT(s-Xm)

W

Gza(s)
T T —
7
‘ ¢ where Am 1s the mechanical, non-cancelled, eigenvalue of the

complete system (3-39}.

It 1s instructive to find Xm using an approximate, analytical
method. The machine mechanical system, with positive signs for motor

(, operation 1s described by:

STL = GTC - fTéwm - JTpéum -
~dh
Performing Laplace transform with all initial conditions set to zero and

introducing 6T==6Te-6TL the last equation gives:

PO

ri:‘ .
& 1 6T
¥ X = = — —_— - 3-
§ }m s JT Sw fT) (3-50)
H m ’
¥ ‘
é -
g Since for most load characteristics
”
& .
: Ty > °Ty | -
‘ Sw Sw '
m m . }
$ 4 " . ' |
1t follows that:
/ |
p = 8T/6w_ ﬁ GTC/Gwm |
[
. 4
This means that p can be approximated with the slope of the machine torque-
) speed curve at the operating point. If friction fT in (3-50) is neglected
.( : the speed-torque transfer function becomes:
, . _ &
i - r\\\
. \
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speed controller and the motUT‘mecPén1c

. _ 1
G2 (s) = m (3-51)

An 1ncreasc in the static slope results in a lower motor ofitput 1mpedance
Go (s} and, thereforé, makes speed less sensitive to the load variations--a
well known fact. The 1ncrease in the total 1nertia produces the'same effect
by redué?hg the break frequency of the mechanical elgcnvalue,/lm. In giving
dynamic 1nterpretations to equation (3—51)'one should, however, keep in mind

«~ -
the approximations under which this equation was obtained

) Closed loop

Consider a general, multifeedback motor derC: represented in Fig.
3.3. » ’

In this drive, the output vector Y, of contrdller 1 can depend on
any number of drive variables, input references Vi and V; or their combination.
Typically, the feedback vector x_ can contain motor currents, airgap flux,
torque} voltages, temperature, or any other con}rolled motor variable except
the speed. The ut reference vector, V), specifies the desired values fory
all states contained 1n the feedback vector X g
The outputs Yo and Y, of controller 2 contain speed-and speed

reference, V,.
[ )

“
In thi1s way, there 1s no restriction on the number of controlled

4

variables 1n this drive structure (Fig. 3.3). .

-~

A
The following two definitions are now needeg}/’

- B
<7 ’

Definition 1- A speed controllep 1s

in Fig. 3.2.

Definition 2: The drive reduced System 1s obtained by \removing the bl



T e, o

53

Most power sources have time constants which arc much shorter than
those of rotating machines. Therefore, the power source in Fig. 3.3 will be
\represcnted by.a simple gain, KS. - .

Dcnote by Ny and N, the number of eigenvalues in the drive reduced
system and speed controller, respectively. Then, 1f both controllers are

linear and time invariant, the speed-load relationship 1s given by the

following theorem: 4

’

Theorem 2: The spped-torque transfer function of any closed loop
electric drive, degcrlbed by a set of linearized equations and having N
ergenvalues, will have N-1 zeros. N; of these zeros will be the eigenvalues
of the drive reduced system, while thevremalning Nz will be the elgenvalueé
of the drive speed controller. A

The proof of this theorem 1s given in Appendix B. As a consequence

of this theorem and from the results in Appendix B the speed-torque transfer

function of a closed loop drive can be written as:

N; N2
o (s-z ) I (s-z )
J LY
Gy (s) = £ ;;1 = (3-52)
J n (s-4,) -
T, T

[

's and zl's are respectively the eagenvalues cf the reduced system and

where :J
It is

speed controller, whale Ak's are the ecigenvalues of the complete drive.
obvious that Theorem 1 represents a special case of Theorem 2, when both

controllers are removed from the drive structure.

a

; X
“ Discussion
. 1) Within stated linearity coﬁstraints, Théorem 2 is applicable to any
. closed loop motor drive encountered in practice. g
. For example, it is valid for the class of multifeedback drives, such
as dc drives, which normally have*an inner current loop, in addition
., g




N
/
; . Y »
f to the outer speed loop. , Induction motor drives, with directly

controlled airgap flux, belong to the same class.

’ Another group for whi®h the Theorem 2 1s valid consists ofldrlves
where the motor electrical torque, rather than speed, 1s-the
controlled output variable. Note that in this case, the speed

e controller v£ﬁ1shes from the drive structure so that all transfer

Lﬁ//l %unction zeros become the eigenvalues of the reduced system )

(equation 3-52). Representatives of this group are all automotive

drives, steel and paper mill coiler drives, etc.

2) Theorem 2 can be dairectly exteﬁded to multimachine groups such as
Ward-Leonard or gene;;tor-lnductlon motor groups. With closed loops
acting on a generator, 1t can be treated as a combination of con-
trolﬁer and a power source. Obviously, in this case.1ts time

w . constants have to be taken 1into account.

o # 3) The pole-zero cancellation, encountered in open loop drive transfer. ,
functions is generally not expected here. The reasons are following:

“When the speed feedback loop 1s closeqfthe electro-mechanical

\ coupling becomes usually much 'stronger, depending on the location

of the eigenvalues of the speed controller. The stronger coupling

is necessary, 1f better speed regulation, associated with closed Q

loop drives, is to be realized. Due to this, the eigenvalues of a

o A A
*
¥

> bt

reduced system are significantly moved when speed equations are

added. Consequently, N; zeros and N, poles in equatibn (3-52)

associated with a reduced system will differ and will not cancel

each other.

If, however, all poles of the speed controller havi/ﬂarger time

constants than the eigenvalues of a reduced system, the pole-zero

cancellation will take place. Note that in this case the speed

response cannot be better than in a corresponding open loop drive.

After this discussion, a brief summary of the Direct Method can be

1) Tt is the general method for finding a speed-torque transfer

P e n
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function and 1s independent of motor type, supply frequency, load
) =

or drive structure.

2) It3 prime merit lies in producing conceptually clear results which
' give a darect physical 1nsight into speed-load interaction. Since
! ’ 1t predicts the form of the transfer functlondas well as* the nature

e of 1ts zeros, the Method can be useful jo the system designer in
4

selecting a drive structure.

L]
.

: 3) In addition to this, the Method offers a computatignally attractive

alternative since the calculation of spéed-torque transfer functions

1s reduced to an eigenvalue problem. :

In this chapter a uniform basis for the dynamic analysis of induction
motors was outlined. Both time and frequency domain techniques were reviewed,
i since the parallel presentation in both domains gives the best insight into the
drive transient behaviour. The frequency techniques are also applied to the

design of drive speed controllers.
As a considerable number of studies used only eigenvalues to draw

\’"-WZ"
.

conclusions about the motor dynamic behaviour, 1t was felt necessary to

R A
~

emphasize the importance of the input-output couplings. when the practical motor

- performance 1s analyzed.

Two, new concepts of pseudd-obsefvabllity and pseudo-controllability
were loosely defined. They are more pertinent to engineering applications
than the classical notions of observability and controllability.

- While searching for a mo%e convenient model of the induction motor,

a new method for the calculation of speed-térque transfer function was

discovered. It is applicable to any motor drive, operating in an open or
closed loop and described by a set of linearized equations. In transcending

the class of induction motors, the method underlines the basic similarity of

-

.

all rotating machinery.
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- CHAPTER TV ‘

Q
DYNAMIC STUDY--DRIVE CHARACTE&ISTICS v

7
/

4.1 Introduction /
LA LU

& ’

9 -

Threes control stratggies were introduced in Chapter II, together .
with the corresponding static drive characteristics. However, in the study
of variable speed drives, the dynamic performance 1s of much greater interest.
Specifically, the following questions hage to be answered before the merits

of a particular control strategy can be evaluated:

1) Which control of the airgap flux gives the best drive performance

* 1n terms of stability and speed of response?

2) Whach drive structure 1s least sensitive to the load variations?

e

s
5

Since for all practical purposes the drive output of interest 1is its shaft
speed, the answers to these questions require the study of the relationship

+
between motor speed and each of the two drive inputs:

- speed reference

- load torque

The methods for such study were outlined in the last chapter.
While one could look into stator and rotor currents and discuss
their transient response as well, only the speed 1s considered in this study.

i

This was done for the following reasons: ”~

g,
1) The speed is the most important output in drive applications. The
!
currents represent ¢nly an intermediary between drive inputs and
/

the speed. /

2) The dynamic requiréments are much more stringent for the speed than
: for the cérrents. 'Although undesirable, an underdamped current
response is tolera&ed.‘ At the same time the speed should not ‘contain
‘ . any oscillations. .

3) Large current surges are prevented by the limiting elements built

! \
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I, into power suppiies.” Thus, one knows 1in advance that the current
[}
swings will not exceed the preset level. There 1s no similar

device for speed changes.

4) The scope of this study precludes the detailed analysis of both

¥ speed and cubrents.

Although the current response 1s not computed explicitly, 1t can be

- dedetermlned qualitatively from the obtaihed results by remembering that very
fast speed response requires large electrical torques anq thusﬁlarge motor
currents. This means that the speed rise time can be used to estimate the

magnitude of the current swing.

Note, however, that 1t desired, a compdete, exact current response
can be obtained from the calculated eigenvalue and eigenvector results, using
the same method as for the speed.

Each variable frequency ac drive consists basically of two different
segments: one 1s an induction motor with 1ts electromechanical couplings;
the other being a corresponding power source, 1.)e., an inverter. Each segment
has its own characteristics, which, when comblneg, deflne the overall drive
performance. The problem of drive dynamic behaviour 1s then decomposed into
two parts.

1) The merits of each control strategy are evaluated for a drive

connected to an infinite bus, sinusordal voltage (current) supply.

The results so obtained are decoupled.from the effect of inverter

structures and represent an upper, theoretical lihit of driwe

: performance forﬁeach control strategy.
d / N
2) The limltatioﬁé imposed by 1nverter characteristics, tachogenerator

noise and motor nonlinearity are examined and results obtained in

the flrst/bart are reviewed to indicate the capabilities of realistic

ac drive#.

'

The study of the first part is given in this chapter, that of the second in

Chapter V. In ofder to study the drive closed loop behaviour, a -speed con-
. troller is designed for each control strategy. As the drivé dynamies depend,

in general, on the input frequency, the optimal motor performance is possible
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!’
ondy with an adaptive controller This 1s, however, ruled out for general

drive applicatibns, since the control for variable speed inductaon motors is
already more complex than that of their competitor, the dc machine  Conse-
quently, the fixed structure controllers présented in this study are only a
.Eompromise between the contradictory requirements at the two ends of the
operating frequency range -
Once the speed controller 1s selected and the drive structure 1s

thus determined, the study starts from the corresponding linearized equations,
In order to present the material methodically, a few steps in the analysis,

common to all drives, are outlined.

STEP 1: For a specific supply frequency and the range of motor
loads, calculate the drive eigenvalues. If the operating point 1s at the
rated motor load, in addition to this, compute the drive coupling and modal
matrices. (The load changes from 20% to 220% in steps of 40% of the motor

rated load).

STEP 2: Calculate motor transfer functions using the results from

step 1 for the rated load and eguation (3-32).

STEP 3. For the rated load calculate the speed fesponse to the
drive unit step inputs using equation (3-24) and (3-25) and display the
results graphically. In addition to this, find and display the Bode plots
of the drive transfer functions.

These’steps w11l produce enough information to draw conclysions,
without uncertainty, about the motor dynamic respons€ at that operating point.

Due\ to space limitation, only three operating points for each drive
are fully analyzed by using these three steps. These points correspond to A
the motor rated load at 60, 30 and 5 hz input frequency. However, the
eigenvalues are computed for a total of seven input frequencies. In addition

to this, eigenvalues corresponding to six different loads are also obtained

at each input frequency.




S8b

Ve

Yo

P Lo g

vIiIREQ.
CONVERTER

POWER
SUPPLY
WITH
REGULATED
Yotract
AND
FREQUINCY

Fig. 4.1: Constant V/hz, open loop drive.

¥

T A e

R
PEP

>

i~



59

4,2 Constant V/h: control

£y

fs described earlier, this control strategy maintains the ratio of
the stator voltage and frequency constant during every moment, of motor

-

operation (Fig. 2.2).
Since the constant V/hz strategy 1s most commonly used and since it
does not require any speed measurement for 1ts implementation both open and
"

closed loop drives are considered.

4§ 2.1 Part 1. Open loop drive .

The constant V/hz control strategy 1s realized by the motor drive

N ¢
presented an Fig. 4.1. oo

» As was explained earlier, all power supplies and.control components
aTe approximated by unity transfer functions. The limiting clement confines
the‘motor operation to the stable portion of the gpeed-torque curve by
restricting the value of the motor slip speed. It, thus, yirelds the optimal
accelerating torques during large speed changes.

“ The drive presented in Fig. 4.1 is fully described at each operating
point by the equation (3-10). The state equd%ion 15 (3-13). The state matrix
is given by (3-14aj,

Note that for the constant V/hz control the two electrical 1inputs
u; =V and u,=\5y in {3-11b) are no longer mutually 1ndependeﬁt, but are
related through the equation (2-4). Thus, the input speed reference, Vr’
determines both the applied voltage and frequency. The constant V/hz relation-
ship is maintained through the amplifier A,. From the drive structure, Fig.

4.1, 1t follows that:

]

v V+ AV :
0 r

When perturbed thefe equations give:




p ]
. L
rd
dw = &V
T
L v o= Ay &Y -
} . T
L
However, since for small perturbations: ”
S = dw t
where &y 1s defined in Fig. 3.1, 1t follows that: S/
-
= V t
Sy J .
' combining these equations with the egyation (3-11b) one obtains the drive
inputs for constant V/h:z control-
up(t) = &V = AV ‘ (4-1a)
4 u-(t) = Véu = V avr t (4~1b)
3:_- «
# 3 where V 15 the steady state value of the stator line voltage.
§> Drive Analysis
\'t"‘
o With the drive structure and corresponding equations specified,
e the analysis of each operating point can proceed using the three steps out-
% ) lined in the last section. Results for all three operating points (60, 30
and 5 hz) will be given simultaneously at.each step.

STEP 1: Eigenvalues, eigenvectors and input-mode coupling matrix
1
/ ' « - .
The results are gi'ven in Tables 4.1, 4.7 and 4.3 while the eigen-
value loci for changing supply frequency and changing load are presented in
Fig. 4.2. The effect of the change in load (from 20% to 220% of the rated

v
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#OYOR DRIVE WITH CONSTANT V/HZ

OPERATING POINT VALUES:

OPERAT ING POINT CURRENTSS

e megen ke ~ e N ‘ i g
\ H
TABLE 4.1
CONTROUL « OPEN LOOP
FREQUENCY(HZ) 4 VOLVAGE(VOLYS)

STATOR | 15.61 t -36.72 .
STATOR 2 -9.85 2 =153.38
ROTOR 1 -1%.96 3 -153, 34
A0TOR 2 1.72 L} -Q2.24a
) S ~92.28
ZERQS OF SPEED-TCROUE TRANSFER
F~TI0M BY DIRECY METHOO: ZERDS.REAL
1 -89.91
~ 2 -89, 91
3 -174.01
. 4 ~174.01
E~VECTONS IN POLAR COORDINATES:
- E~VECTOR 1} E~-VECTOR 2
0+9695E 0C 0.0000€ 0O 0.76Q1€ 00 -0.7127F 02
0.3126E 00 0.1800€ 03 De6660E 00 ~0 1TA3IE 03
0.9946E Qv C0.1800€ ©C3 0.7860€ 0OC 01079 03
0+3392E 00 0.0000E 00 Q0HBAJE 00 Q.4630F 01
0.570CE 00 Q3 0.9762€-01 0.B200€ 02

0. 1800

INPUT~FODE COUPLING

0.9938€
0.1087E
O.1EQ7E
Gel980E
0.1948E

1
o3
Q3
€3
o3

0.1800E
0.1617E
~0.1617E
0.2701E
-0.270tE

0.%769E ©1
0.1029€ 0>
0.1029€ 03
Qe 1954E 03

60.00

E-VALUES.REAL

127.0

E~VALUES s IMAG.
0.00
-73.40
T3.40
~-328.19
328.19

ZeROS. | MAC,

~329.67
329.67
~68.26
68.26

MATRIX IN POLAR COOROINATES:

-0.11681E~10
~0e9516E 02
0.9516E 02
Cell73E 03

0.1954E 03 -~0.1173E 03

—f

€-VECTOR 3

0.7691E o0
0«6660€ 00
0.7860€ 00
0.6849€ 00
0.72762€E-01

0.7637€ 02
O.249BE 0D
On2a98BE 03
Q0.6385%€ Q2
O0+6345€ 02

C.T127E D2
O«1T7A3E 03
~0.1079€ 03
~0.4630€ 01
~0.M8200€ 02

~0.8806E-14a
~0.8901E 02
0.8901E 02
0.1040€ 03
-0.1040€ 03

SPEED(RPM)

BREAX FREQUENCY(HZ)

AREAK FREQUENCY(HZ}

1700.0

SeB4
27.¢6
27.086
54.26
54.26

S4.,38
54.38
29.7% .
29.75

E~VECTOR

0.7280E 0O
Q.7iUBE 0O
0.7126E 0O
0.6Ba%: Q0
0.4268E-01

0.1893E D2
D+2C8aE 03
0.208AE 03
0«6.81E 02
0.6081E 02

-0.587&6E 02
-0+1490E 023
0.1196E 03
0.2922E 02
0+53C5E G2

Qe3798E-11
~0«1069E 02
0.1069€ 02
-0.1657E 0)
0.1657€ 03

Te

E-VEC

0.7280E Q0

+7O.6E (O
0.7126E 00
0.6845E 00
ve8AHBE-( L

0.43IT3E 02
0.3126€ C2
Ce3126E L2
C.8042€ 01
CeA(Q2E (1

QQUE {NM)
17T.42

DANDING
1.00
-e@J
G.9C
.27

L\.-2’

DaAmMP ING

.e26
VUe26
Le93
-+93

TOR 5

0.587GE
se149 E
-0el119¢E
~-0.2922€
-seS5JUSE

-0.180CE
0.6C27E
-.e6,27€
-0.1563€
3+1560F

19

.fi
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MOTOR DRIVE WITH CONSTANT V/HZ

OPERATING POINT VALUES:

OPERATING POINT CURRENTS:
STATOR 1
STafon 2

ROTOR
ROTOR

1
2

16,03
-9.70
=1623
1.48

ZERQS OF SPEED~TUROUE TRANSFER
F-TIO™ BY DIRECTY METYMOD:

E-VEC t&s N

POLAR COORDINATES:

CONTROL , OPEN L 0OOP

crenme e st re e -

;5;%25§%=a=é?’

o E-vECTOR 1
0.9727E 00 0.0000E
GeIVvaBE Juv  ©e18C0E
C.9889€ CO 0.1800FE
Oe«3AS8E (C ©0.0000E
0«8LS9E L{ L.18CCE

00
03
o3

03

I NPUT=-MODE COU?LING

Oal64SE
0480603€
O.86L3E
G 1870E
D.1B70E

G2
¢2
02
03
o3

DB WA -

PN -

TABLE 4,2

FREQUENCY(HZ)

30.00

E-VALUES.REAL

-33.51
~-27.08
-27.08
-220.10
-220.10

ZEROS .REAL

-2312.09
-232.09
-31.83
31483

E-VECTOR 2

0.70R2€
Q.6298E
O-Tl11AE
0.6232E
0.1008E

MATRIX

[+]¢]
o
00
o0
[+

-0.1302E 03

Qe«14S7E Q3
0.4491E 02

~0+3975E 02
-L.3302E D02

IN POLAR COORDINATES:

-0.1800E
Qe JINE
~0.3394F
0e4240€
~Ca4240€

0.6421E
Qe?115E
0.9115€
0.1637€
C.1637E

o1
02
c2
03
03

0,87T0E-12
U« 1224E 03

~Ue.1224E 03

0« 1326E 03

~Ce1326E 03

VOLTAGE(YOLTS)

E-VALUESIMAG.,

66.3

6.00
-127.086
127.06
-n6.98
86.98

ZEROS. IMAG,

-78.88

r8.88
130.5S
133.+5S

»

E~-VvECTOR 3

0.7082E
9+6298E
O.7114E
0.85232E
0.1008E

0.5866€
0.+5868E
0.5868E
0.1938E
0s+1938E

00
00
0d
co
-1}

02
02
02
o3
o3

0.1302E 03
~0+1457€ 03
-0.8491E 02

0.3975€ 02

0»3302€ o2

0-.1008€E-12
0.6119€ 02
~0.,6119€ 02
-0.1749€ 03
O.17T49€E 03

SPEED(RPM)

BREAX FRECQUENCY(NM2Z)

r
BREAK FREGUENCY(MHZ)

800.90

$5.33
p0.68
20.68
37.67
37.67

39.01%
39.21
2139
21.39

E-VECTOR 4

0.8038€E 00
0.T716€ 00
0.8L94E 00
0.7798E 00
0.7386E-01

0.1727€ 02
0.5109€ 02
0.S109€ 02
0.1819€ 03
O.1819E 03

-0.1198E 02
-0«1114F 03
0.167SE 03
0+6786E 02
0s1462E 03

-0.3a479E-12
0.1S87E 03
-Qe1587E C3
~0.9398E 02
0.9398E 02

TORQUE (NM)

17.9%

DAMP ING

1.09
0.21
L.21
Te93
.93

DAMP ING

Ce95
0.9%
“e24
Ca.24a

€E-VECTOR S

ve8LI8E 0O
0.7T716E 00
LeBJ94E DO
JaT798BE CG
0«7386€-01

2.3746E C2
Cal0OCAE L2
-e1GCAE Q2

~«1198F
Ot 11AE
=Ze1675E
~_ +67B56E
~0e1402€E

-f1e0.C

0.1%589€
=C0a158B9E

2.178 —3.2119€
Cel1780E 02 4

*

|
-3
~2
3

"3
~3
3
"2
2
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HOTOR DRIVE WiTH CONSTANY V/HZ CONTROL,OPEN LOOP
.

OPERATING POINT VALUES:

< OPERATING POINT CURRENTS:
STAYOR 1} 12.90
STavTGR 2 ~8.06
ROTOR ~17.04
ROTOR 2 -0.94

¢

ZERQS OF SPEED-TCROQUE YRANSFER
F-YTI{ON BY DIRECT ME THOD:

E-~VECTORS IN POLAR CCORDINATFS®

- E-VECTOR 1

De1CCCE C1  0.18CQC O) 0.,9971¢
0«874BE-02 00,0000 00 0.3973€
Q«93I74E 0V 0.0000€ 00 0«6177€
0+1SB80€E 00 ©.18C0€ O3 0.384RE
0.7643€ 00 0.0000€ 00 0.%5659€

0C
-1
oo
oo
1]

A DUN -

bW N e

FREQUENCYIHZ )

5«00 160
E~VALUES REAL E-VALUES. [MAG,
& _yq,.83 6.00

-C.17 ~26.37

A 26.37

-2a5.85%5 * -23.85
-245,85 23.8%

ZEROS «REAL

-2%9,.83
-259.83
-4 .09
-4 ,09

E-YVECTOR 2

~0e1633E QU
-D-1107E Q3
0«1637E 03
-C.a220E Ot
-0.1724€ 01

INPUT-MODE COUPLING MATRIX IN POLAR COORDINATES:

CeS639E 02 -0.4193E-11) 0.1346€
O« 154Q€E 02 0.J3081E 01 0.1184E
O«1SACE L2 -0.3081E 0L Os11€4E
O«2698E 03 0.8658E 02 0+2715€
0+.2630E 03 —0,.B86S8E 02 0.2™ 58

24
02
o2
03
-]

~0.2480E=-12
0.6281E 02
-0.62B1E 02
O«145%E 013
~0.1454E 03

TABLE 4.3

IERDS. [MAG,

-24.9
24,91
-27.4a8
27.84

E~-VECTOR 3

0.9971€ 00~ 041633E
0+1973€ 00 0.11987€
0.61T7E GO0 -0.1637E
C+38A48E 00 0.4222€E
Q«56S9E 00 0«1724E

0.287SE 02
0.6977E 01 ~-0.648A13F:
0.697TE 01 O.6883%%

0.2652€ 03 TO-QSASE\in
0.26%2E 03 D.9SASE 0

VOULTAGE({ VOLFS)

00
03
o3
ot
a3’

.

3

.

0-1800€ 03

02
02

O+T7T4TOE O1
0.5)20E Ot
0«S020E Ot -0.7288E D2
Qe27B4E 03 ~0.3607€& 02
0.2784E 03  0.36L7E ©O2

SPEED (RPM)
50.0

BREAX FREQUENCY{(MZ}
3.18
. .39
4239
39.31
29.31

BREAK FREQUENCY(HZ)
41,54
4l.54

4,02
a4a.a2

E~vECTDR A

0«33509E 00 -0.5388€ 02
O.A778E 00 -0.1759E 03
0.5537€ 00
0.4814E 00
0.5393€E-01

0.1241€ 03
Q<ALTAE 01
C~112S€ 03

0.1B800E 03
C.7284E 02

3
TORCUE (M)
2159

DAUPING
1.00
C.39
030
1.00
1-0?

DAME NG

1.

1.C2
G.15
C.15

E-VECTIOR %

0.5%0G€ 00 0.%S8EE
J.4774E 00 G.17S9F
QaSS3I7E 00 =-0Jel2a1E
J.4814E 00 -0.4GT4E
G.85093E-C1l -0.1125€

r2
‘a1
~3
“1
=3

0.3551€ 02 -0.231%€-13

veS923E L1 Ced.12E
0.5923€ 31 -0.4_12€
C+.26B67E 02 O.Bl64E
Ce266TE C2 -_aBlHAE

-2
2
2

2

£9
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Fig.-4.2: Eigenvalue loei for constant V/hz, open loop drive.
| The effects of changing load are presented at '

selected input frequencies.
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value) 1s scen to be small. The motor eigenvalues were previously identified

by Oo1r and Barton"?

as mechanical (on the real axis andassociated with the
motor mechanical parameters), magnetizing (compler conjugaté, close to the
mmaginary axis and associated with the motor magnetizing inductance) and
leakage (complex conjugate and related to the motor leakaée i1nductance)
From these results, the two lcakage modes are well damped. The
mechanical mode has ; sufficiently small time constant for an acceptable

response. [lHowever, the two magnetizing modes approach 1instability as the

input frequency 1s decreased. ' Note that only the mode response to an 1nit:ial
condition can be analyzed from the cigefmwaluc results (Fig. 4.2). The
excitation of each mode by a particular input 1s not known nor i1s the parti-
cipation of each mode in the output (speed) response. Thué, one has to
cxamine the eigenvectors and the input-mode coupling matrix (Tables 4.1, 4.2
and 4.3).
To 111ust;ate the interpretation of these results, an example 1s
* given. Looking at the results for 60 h:z operation, one can conclude that the
mode eoffespondlng to the real eigenvalue 1s much less excited by the change
in ;he input voltage than the complex-conjugate modes, (From (4-1a) the input
voltage change a2ppears 1in u,(t) and one has to look i1nto the f1r§t column
‘of the matrix H to find the excitation of each qk(t)-—équatlon (3-24)). The
same conclusion about the mode excitation is valid for the change in the
supply frequency (input u,(t) and the second column of the matrix H).
Looklng‘now at the mode-state coupling, one can observe that these
highly excited modes, corresponding to the complex conjugate eigenvalues are
{ . weakly coupled into the speed, as seen from the Sth row of the élgenvector
N matrix. Thus one concludes that the input/reference Vr (which appears 1in
both U,(t) and U,(t)) better controls the motor currénts (in which the modes
. qk(t)’ k = 2 - 5 appear stronger) than the speed itself.
: Although this method of analysis is valid and gives a detailed
insight into the mechanism of the motor response, it is obviously ill suited

for a quantitative study. Still, it is revealing to look into input-mode

and mode-state couplings and to understand why the speed response is not

( oscillatory although some of the eigenvalues are so lightly damped. Thus,

the results obtained in this step provide the explanation of the drive response

. found in step 3.

PO P
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STEP 2: The drive transfer functions

-

.o , '
The two transfer functions of interest are the speed-input reference
(Gy(s)) and speed-load torque (G,(s)). The latter one represents a drive

mechanical output i1mpedance.
When equation (3-32) 1s applied together with the results of the

previous step, Gi(s) and Ga2(s) can bc obtained at each operating point.

1) Speed-input reference transfer function.

The speed reference signal \’r appears 1in two drive inputs. When

Laplace transform 1s applied to equations (4-1), these two inputs

becone:
ur(s) = A1V (s)
r !
Yy
u,(s) = o V_(s)

From equation (3-32), with these two 1nputs:

2
Y(s) = L

Replacing u,;(s) and u,(s) by their expressions and dividing each

side by Vr(s)

T 5 m_ h meoh

X ogisy = po (kKL oa IRy, (4-2)
1 - 1 -

Gvr(s) k=1 s Ak, s(s Ak) )

Since the four eigenvalues appear in the complex-conjugate pairs, the
corresponding eigenvectors (mSk's) and coupling vectors (hkj's) appeaf in the

complex conjugate pairs, too. Thus one can write:

* *

Aa = Az ; As = Ay

o” *

m = m ; m o= m
53 52 55 54

T e, T TR T T T IR T e T — o
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Using these equations, (4-2) canbe rearranged so that each term denotes a

g

physically realizable system:

m. . h m_.h
v(s) . _ 5111 517012
dvr(b) G, (s) s-A, At s(s=x,) Vi
9 ( -
j + ﬁ =(s Re\mSk hkl) Re(msk hkl li)) At
- s(s-A ) (s=Ar) !
k=2 h k
k#3 ‘
- - *
+ i 2(s Re(mskhkz) Re(msthZAk) v (4-3)
- x
=1 S(S-)\k)(S').k)
k+#3 A

The last equation gives the speed-input reference transfer function
for the open-loop, constant V/hz drive. The presence of an integrator in the
second and fourth term in (4-3) reflects the change in the supply frequency.
It accounts for the monotonic increase in the mmf phase angle y with a flxedlﬂ'
change in the speed reference signal Vr. This will be fully discussed in ’?
the analysis of the motor step response.

If the numerical values from Table 4.1, 4.2 or 4.3 are 1nserted/
into (4-2) or (4-3), the speed-input reference transfer function at the
corresponding opératipg point is obtained. The transfer function Bode plots
are presented in Fig. 4.3b, 4.4b and 4'.5b. The same results were gbtained
by applying the Laplace transform to the drive state equations ang/using

equation (3-30).

2) Speed-torque transfer function

From (3-11b), the load torque appears only in the 5th drive input.
1
By straight application of the equation (3-32):

5 m, h
5 S .
ys) = 2 —;’—‘7;“— u,(s)
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!
or '
v(s > ms hks
ys)  _ g = g =K . -
6T (s) ~ G2 (s) el SN . (4-4)

The last equation gives the speed-torque transfer function which

15 an equivalent of the drive output impedance.

It 1s possible to write (4-4) in the physically realizable form,
using the same method as for (4-3).

If the results from Table 4.1, 4.2 or 4.3 are inserted into equation
(4-4), the drive output impedance is obtained for each corresponding operating
point. These results are presented as Bode plots in Fig. 4.6b, 4.7b and 4.8b.
Again, the same results were obtained from (3-30) by applying Laplace transform
to the drive state equations.

An additional 1insight into the speed-load interaction 1s obtained by
examining the analytical éxpression for the output impedance. Applying the

Direct Method (Theorem 1) to the drive equations (3-10) one obtains:

(s—zl)(s-zz)(s-zs)(s-z“)

A N (W) CEW I CRWICE R ICT NS I

(4-5)

The zeros of G,(s), i.e., zj'sé are computed as the eigenvalues of
the motor decoupled electrical part and are given in Tables 4.1, 4.2 and 4.3.
It is evident from these results that the motor eiectrical eigenvalues are ;
very little pertu%bed when the Sth, mechanical equation is added. This /
indicates weak electromechanical coupling. Note that the same conclusion was
made implicitly in Step 1, where it was seen that,the changes in inﬁut voltage
and frequency affect very little the motor speed. Since there will be pole-
zero cancellation in (4-5), evident from the computer results in Sﬁep 1,
GZ(sj can be approximated by the equation (3-51). The validity of/khis
approximation is best perceived from the c017%5ponding Bode plots{(Fig. 4,6b,
4.7b and 4.8b). | : o |

From the expression for the motor output impedance (4-5) one can
easily find the speed steady-state error. If the load step of A units is
applied‘to the shaft while the speed reference"\/r is constant, the steady

state value of speed will be: \
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with good pole-zero cancellation the last expression becomes:

4

A

Irts

Y() . =

Using the approximate value of A given by the equation (3-50):
5

4

A
yl) = o- £

T

where p 1s the slope of the static torque-speed curve at the operating point.
Since the speed reference Vr has not changed, the last expression denotes the
speed error due to the load disturbance. At the same time 1t shows which
factors determine the speed sensitivity to.the load changes. )

s .

X -

N STEP 3: Step and frequency response

/

b

The speed response is computed for a unit step change in:
- speed reference, Vr

. - load torque, T, ‘ .

The results are presented graphically, together with the drive frequency
response. The speed step response is calculated in two stages:

First, the response of all modal states q(t) is obtained from the
convolution integral, equation (3-24).

. Second, modal states, calculated for each input are combined, using
; . »§ :
— %




(3-25) and (3-26), to obtain theé speed responEe.

Response to a unit step in the speed reference

The motor load is constant and equal to the rated value. For the
step change in Vr, the input u, (t) follows, while uz(t)‘is a ramp (4-1).

Thus, the modal states are:

t
Ak(t-r) Ak(t-r)
.- _ qk(t) = e hk1A1dT +1 e hkz Vtdrt, F=1...5
D 0 '
} which gives:
A h At V h At
- _ 1 k k2 N -
Q(t) = === (e -+ ~—=— (e ,-\t-1D (4-7)
]\ = >\ k . 1

By using the values for each operating point from Tables 4.1, 4.2 and 4.3,
the corresponding step response of each modal state is obtained.
Since the last equation contains a monotonically increasing term,
, Akt, it is appropriate to discuss it briefly.
The first part in the last expression is due to the step change in

the applied stator voltage. Its time varying term will approach zero as the-

~

| b AT N TN Vg T

time increases, for all eigenvalues with the negative real part,

The second part of the equation (4-7) is the result of the unit step
change in the motor input frequency. Although the input 1s finite, this part,
and therefore all modal states, will increase monotonically with timen Before
this response is judged as upstable, one should give it its physitgl inter-
pretation.

_& The modal solutions are obtained in Ehe synchroqpus reference frame

which rotates always at the operating point supply .frequency. If the motor

is in{a steady state, the airgap mmf rotates with the same speed and therefore
appears to ‘be stationary in this refereﬁce frame. ‘Consequently, at the
operating point the motor currents appear as dc. As soonfés the motor input
(”\ frequency w 1is perturbéd, the mmf vector starts to move{ sweeping the

reference frame (Fig. 3.1). Its projections on the y and § axis become time

NN ’ /
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variant and the motor currents pccome normilly ac. However, since the motor
voltages were linedfized, the y and § axis.currents will not be sinusoidal,
but will increase linearly with time - the fact reflected by the monotonically
increasing term in (4-7). In order to recrcate the revolving mmf and thus

the ac currents,.’one should use, in the convolution rntegral, the full
expression for motor y and § voltages, given by (3-8). for this case, the

modal state response to the unit step change in the speed reference Vr 18:

VHA, N
qk‘(t) - [hkl (sint - Ak cost + Ak RN
A+ .
k o
‘ V h ’
+ b, ML sine - cost)] 4 5L (@MRE L
‘ K
o

It is seen that the monotonically increasing tdm in (4-7) 1s now\rcplgccd
by the momotonically oséillatlng term - reflecting the rotation of the motor.-
mmf vector. The motoacurrents will now c};\ re stnusoldally, with the same
frequency with which the mmf vector sweeps the~¥ﬂﬁgfcncc frame - which in turn
is equal to the frequenty increment over its operating point value, as reques-
ted by the change in the reference input, qyr.

From this discussion, it becomesobvious that the apparently unstable
(or oscillatory) term 1in the modal responsec reflects only the choice ofjthe
reference frame. Since the motor speed 1s invariant with the referénce/frame

transformations, the oscillatory or mono%onlcally increasing terms willnot>

|

i

appear in the speed response. b
Recapitulating this discussion in simple words, 1t means that the

motor steady state currents will oscillate (i.e., be ac) whenever the speed

of the reference frame and the motor supply frequency are not the samql This

has nothing to do with the motor speed, which can be constant under these

conditions.

One can now look at the speed response which is obtained from {3-25)

and (3-26) as: o _
S ‘ 1
y(t) Z mgp q (t)
. T)k:l R k




*770b . '
N
o
rs md N .
= |
0. ——
(o= T ee—
= . - T T e A
= '
L
ket !
0.
w
. - >
A 2 .3 A RS} b
; Fig. 4.3a: Speed response to step reference at 60 hz !
k‘ 0 : T 'r‘*r - bk "‘*I ’*" e °
: ]
; — i 1T
: TN
¥ -10 N e A1 0° :
¢ | N Gain
%
: - N
Ba f
‘ - i \\ .
Phase\\ \ ‘
\
Z -2 N\‘\J—- -1 -80°
3 \
N
40 j\ \ ] d—4-4 <1200
. \ (
R -
-50 : : 14~ re0°
- \ 1IN
: : AERII
{1 \R‘”"'“
. i
% i) 1.0 10 100 1009 )
k // . RREQUENCY, hz
™ Fig. 4.3b: Frequency response of speed-input reference ‘transfer
function at 60 hz.
S SRR 3 iR SR M - . bt 1




71

»

A%tcr the modal states have been calculated at, cach operating ﬁo:nt. the séeed
step response 1s obtained and then plotted. (Fig. 4.3a, 4.4a amd 4.5a). It
obviously does not contain any of the monotonically increasing terms which
are present 1n the modal response. It 1s interesting to obsérve the role of
the eigenvectors--they filter out from the speed expression that part of the
modal response which depends on the reference frame and which will appear in
the expression for motor currents:

' The attention is now directed to the analysis of the speed r¢5ponsc.f
In order to have more information, the frequency responsc of Gl(s) is presented
in parallel with the speed step response (ng. 4.3b, 4.4h, 4.5h),

At 60 hz operating point, the speed response (lig. 4.3a) defines the
drive as a second order, overdamped system. The rise time 1s 62.5 msec. The
speed reaches 95% of 1ts stecady state value within 90 msec. Thus, the dynamic
response 1S satisfactory. The corresponding Bode plot (Fig. 4.3b) supports
this conclusion. At high frequency, the gain drops at 40 db/decade, indicating
that in this range the motor behaves as a sccond order system. Knowing that
there are five eirgenvalues, this result 'indicates the presence of three zeros 7
in Gi(s). This conclusion is 1n agreement with the ecquation (4-3). The e
apparent gain peaking in the Bode plot, at 70 hz, is not noticeable 1in phé/
step response, as it 1s very attenuated. ’ ’

Thus, one concludes that the dynamic response of an induetion motor
at 60 hz, rated load operating point is e;zirely satisfactory. This fact has
been well established for the last 70 years. However, the results at the
conventional supply frequency establish the reference against which one will
measure dynamic regponse at other operating points and with different control

.strétegies.

At 30 hz (Fig. 4.4a) the speed response begins to show the high fre-
queﬁFy'oscillating combpnent. However, the drive still behaves basically as
a second order system. The rise and settling times are 72 and 95 msec.,
respectively., The study of the Bode plot (Fié. 4.4b) gives the same conclu-
sions as for 60 hz.point. The only difference is in the’éhin peaking, which
is now decreased but otcufs at only 26 db‘below the dc¢ gain. As a result, an
oscillatory componegp/éf approximately 20 hz is superimposed on the basic,

second order response (Fig. 4.4a). Due to the shape of the Bode plot, it has
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a small amplitude and dies out quickly, A

. As a conclusion, the motor dymamic characteristic at 30 Jz is only
slightly inferior to that at the”industrial supply frequency and the drive
can give the sdme performance as befare, providing that thekprecaution is )
talen to avoid any mechanical resonance, .

At 5 hz operating point the dynamic performance nhas deteriorated

significantly, Fig. 4.5a:

1) The speed oscillations are now clearly visible. The response is
°underdamped and much slower than before. Rise and settling (£5%)
times are 210 and 235 msec., respeétivel);. A look at the corres-
ponding Bode plot (Fig. 4.5b) shows a gain peak of 7 élb at 5 hz.
Since this peak is almost at the dc level, it is very little
attenuated and results in a slowly oscillating component superimposed

I3

on the second order step response.

2) The dc coupling between the input and the output 1s reduced, as seen
by the lower value of the s.s. speed. (Only 1.84 rpm here against
2.4 rpm for the two previous points \«ifch the same unit step chan};e
in \'r). The Bode Elot supi)orts this by giving the dc gain of -8.5
db, which is a decrease of 2.5 db from the correspoﬁrding dc gain
at ’60 hz. Note that the same conclusion could have been anticipated

from the static torque-speed.curves, Fig. 2.3,

. As a conclusion, the motor dynamic performance at 5 hz is inferior
to those at hiéher input frequencies. It can be shown that the most sighificant
decrease occurs for supply fre'quencies below 10 hz. ’Deperiding on the drive
application, this may or may not be acceptable. The most natural method for

improving these results is by operating the drive in the closed loop.*

Response to a unit step in the load.torque

The speed reference is constant at each operating point. From (3-24),

the modal state response with ug(s) = TL(s) =1 is:

~ Ayt
q(t) =(e " -Dh /A k=1...5

“\ -
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g The specd response 1s obtained as the combination of modal states,

equation (3-26)°
- !
m. h At
Sk ks
—5== (e K1) (4-8)

y(t) =
- "k

Hi4 0

1

One should remember that any change in the speed due to the torque disturbance
represents the speed error since the speed reference has not changed.

Using equation (4-8) and the results &n Tables 4.1, 4.2, and 4.3, the -

speed response at each operating point 1s obtained, plottgq and analysed.

At 60 hz, the speed step résponse (Fig. 4.6a) cofresponds to that of
the first order system. The speed settling time (*5%) 1s 82 msec. The 20 db/
decde gain slope of the corresponding Bode plot (Fig. 4 Ab) confirms this
conclusion  The brcak point at 5.8 hz defines the drive time constant as

T =27 4 msec. This result checks with the step response as the speed reaches

95% of 1ts final value 1n 37

o

These results indicate a good pole-zero cancellation in (4-5). Thus,
the motor output 1mpedance'can be represented accurately at 60 hz by the

equation (3-51). The same conclusion was reached 1in step 2, while discussing
the Gz(s).

L TR T S ey A, S e

From the control point of view this represents another example of
pseudo-observability. Although the fifth component of each eigenvector is
different from zero (Table 4.1) only one mode 1s visible in the speed output.

In thas case, it is a desirable characteristic resulting in the first order
response.

-

L4 At 30 hz both the step and frequency response (Fig. 4.7a and b) are
¢ssentially identical to those at 60 hz, so that the same comments apply. Note

‘,,
-

3
s ot

that the complex-conjugate pair starts to appear around 20 hz (Fig. 4.7b).

é From Table 4.2, this pair corresponds to the magnetizing eigenvalues. However,
they are still sufficiently neutralized by the corresponding zeros and do not
appear in the step response..

At 5 hz the situation has changed (Fig. 4.8a and b). From the step

"

. | response the drive still behaves as a first order system, but now with the
‘ § o s s I3 .
("} second order, oscillating term superimposed. The speed settling time is 160

mse¢. The most significant difference is, however, the magnitude of the speed

-
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change. With the unit step in the load. torque, the speed changed by 3.156

rpm at 60 hz and by 5.44 rpm at 5 hz. This represents an increase of 63°%
indicating much higher sens:itivity to the load disturbances. This rise 1in

the sensitivity could have been predicted from a decreasc in the slope of the
corresponding static torque~épeéd curves, Fig. 2.3. Another hint was provided
by a decrease of the dc gain in the speed-input reference transfer function at
5 hz, Fig. 4.5. From the network and control theory, such reduction auto-
matically results in an increase of the corresponding output impedance, i.e.,
Higher sensitivity to the disturbances.

A few more camments can be made after examining the drive frequency
response (Fig. 4.8b). The Ga(s) dc gain has increased by 3 db over that at
60 hz, giving exactly 63% larger steady state speed value. A second order
response, oscillating at approximately ¢ hz and caused by the magnetizing
modes 1s superimposed on the basic, first order, drive response. Although this
oscillating component is undesirable, 1t 1s the magnitude of the speed response,
i.e., the increase 1in the speed sensitivity, which 1s of gredtest concern  This
again points to the need for a closed loop system which will result in a
decreased output impedance )

As an overagll conclusion, the constant V/hz, open loop drive has a
rather poor speed regulation at any frequency, due to the weakh clectromechanical
coupling. The regulation” further deteriorates when'thexload 1s 1ncreased since
the mechanical and electrical eigenvalues move further apart. Thi's results 1in
a considerable speed error, especially at the lower input frequencies. The
same conclusion 1s available from the static torque-speed curves presented in
Chapter II. ‘ .

Beside this disadvantage, the speed response is acceptable .until the
very low supply frequencies (below 10 hz) are reached. Even then, the ﬁotor
behaviour may be tolerable, depending on 1ts application.

Since the open loop operation is inherently simple, and least expensive
to implement,it will always find its use. However, the drive dynamics can be

improved while at the same time preserving the simplicity of the constant V/hz

‘control i1f closed loop operation is considered. Thus, attention is turned to

Part II.

.~
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4,2.2 Part II: Closed loop

Drive Description

The dynamic characteristics of the constant V/hz drive, presented in
Fig. 4.1, can be improved by closing the speed feedback loop. The new drive,
with speed controller included, is presented in Fig. 4.9.
i The closed loop drive operates at a constant speed (within load
limits) by continuously adjusting the inverter output frequency and voltage.
Any difference e, between the requested and actual speed, 1s processed through
the speed controller and added to the motor actual speed. The szgnal so

-

obtzined represents the inverter fiéquencx reference. The drive operation at

carves, Fxg. 4.10. The l:mater pr \en s excessive values of slip spped during

a constant speed and varving load :s \ llustrated by using the motor\;tator

B

overloads or large speec changes (Ch dnter Y.

> :

SPEED

Fig, 4.10: Trajectory of an operhtlng,p01nt. Frequency and voltage
aré*both adjusteéd as the load is changed to keep the
motor speed constant, points A, B and C.

.

",



Controller Design

Before this drive can be analyzéd, its speed controfier has to be
specified. This 1s done by considering the drive open;loop frequency response.

Note that a controller so designed will have to be a compromise, a}nce the .
-10). Thus,

drive dynamics change with the suppiy frequency and load (equation
only an adaptive controller can’yrovide optimal performance over the\whole speed

range.
eedback

peed

The drive open-loop response can be obtained by breaking the
loop at point|A (F1g. 4.9). The signal Y becomes the input, while the
is the output of the system so obtained. To establish its equations conkider

first the expressions for the input frequency‘hnd voltage:

£
[}

(v + k@) As

,4
ir

\O+A1 w . . <.

or in the perturbed form

Sw Ay & +n dwm ' (4-9a)

On
=
i

.

A Suw = Ay A3 &Y + Ay n Gu)m - - (4-9b)

because A3;=n/ kt' .

Due to the-feedback acting on the motor input frequency, the number

of drive equations has increased. Therefore, an additional state has to be

introduced. It represents a change in the phase angle, 8¢, between the airgap .

mmf vector and the y-axis of the reference framp, as defined in Fig. 3.1. Thus:

g-{(aw) 2 6w = AaSY + néw (4-10)

‘Combining (4-9) and (4-10) with the open-loop motor equation (3-10), and the
. £

input equation (3-11b), the result becomes:

T
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_ Equation (4-11) describes the closed loop drive (Fig. 2.9) with the
Speed/lﬁop open at point A and signal Y taken 4s the input. Its frequency
response at rated loéad and three operating speeds (1700; 800 and 100 rpm) is
presented 1in Fig. 4.1la, b and c¢c. From these results the operating point at
1700 rpm (Fig. 4.1la appears to be the most critical one: 1f the speed loop
is closed with the controller having a unity gain, the resulting drive band-
width will be around 10 hz. This is almost identical to the result obtained
in Part I and thus represents no improvement over the open loop opcration.
Any further 1increase 1n the controller gain 1s not possible due to the ensuing
rapid decrease in the phase margin. ‘

The shape of the open-loop frequency response points to the need for
a lead compensation which would smooth out the dip 1n the phase curve.
However, since this dip shifts with the change of the motor operating speed
(Fig. 4.11b and c) it is i1mpossible to achieve with a fixed controller an
optimal compensation over the entire speed range.

On the basis of the drive open loop freauency response (Fig. 4.11)

the speed controller 1s chosen as:

, , 1+s/k -7 (4-13)
8Y l+a d s (A < ,

c e (1+d s ) c s

Its frequency response is given in Fig. 4.12. The controlier consists of
two parts: the lead compensation and the standard progprtional—lngegralf(PI)
term (Fig. 4.13a). The numerical values in equation (;'13) are selected to

I needed (Fig, 4.1l1a)}.

Furthermore; the controller gain\Ac(is chosen so that tﬁe total gain around

obtain the maximum phase lead at 50 hz, where it is mos

i
i

the loop is 10. - Thus: . j

| .
d = 1/(314.16 v14) determines the upper Yhreak frequency of

the lead network. /

I
i -

a = 14 - determines the separJLion of break points

‘ in the lead network

-~
1

6.2832 - integrator gain
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10 k./k, = 131.6 - total controller gain ) )

The controller is presented in Fig. 4.13 which should be considered in the

context of Fig. 4.9.

S

Once the controller is specified, the equation$ for the complete closed
loop drive (Fig. 4.9) can be established. Due to two controller integrators,
there will be two additional equations in the drive description. They are

obtained by choosing the two new states in the standard way, as the outputs
!

b

from the integrators:
« 3 -

N

: -u_l. Patd }“‘ - i
X = 3 (u\r - r;mum X-)
Xy = Ac(l - a)&7 + a Ac(ﬁvr - kt Swm)
. ' 7/
while the previous input Y becomes now the controller output: ’
A % Ga A
Y = Xp T (L - @)Xy e (3V_ - K fw ) (4-11)
K UK, T e

When the last three equations are combined with (#4-11), the equation of the

complete closed loop, constant V/hz drive is obtained: A

(PIX = [Q]X +U C T, e
| /

o

where

P = 0 1© .0 | , - N (4-152)

0 0 1

| : . B
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5 ) ,( c C
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¥ {
-2 L -R -0 M o} 0 \Y 0o 0
‘ c 1 [of
: 0 @M -R QL -n(MI +L T ) 0 0 0
. 2 2 24 ¢
i . ¢ ¢
QM 0 L, -R nMI +L. I ) ‘0' 0 0
) s 2 1 2 3
Q= : , n (4-15b)
' -nMI aMI aMI -nMI -f 0 0 0 ’
4 3 \ 1 T
0 0 0° 0 1 e 0 (it Ae
n( - X ) X Ny
‘ c c
0 0 0 0 -kt/d 0 -1/d, 0
} - .
.
0 - e -
| o 0 0 koa A 0 (l-a)A, 0 |
3 .‘yl
) '
b . - -:4 ] - . » .
. - Xy | . S
X =1 x4 (4-15¢)
j - R g i
. where Xo vector-is defined by equation (4-12c).” The iﬁput vector U is: *-
()
4




[ B 4 LA A 6v |
Ux(t) X
‘ c
uq(t) 0
u (t) C
3
uh (t) 0
U = = m./
uS(t) . —6TL >
) a AiAc X
u6 (t) k 4
c
uT(t) \é\r/d
u (t) a A8\
L 8 _J L ¢ T J
The drive state equation 1S:
X = [AIX *+ [B] U
where
a = 7
and
-1
(8] = [P] vei

The P matrix can be inverted by hand to give:

/
/

84

(4-15d7

(4-16a)

Pernr - ~aa s e e e op L s e
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Fig. 4.14: Eigenvalue loci for constant V/hz, closed loop drive.

The effects of changing load are presented for

selected motor speeds.
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-1 -
[ 17 0 0 0 0
0 1/3; 0 0 0

pt o= 0 0 1 0 0 (4-17)
\

0 0 0 1 0
0 0 0 0 1

- -l

where L~1 matrix 1s given by equation (3-15).

Drive analysis

With the drive equations specified, the familiar steps in the

analysis of motor operating points can be undertaken.

STEP 1: Eagenvalues, eigenvectors and input-mode coupling matrix

The drive 1s analyzed for speeds of 1700, 800 and 100 rpm. Computer
results for these three operating points, and rated load are presented in '
Tables 4.4, 4.5 and 4.6, The eigenvalue loci for larger number of operating
points, and rated load, are presented in Fig. 4.14. N&te that the last
complex conjugate pair with the break frequency above 200 hz is not included
in Fig. 4.14. The effects of the load change on the eigenvalues is given by
a separate locus at each operating point, Fig. 4.14. 1t is obvious from
these results that the drive is stable. The eigenvalue loci give again only
the modal response to the corresponding initial conditions. The excitation
of each mode by the drive inputs is determined by the input-mode coupling
matrix H, while its participation in the speed respoﬁse depends on the drive
eigenvectors. Take for example, the third mode which is defined by the eigen-
value at the origin and which therefore increases monotonically with time"

(Table 4.4). The corresponding eigenvector component (5th row, 3rd column)”
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: TABLE 4.4

MOTOR DRIVE WITH CONSTANT V/HZ CONTROLCLDSED LOOP

OPERATING POINT VALUES: FREQUEKCY (HZ) VOLTAGE(VOLYS) SPEED(RPM) TOROUE (NM)
A - 60,00 127.0 1700.0 « 17.42
.
OPERATING PUINT CURRENTS: E-VALUES.REAL €E-VALULS ., IMAG, BREAK FREQUENCY(HZ} DAMP ING
STatTor 1 15,61 1 -77.,01 0.92 12.206 1.0C
STATOR 2 -9.85 N 2 -181.11 0.00 h 28.82 100
ROTOR | ~15.96 3 06.00 0.00 0.00 1.00
ROTOR 2 1.72 L] -8.35 0.00 1.01 1. 0C
s ~-36.38 344.95 $%.20 0.10
6 -36.38 -344.95 5%5.20 0.10
7 -683.06 ~1148.63 212.69 0.951
e -683.08 1148.63 212.69 Oe31
E-VECTORS IN POLAR COOCRDINATES:
E-VECTOR 1 E-VECTOR 2 E-VECYOR 3 E-VECTOR 4
. 0.92808E CO 0.0000€ 00 0.6723€-01 0.,1800¢ 03 0.8312€ 00 0.0000€ 00 D+3007E CC CeQLG0E L3
0.5893¢ @0 0.108008 O3 0.1000& 0% De.18008 03 0.1000E 01 0,0000€E 00 O.4191E 00 Q. 0000€E 00
C.9898E €O O+1800E 03 0.6120€-01 0.0000€ 00 0.1104€E 0O 0.1800€ 03 0.79S3E-01 C.18CCE 23
0« 56229€ 00 0«0Q00E 00 - 0.1026E 01 0.0000€ 0D 9.1022€ 01 0.1800€ 03 0.4278E 00 0.18.0E C3
Ce272%E CC 0. 180CE .03 0.8035€-02 0.0000E GO 0+2239€-16" 0.0000E 00 0.10835€E 0O 0.18005 01
0.A90868€~-02 0.,10Q00E 03 0e25A3E-02 D.1000E 03 0. 64006E-01 0.000vE 00 0.2731€~-01 0.000CE €5
0. 1390E {0 0.0000E 00 0.4535€E-02 0.10800€ 03 O0.1104E-16 0.1800E 03 0.5210€-01 0«0Q00E 0O
: 0. 1969E-01 OoIGPOE 03 0.3813€E-02 C.1800€ 03 0.2900€E-13 0.1800E 01 Va9982E L0 0.1800E 03
E-VECYOR S E~VECTOR 6 E-VECTDR 7 E-VECTOR 8
O0.316%5E 00 =0.3396F 92 0.3165€ 00 0«3I96E 02 0.7145€ 00 ~0.14338 03 0+.7145E 00 Qe1433E C3
- D.B347E 00 <-0.1290€ 02 0.8347F 00 0.1290€ 02 0.1822e-01 0.5979€ 02 0¢1822€E-C1 =-0.5979E 82
0+3093E GO 01478 03 0.3093E Q0 -0.1478E 03 0.694%E 00 0.3635E 02 0.694SE 00 -06363S5FE ¢2
Ge BU97E 00 0,1688E 03 Q«B097E CO -0+1688F 03 O.177BE-O1 ~D.12C4E 03 0.1778E~-0C1 Cel2CeE L3
CGe1339E-C1 <-0.1233¢ 03 Qe l1339€~-01 Qel233€ 0 O0.112%5E-01 -Q0e2293E 02 0«112%E~01 D.2293E 02
t 046581€-02 Qe25S1€ 02 0+6581E~-02 -0.2551€ 02 0s5096€E-02 -0.1329E 03 0.5096E~-02 0.13292E 03
6.5316E-02 0. 3981E 02 0+.6316E-02 -0.3981F 02 0.5053€E-02 -0.1361€ 03 («5C0%53E-L2 Ce1361E 03
- C.9938E~-02 0.2593¢ 02 0«9938E-02 -0.2593€ 02 0.7678E-02 ~0.1329E 03 0.767BE-02 Qe 1329 03
" INPUT-MODE COUPLING MATRIX IN POLAR COGRDINATES: '
¥
H - - ————
N Ca2829€ 01 0.1800F 03 0.1941E 01 0e1042€-12 0.1395E 02 <-D.1687E-12 0.6020E 01 -0.8699€-13

C. 1040 Q)
0. 3282€ 0%
0. 32S2E G0

0.1800€ 03
0.1800E 03
O0e3056FE~12

0«3592€ 02
0.2487E-11
Ce J90QE-O1

0« 108G0E 03
0-45208E-~02
C.1B00€ 03

0. i316E (@2
0.2046E 02
0.2901€ o1

~0e9QapE~-12
~0a2226E~1M
~0.180VE 03

0.2671E 03
CebaacE {1
0.4771€ 00O

~0.1B837E-13
ve2S556E-14
-0.1800€ 03

Cel326E 03 0e«1292€ 03 0.1251E 0) 0+8705F 02 0.7195E 01 ~D.1T793E.03 0.3282E 02 =-0.2371E D2
Ce13286E 03 -0.1292E 03 0.12S51€ 03 =0.4705F 02 0+7195E 0O 0.1793€E 03 C.3282€ (2 Ce2371€ 02
LelBXIE 02 0.1693€ 03 Q+6278E 02 <~DeS5955E 02 0.1862E 03 -D.1STAE 02 0.864A0E Ot O.48T7E ©2
M 0« 1831E G) -0.1693E 03 Q.6278E 02 CeS955€E 02 0. 1B52E QI3 Qe1570€ 02 0.B04CE 01 ~J«4677E G2

Ce 63625 Q1L

0.1800E 03

0.5603E 01

~0.1800F C3

0.6843E C1

~0.9016E-13

C.39CaE C_

-C.2.58E-14

G+ 6175 G2 Q«18QQ0E 03 Qe O7I2E 02 =0.2206B8E-~-14 0,1113€E 02 0.1800E 0% 0.232%€ 00 0.18(CF L3
Ge2CT2E 02 0.1800€ 03 0¢1825€ 01 <~0el1347E-1) 0.7253E 00 -0.1800E 013 0.4983€ ¢ 0.1927E£~15%
Co19TIE Q1 =~-0.8089E~)s 0.13564E 01 0«2354E-14 0.1547€-01 0+.18CvE 03 0.1013E "1t valBL.CE D3

Ve5997E 02
0.5997E 02
0y B99BE 03
LeB994E 03

0e1218€ 03
~0+1218E 03

0.5385€ 02
~0,5385€ 02

Ge?7933E Q2
0.7933€E 02
0.1033F 02

0s1033E Q2

-3.4897¢ 02
0.48978 02
0.61172€ 02

“0es8119€ (2

C.STIRE OF
0.5794E€ 01
0.9026E€ 02
0,9020E 02

D.1355€ 03
-0.1355€ 023

0.5065E 02
~Q0.,3065E 02

0.7314E-01
0.7314€-01
C.31.8E (.
0.3108E 00

~0.1226E 03
Lel226€ 03
~L.7564E .2
0, 7564E Q2

98
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TABLE 4.5

HOTOR DRIVE W TH CONSTANT V/HZ CONTROL,CLOSED LOOP

OPERATING POINT VALUES:

OPERATING POINT CURRENTS:

STATOR 1 16.03
STATOR 2 -9.70
ROYOR 1 ~16.23
ROTOR 2 1484

BNOB S WUN™

E-VECTORS N pPOLAR COORDINATES:

E-VECTOR 1

0.8931€-01
0.1000€ O1
0.5494E-01
Cel 16€ 01
0.6284E-02
Va23I406E-02
Q0«3679E~-02
Qe 3534E-02

0.1800€ 03
0.,1800E 03
0.0000€ 00
¢.0C008 0O
0.0000€ 00
0.1800€ 03
Q+1800€ 03
0.1800E 03

E~-VECTOR S

0.1800€ 00
GeT072€ 0O
C.181S€ .00
0.0882e 00
0e1216E-01
O0e06425E-02
0.5855€-02
0.9796E-02

-0.9QJ0E 02
~0.4567E @2
0.94%3€ €2
O 1382€ 03
-0-1%595E 03
=Qe2744E 0O2
0J1266€ 02
~0+1636E 02

INPUT=MODE COUPLING MATRIX IN

B e e e T T

Ce1426€ 03
ve8250E 01
Ge6906F Ct
D.6666E 0O
' C«1196€ 03
B 0.1196¢ 03
0« 1680E €3
Ce 1680 023

C.7412E 02 °
Us 7604E Q1
ve2215€ 02
0.20581¢ 01
0a5234E Q2
0.%5234€ 02
CeB3IF6E 0)
0. B396E ¢4

LS

POLAR

FREQUENCY(
30.00

E~VALUES,R

—216.09%
~75.069
-0.00
~6.35
~20.47
~20.47
~681.76
~&681.76

HZ)

EAL

E-VECTOR 2

0.9111E 00
0-6606E 00
0.9759EK 00
0.7040F 00
0.2680E 0O
Qs T2A4E~02
0«13J68E 00
0.2343E~-01

0.,0000€ 00
G+1800€ 03
0.1800E 03
0.0000€ 00
O0-1800€ 03
0+16800€E 03
00,0000 00
0.1800€ 03

E-VECTOR 6

0«1800E €O
0.7072E 00
C.1815€ 00
0.6882E 00
0-1218E-01

=0.1600€ 03
0.1800E 03
~0.1800E 03
-0.1709€E-13
~0+17C7E 03
0,1707¢ 03
0.1794E 03
~0e1794€ 03

-0«1800E 03
0.1800F 03
-0.10800E 03
0,0000E 00
~0e+8717€ 03
0.1717€ 03
0.,6808E 02
-0.6808E 02

[

0«9030E Q2
0.4567€ 02
~0.94%3E 02
-0+ 38280
0.159s 3

Q0+6423E-02 C.17a4€E D
0,588SSE-02 <0.1266€ 02
0«9796E-02 Ce18636E 02
COGRDINATES?

0.1663E 03 -0.1800F 03

Ca2371€ O
0«2314E-12
0.6386E-01
C.9882E C2
0.9842E 02
0«3140E 02
C«3J140E 02

Q«B9ISE 02
C.3607E 01
CaJOA2E 0O}
0+ 11S8E 01}
0« T7043SE 02
0.7048E 2
O, 2694 0}
0.2694€ 01

O.10t17€E~-)2
-0+3491€E 01!
-0.1800€ 03

0.1090€ 03
-0.1090€ 03
-0.40506C 02

O 8USHE L2

~-Ga-9ICTPE~-1T
-0.1A00E 03
~0.1614E-14
0.92418E~1%
0.1170E 02
-0.1170E C2
0.7996€ 02
~0.79961 02

VOLFAGEIVOLTS)
66.95

E~VALUES . IMAG,

0.00
0.00
0.00
Q.00

159.54
-159.54
-11%6.31
1156.31

SPEED(RPNM)

80040

BREAK FREQUENCY(MZ)

3451

12.05

' 0.00
1.01

25.60

25.60

213.68
213.64

E-VECTYOR 3

0.6048E 00
0.1000E 01
O+MI9ZBE-OT
0.1012€ 01
0-5611E~16
0.6238E-01
0.3025€-16
0.6379E-14

0«0000E ©0
0.0000E 00
0.180J0E 03
0.1800E 03
O0«.1BOCE 03
0.000LE 00
0.0000e 00
0.1800E 03

E-VECTOR 7

O0+T642E 00
0.1213-01
0.7427E 00
0.1183E-01
0.1217E-01
0.5479E-02
‘ 0.5432€-02
0.8256E-02

0.1834 02
0+1361€E 02
0.2989E 02
0.2853E 01
0«6450E 01
0.6450€ 01
0.1743E 03
O.1743€ 03

0.1158E 02
0.6736E Ot
O+.74B9E 00
€-1573€-01
Cu4712E 01
0.4%12€ 01
0.8419C 02
0.BAI9E 02

T =0.1573E 03

0.1913€ 02
0.2235€ 02
-0+1608E 03
-0.3720C 02
~0-1471E 03
-0+.15%03€ 03
-0.1471E 03

0.3034E~12
~0e2756E-12
0.791vE~14
0.180CE 03
=0+B241E 02
Q0+0041E 02
~0.1741E Ot
O.1741E 01

-0.1800F 03
0.29mLUE-13
“0+1B0LE 03
0.180uE 03
=0.1433E 03
O.1433€E 03
D.64990E C2
~0.64%0E D2

TORQUE LNM)

1793

DAMPING

1.00
1.00
1.00
1.00
-»13
Celd
Je51
~ 51k

E-VECTOR &

042973 00
0.4317 00
GeT281E~C1
0.4359€ 00
0.1091€ 0OC
De273.E-CL
05237E-01
0.1003E 21

De0COGE GO
0.0000€ 00
LelB8LLE 23
0-1B%0E .3
Q.1800E 03
LaQLuCE 02
0<0000E 00
0.1800E 03

E-VECTOR 8

O«7642E 0O
0.1213€-01
0.7427E 0O
D.1183E-01
0.1217€-01
UeJ879E-Q2
0.5832€-C2
0.B82586E-02

0.2BACE 03
0.6812€ 01
0.5215€ C1
0.5537E 00
Se8A02E C2
Ce8402€ C2
0.B164E O

D.BIBAE (1,

0+1936E 0J
0.392CE 03
0+5146E 00
0.1608€ 01
0.126CE €O
C.126.E 00
0e79C3E ¢V
0.2903€E ¢O

J1S5S73E Q)
~0e1913E 2
~0.2235€ €2

Vel6L8E 03

O0.3720E D2

O.1471E 03

0+1533€ ¢33

0.1471€ 33

0+%927E-11)
~0s4783E-113
Ce1563E-12
C+1B0JE 03
0.S774F 02
“DeSTTAE y2
D.40CA2 02
~LeA.C8E C2

O0e18LLE 03
-0,BOCLIE-14A
0+ Q0Q0E 00
~J«1BCCE O3
~0«S0ATE 22
C.5047%c 02
~Lebl69E (2
Ce6l6PE 02

L8
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HOTOR ORIVE WITH CONSTANT Vv/MZI CONTROL.CLOSED LOOP
. OPERATING POINT VALUES: FREQUENCY (HZ) VOLVAGE( VOLTS) SPEED(RPM) TOROUE [NM)
- 8.67 19.4 100.0 2¢.74
i OPERATEING POINTY CURRENTS? E-wALUES REAL E~VYALUES, IRAG, BREAK FREQUENCY(HEZ) DAMP I NG
} 7 STATOR 3 16,24 1 -73.39 0.00 11.60 1.00
R STATOR 2, -8:54 2 ~251.80 0.00 40.27 1.50
e ROTOR } -17.51 3 -0.00 0.00 0.00 1.0C
g ROTOR 2 -0.31 . -6.34 0.00 tes1 1.00
n s ~6.93 -30.96 5.08 .22 -
e 6 -6.93 30.98 5.0% 0.22
Y k4 ~678,90 “1207 .46 220347 .49
[} ~678.98 1207.46 220.47 YY)
E-VECTORS IN POLAR COORDINATES:?
- i
E~-VECTOR 1 €E-VECTTOR 2 E-VECTOR 3 €-VECTOR A
Ge8217E GO @, 0000 00 0.T264E-01 9.0000€ 00 VW86T9C 00 ©0.0000€ DO De2762E L9 CalBUIE 33
Le¥5T2E OO 0.1800& 03 0+1000€E 0% 0+1800E 03 0.1000& O1 0.0000E 0O 0.5231E 00 C.18G0E C3

D.873AE €O
Ce4B99E 00
C+2470E QO
- 0. 10358E-01
0«1258€ Q¢
Q«2839E-0Q1

0-1800E ©3
¢.0000€ 00
G.1800€£ 03
0,31800E 03
0.0000€ 00
G.2800FE 03

Q= 7699E-01L
0.1009E 01
0+2262E-02
Q0«9513E~-03
O3 ITAE-02
O+ 1436E-02

0.1800E 03
0.0000& 00O
0.0000E cO
0+1800€ 03
0.1800F 0D
0.1800€ o3

0.1715€-01
0.9%97E 00
0e1946E-16
0.5482E-01
0.9920E~17
0.6%44E~195

c.2\98E-C1
0.5012€ 00
0.1102€ 00
0.2831€-01
0.5289E-01
0 1GI4E oI

0.500CE 0O
0.18006 03
C+,0Q00.E 00
€+0000E 0O
0.1800E 03
O«180vVE 03

0.0.CCE 09
C=0(.VE CQ
0+0000E 00
Ce180CE 23
Ce1BCOE 03
C+00ULCE 00
E-VECYOR S E~VECTOR 6 E-VECTOR 7 E-vECTOR @
0. 7SS8BE CO
Ve 16468E 00
Oe 0843 00

-0.8312€E 01
~0e1647E 03
0.1360E 03

0.8394E ©0
0.1054€6-01
0 MISTE 00

0+«75S8E 00
0. 1668€ 00
0.60843F GO

0+0512€E 01
O.1647€ 03
~0e1360€ 03

~0.1676€ 03
~0.3037E 02
0«1203€ D2

DeB3IV4E T
0s1054E-01
0«8157E CO

{el576% I3
C«3037E 02
-0.1203E 02

-

. Co4371E Q0 ~0.2394£ 02 O«4371E 0O 0+2594E 02 ” 0.1022E~01 Q.1497E 03 0e1022E=-L1 ~-(.1497E 3
. U 1561E<0) Q50661 03 O 15681E-01 =0.1661E 03 0.1394€E-01 ~0.4860€ 02 0.1394€-01 0. 4860E 02
- 0« 1903E-01 0+7932€ 02 C.1903€-01 -0.7932¢ 02 0.5058E-02 -0.1578E 03 0e.665BE-C2 -e1STBE 03

. Qe TA98E-02
“eILT&E-CI

-0.1237€ 02
0,6836E ©2

OJTAFGE~D2
O30 T4E-Q1

0.1237€ 02 -
~0+6836E 02

0.5993€-02
0.9128€E-02

~Q.1610€ 03
-0+.1578E 03

CeS993E-L 2
Oe912BE-02

Cel161VE I3
0« 1S7TBE 03

INPUT—MODE COUPLING MATRIX IN POLAR COORDINAYES:
Cel1752E 02 -0+1800€ 02 C.4160€ 01
Qe S5040E 02 g.1800% 03 02300 03

-0a1800E 03
©.10800€ 03

0.1340E 02
0.3071E 02

C.1534E-12
~0e.2037E-12

Dea275E 01
D«2347E 03

~0e1721E~-12
—0e14B8E-13

3

! 0.4919€E 02 0,1800F 03 O«ltI3E~1L 0«1779€ 03 0.3535€ 02 ~0.b715€-12 0el1426E C2 ~(e2:9.E-12
. . LedILBE Q1 0+18C00€E O3 O+« 1064E 0O 0.,10800€ 0) 0s2967E Ol =~0.7B12E-13 D.114BE 0t <~0.1182€E-12
I 0«2T71BE 02 -~0.3506F 02 O«.1836€ 02 D.4083 02 0.4060E 01 -0.1693E 03 0.8C91E 01 O<7aBaE 02
Ce271BE 02 ~0.3%06E 02 O.1836E 02 -0.4083€ 02 0.4060E Ot 0.1693€ 03 O+BODIE L1 —(.7484E .2
vea151BE €3 -0.1727E 03 0.32C8E €1 =0D.1217€ 03 0.1563E 03 0.7431€ 01 0.21RSE 02 0.1744E 02
. O+ 1518€ 03 0«1327€ ©3 0+.3208E 01} D.1217€ 03 0.1563E 03 =-0.7431€E Ot 0.2185E €2 =Qe1744E (2

¢
: - 0.1171E 02 -=0.1B800F 03 0«1904€ 01 De«3532€-1) O.T419E 01 ~0.3141E~-13 De84a75€E €D Ca0%CIE 22
Le2620E€ 02 Qe l'BOQE ©3 C.3076E 02 =0.310BE-1S 0.3279E €1 =0.1800€ 03 0.4531E~-01 -~0.1€00E 03
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‘1s zero, showing that this mode does not appear at all 1n the speed responsé.
This situation was fully discussed in Part 1, when commenting on the drive
step response. While the explanation presented there was based on the
physical arguments, the ﬁnobservabillty qf the monotonically 1ncreasiﬁg mode
here bécomeé\obv1ous, since the mmf phase angle § was chosen as onc of the
drive states. Due to this, the integrator associated with the angle U was
included in the system structure, resulting in one.eigenvalue at the origin.

The corresponding eigenvector component, reflecting the previously explained

_physical principles, has'to be zero to decouple the speed from this mode and

thus from a particular reference frame. Note that this mode 1s coupled into
all four motor currents, in agreement with the previous discussion.
The results given in Fig. 4.14 and Tables 4.4, 4.5 and 4.6 are good

starting points in the drive dynamic analysis. However, the eigenvalue loci

"are insufficient to conclude anything about the drive practical perfqrmance,

while the eigenvector and coupling matrix results are difficult to inte}pret.
The alternative methods are the stud} of the drive transfer functions or the

computation of the speed time response.

r
STEP 2. The drive transfer functions .

1

The two transfer functions of interest are:
1) G,(s) - Speed-input reference
2) Ga(s) - Speed-load torque

These two transfer functions can be obtained at each operating point by

|-
using' the computer results from the previous step and the eguation (3-32).

< 1) Speed-inputlﬁéference transfer function

I

s, From equation (4-15d) the speed reference signal, Vr’ appears in

four drive inputs. Define now.,a new variabple vector [UV]; such that:

Wl = [V, (4+18)

:

The torque variations, 6TL, are of course set zero. The value of [LV]
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components 1s obtained from equation (4-15d): \
= A A k . 4-19
uv1 1A3 Ca/ c (4-19a)
uw = u = uv = u = 0 (4-19b)
2 3 L 5 \
uv& = AgAca/kc ‘ ' . (4-19c¢)
wv_ = 1/d ‘ (4-19d)
uv = a A‘ . (4-19C)
8 b o

.
E - ﬁv

From equations (3-26) and (4-15d) the expression for the speed is:

y(s) =2 u (s) r I ) u. (s)
=1 S =6 k=1 S )

After dividing both sides by &Vr[s), the speed-input reference transfer

function 1is obtained as:

G,(s) = (w,) . (4-20)

x(s)
GVr(s)

" If desired, the last expression can be written in the physically realizable
form, analogous to the equation (4-3) in Part I. When the appropriate values
from Tables 4.4, 4.5 and 4.6 are used in equation (4-20), G,(s) is obtained
at corresponding operating points. Its Bode diagrams are displayed in

i Figures 4.15b, 4.16b and 4,17b. As expected, the_identical results were

obtained from the Laplace transform of the drive state equations. These

diagrams will be discussed in detail in the next step.

2) Speed-load.torque transfer functions

The load torque appears only in the drive mechanical equation.
Applying equation (3-32) and dividing both sides by GTL the desired transfer

function is:

~
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8 m h Y ‘3
. __,/‘ 2 _ sk k
Ga(s) =/ X%%l = 5 —?_->—~3 (4-21
L k=1 'k

When the results from Tables 4.4, 4.5 and 4.6 are inserted into the last
equation, G,(s) 1s obtained at correéponding operating points. Although
these results, displayed as’ Bode diagfgms in Fig. 4.18b, 4.19b and 4.20b,
are adequate to assess the influence of a load on the drive speed, the
additional physical insight 1s obtained by applying the Direct Method.

v The drive reduced system consists of controller 1 and the motor
decoupled electrical system. The decoupled electrical system is imdependent
of the drive structure and 1s consequenfly identical to that of the open-loop
drive. Controller 1 has onlv one state,ldw, and 1s, therefore, described by

a single equation: ; -
’ !

i

= 1- . Ly a .
séy (1-a Ak Inge Ash a8V [k
Obviously, controller 1 has only one pole, placed at the origain:
s=2z5 = 0

The poles of the reduced system are, therefore, given by:

where zj's are the eigenvalues of the decoupled system..
From equation (4-13) the poles of the speed controller are:

z, = 0 (4-23)

z, -1/d . .

They obviously do not depend on the drive operating point.
The eigenvalues of the reduced system and speed controller which




(
|

g1b

s
BREAX
OPERATING . FREQUENCY
POINT ZEROS OF G (s) (hz) DAMPING
21/2 = -174.0%j68.2 29.75 0.921
Zi/u = -89.9%j329.6 54.39 0.263
1700 rpm ‘
Zs/s = 0 0 -
7 = -1175.4 187.1 1.0
z1/: = -232.1£578.9 59.0 0.9a7
23/s = - 31.8£328.9 21.4 | 0.237
800 rpm \
sfe = 0 0.0 -
7 = -1175.4 187.1 1.0
21/2 = -259.5¢j28.9 41..56 0.99
) C23/y = -4.4£333.9 5.45 0.128
100 rpm P
25/5 = 0 * 0 -
z7 = -1175.4 187.1 1.0

TABLE 4.7: Zeros of the speed:torque transfer function for the

constant V/hz closed loop drive calculated by using
the Direct Method.
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represent the zeros of Gz(s) are’grouped together in Table 4.?:

Note that all z.'s which correspond to tpe electrical decoupled
system are 1identical to those obtained for the gpen-loop driye, Tables 4.1,
4.2 and 4.4. ﬂf

Using Theorem 2. and equations (4-22) and ( speed-torque

transfer function 1s: 4
si(s+1/d) n (s-zj)

Ga(s) = (4-24)
JT k£1 (s - Xk)

Equation (4-24) 1s only another form of the equation (4-21). They both denote
the same physical relationship between speed and load.

. A few comments can be made regarding the last expression:

1) The near perfect cancellation of all electrical eigenvalues and
zeros 1s not possible as they now differ considerably, (Tables 4.4,
4.5, 4.6 and 4.7). This indicates a stronger electromechanical
coupling of the closed. loop drive. The corresponding Bode plots
indeed confirm .this. Evidently, the simplified form of G,(s), given
by (3-51) cannot be used.

2) The only cancellation occurs for the pole and the zero tzs) in the
origin. They both represent tﬂe same eigenvalue which belongs to
the controller 1, and which integrates the mmf phase angle y. This
cancellation was expected, since the motor speed is independent of
the reference frame. Consequently, the integrator cannot be present
in the speed expression, as discussed in Step 3 of Part I. This
unobservability is evident in the time domain from theé computer
results (Tables 4.4, 4.5 and 4.6), where the corresponding eigen-
vector éomponent, ms;, is zero. Equation (4-24) states the same
fact analytically. The identical analytical result would have been

observed in Part I, had the angle 8y been made the drive state.

3) The second zero (zg) in the origin represents the integrator of the

speed controller. It provides an infinite around-the-loop dc gain

A
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and thus isolates completely the steady state speed from the load
disturbance. (Note that Gz(0)=0).< In other words, this integrator
assures zero steady state-speed error. Thus, by properly changing
the forward transfé; function, G, (s), one éhn always modify the
output impedance, G2 (s), as desired and vice versa. This 1s a well
known fact in the design of two port nctworks and could be applied

to the design of electric drives, since the Direct Method provides

an analytical expression for the drive output i1mpedance.

4) Out of the seven zeros, thrce arc independent of the drive operating

point. This 1s expected since both controlllers have a fixed structure.

|

It 1s seen from this discussion that the output impedance G,{s) 1s
significantly affected when the speed loop 1s-closed. The effect of the con-
troller is best understood by looking at the corresponding step and frequency

response.

STEP 3: Step and frequency response

This part of the analysis is the most interesting one, since both
responses give the ultimate understanding of the drive dynamic performance.

The speed responses to unit steps in the speed reference V and load
torque TL are calculated and dlsplayed graphically, together with the drlve
fﬁﬁquency response. As explained earller, the step response to any of two
inputs is obtained in two stages: The modal response is computed first,

following which the speed is found as the combinatioh of modal states.

1) Response to a unit step in speed reference

- - The motor load is constant and equal to the rated load. From the
equation (4-15d) the reference 5Vr appears 1n four drive inputs. With a unit

step in GVr these inputs become:
i = [wl

where the components of [UV] vector are defined by (4- 19)
The response of each modal state to unit step in 6V is given by

PEET o
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equation (3-24):
t . g t
= [ A (t-T) : ; M (E=1) '
) qk(t) fe k hklw\l)dr + 556 fe 3 hkj (U\j)dr
0 0
k=1. 8
when solved, this gives: 4
8 Ayl ' .
qy (1) = (a (V) + ':6 LN (UVJ.)) (e"K"-1) /X (4-25)
j=6

ror the special case of the eigenvalue at the origin the last equation

becomes:

g
q(r) = thayy) + =

ha, (UV )
=6 J J

Equations (3-25) and (3-26) give the speed response zs:

' 8
y(t) I m,, q ()
k=1 Kk

é
However, as seen before, the eigenvector cbmponént ms3=0, so that the third
modal state is unobservable in the speed output. Therefore:

8 8
. . At
y(t) = tl my By (uvy) + jﬁ,s by (W) (€7K°-13/3,  (4-26)

k#3

The speed response to the unit step in the input reference\ is calcu-
lated at gach operating point when the appropriate values from Table 4.4, 4.5
or 4.6 are inserted into the last equation. The results are plotted and
presented in Figures 4.15a, 4.16a and 4.1%. The G (s) frequency response,
obtained from equation (4-20).is presented for comparison in Figures 4.15b,
4.16b and l4.17b. A brief discussiém of these results follows:
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At 60 hz, the speed step response (Fig. 4.15a)has a rise time of
1.5 msec. The settling time, (5% of the steady state value), is only
slightly longer: 2.1 msec. These results represent 2.5% and 2.4% of the
réspective values for the open-loop drive and give a measure of the improve-
ment in the speed transient response. The short rise time 1s i1n a good
agreement with the G,(s) bandwidth of -approximately 250 hz (Fig. 4.15b). The
step response appears as that of a second order system. The overshoot 1s less
than 5%, corresponding to a gain peak of 160 hz (Fig. 4.15b). As this peak
1s not very pronounced, the speed oscillations related to it die out quickly,
and are replaced by damped oscillations at 50 hz, which are small and entirely
contained in the 5% steady state speed band. The speed steady state value
1s 20 rpm, corresponding to the G,;(s) dc gain of 6.4 db.

At 800 rpm the speed step response 1S essentially unchanged (Fig.
4.16a). The drive bandwidth (Fig. 4.16b), and consequently the rise time are
the same. The gain peak on the Bode plot has shifted now to 25 hz.so that
the frequency of oscillations in the step response is halved. The speed steady
state value 1s of course unchanged since the feedback gain of 6.4 db 1s con-

.

stant.

At 100 rpm the speed rise time 1s unchanged (Fig. 4.17a). The over-
shoot 1s slightly larger, but still less than 7%. It égzresponds to a small
increase of the gain peak 6n the Bode plot (Fig. 4.17b) . The speed recovers
from the subsequent undershoot asymptotically, without any oscillations In
this tespect, the operation at 100 rpm 1s superior to those of 1700 and 800
rpm. Note how misleading can be the conclusion about speed response 1f based
only on the drive eigenvalues. The results in Fig. 4.14 would indicate a
deteriorating dynamic performance with a decrease in the operating speed.

It 1s seen from this discussion that the speed response is indeed
improved whwp the feedback loop is closed. The most important change is
achieved at the 100 rpm operating point. The conclusion about the performance
of the constant V/hz drives is given in the summary, following the analysis

of the speed response to the load distutrbance.

T—

2) Speed response to a unit step in the load torque

With a unit step in the load torque the only drive input is:

4‘7///
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Us(t) = 1
All other 1inputs are zero, since the speed reference is constant (4-15d).

The modal states are then, from (3-24):

_ 7 Ak (t-T)
q ) = [e he,dt , k=1...38

-

0

‘hen solved this gives:

Axt
ap (t) = ("K" - 1) h /N | (4-27)

For the special case of the eigenvalue at the origin, the thaird modal state

becomes:

The speed response 1s obtained by using equations (3-25) and (3-26). However,
since the m,, element 1n the eigenvector matrix is zero, the third modal state,
q,(t), 1s unobserveable. Thus:

Moy Mes gt

8
y(t) = 2 (e"%"-1) (4-28)

The last expression gives the speed response to the unit step in the torque
disturbance. The sum of terms mskhks/)\k defines the speed-torque coupling in
the steady state. From the analytic expression for G, (s), equation (4-24),
it is obvious that this sum must be zero, due to the integrator in the speed
controller. Consequently, the steady state speed is independent of the load
torque.

When the appropriate values from Tables 4.4, 4.5 and 4.6 are used in
equation (4-28), the speed response at the corresponding operating points 1s
obtained and displayed graphically in Fig. 4-18a, 4.19a and 4.20a. The
frequency response of G,(s) is presented for comparison in Fig. 4.18b, 4.19b
and 4.20b. ]

N
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When ,analyzing the motor speed response to load disturbance, one
has to keep 1n mind that it represents a speed error, since the reference,
Vr’ has not changed. Therefore, what is important is not the speed rise
time but 1ts peak and final values, and its settling time.

At 1700 rpm the speed response appears distinctively underdamped
(Fig. 4-18a). The main oscillating component/has a period of 20 msec.
However, to obtain a correct picture, one has to look at the magnitude of
the speed change. The response shows, that for 1 N-m step in torque, the
maximum change in speed 1s 0.26 rpm. Furthermore, the largest magnitude of
the main oscillating component 1s only 0.06 rpm. Thus, although the response
1s unQerdamped, the speed oscillations are so small that they can usually be
neglécted.

More information 1s available from the corresponding Bode plot
(Fig. 4.18b). The very attenuated speed-torque coupling which 1s always
below -30 db explains why the speed rssponse (error) 1s so small. The main
oscillating compdnent corresponds to the small gain peaking at 55 hz, caused '
by an imperfect cancellation of the magnetizing eigenvalues, Tables 4.4 and
4.7. The first oscillating cycle, starting at 2.5 msec., 1s caused by a pair
of complex conjugate eigenvalues, giving the break frequency of 212 hz. The
same eigenvalue pair defines the bandwidth of the G,(s) transfer function.
Physically, these eigenvalues determine the rate of change of motor current.

Since the pair break frequency 1s so high, the motor electrical torque can

rise very fast. For a step input in the reference signal, this means a very
fast speed response. For a step in load disturbance this means a limited
build-up of speedMerror since the electrical torque changes quickly to offset
any load variatloﬁf Thus, the speed notch at 2.5 msec. in Fig. 4.18a represents
the reaction of the electric;i torque to an increasing speed error.

The Bode plot shows a steady decrease ip a dc value of Gz(s) as the
frequency is decreased. The dc value becomes in fact zero, due to the
integrator in the speed controller (4-24). Consequently, the steady state
speed error has to go to zero. The speed response starts indeed to decrease,
40 msec. after the disturbance was applied. Since the inteérator has a break
at 1 hz, it will take approximately 0.48 sec. to reduce the speed to 5% of

its maximum value (The exact time can be obtained from equation (4-28).
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The brief summary of this analysis is:

1} The oscillations in the speed response can be tolerated since
their magnitude is minute, not exceeding 0.06 rpm. Furthermore,

v

all oscillations die out after 80 msec.

2) > The maximum speed change is less than 0.26 rpm,qmaking the speed
pracq}cally insensitive to the load disturbance.

3) The speed error is decreased always to zero due to an integrator

~

in the speed controller.

At 800 rpm the response 1s essertially unchanged (Fig. 4.15a). The
only difference 15 1n the frequency of tﬁe oscillating component, which 1s
now at 25 hz, 1n agreement with the corresponding gain peak on the Bode plot
{(Fig. 4.19b). All other commeﬁts made previously, apply to these results.

At 100 rpm the speed response has only one oscillating cycle, which
starts at 2.6 msec. (Fig. 4.20a). As explained, it corresponds to the correc-
tive action of the motor electrical torque. The maximum value of speed change
1s now 0.326 rpm, 25% higher than before. Thas increase 1s caused by a
reduction in the forward gain of the motor electrical system, which occurs
at lower supply frequencies. This reduction 1s evident in the open-1loop
drive, where the Gx(s) dc gain is decreased by 2.5 db at 5 hz supply frequency
(figures 4.3b and 4.5b). Note that this decrease results in the corresponding
increase 1in the value of Gz(s], figures 4.6b and 4.8b . For closed loop
drives this reduction cannot be seen in the forward Gl(s), transfer function,
since it is compensated by the speed controller. However, it still exists
as demonstrated by an increase of 1-4 db in the G,(s) magnitude at 100 rpm
operating point (Figures 4.18b and 4.20b, 1-4 hz range). Apart from these

differences, all previous comments apply equally to this operating point.

Conclusion

~ The constant V/hz control strategy, applied to the open-loop drive,
gives good dynamic characteristic for supply frequencies above 10 hz. The

speed response is fast enough to satisfy most industrial process requirements
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while the sensitivity to load disturbances is medium (Note that these
conclusions are made for the motor with a high.rotor wvinding resistance.
Squirrel cage motors, normally used with variable frequency supplies would
have betterelectromechanical coupling and thus lower speed-torque sensitivity),
Below 10 hz, the open-loop drive exhibits a decrease in the forward
loop gain. which results in poor speed response and an increase in the speed
sensitivity to load variations. Consequently, the open-loop operation becomes
unsuitable for all but most elementary speed regulations in tﬁe 0-10 hz range.
If a better dynamic performance 1s desired, a closed loop drive has

to be used. When properly compensated 1t offers the following advantages:

4

1) The undesirable speed behaviour at low supply frequencies 1s elim-
nated and the drive has a uniform dynamic characteristic over the
whole 0 - 60 hz range. Inh addition to this, 1t can be shown that
the G, (s) transfer function bandwidth changes very little with the
load. For example, at the 800 rpm operating point, Ltyvarl?s from
220 hz at 20% to 205 hz at 220% of the rated load. This means that
the speed response 1s practically independent of the operéting

point.

2) The speed response 1s more than forty times faster than 1n the open-

loop drive.

3) The speed has become practically insensitive to the load pertur-

s

bations. . -

These results indicate that the closed loop, constant V/hz control
1s theoretically capable of giving a very high performance drive. In practice,

three factors will limit the drive bandwidth and thus the speed of response:

1) The need to filter the high frequency noise in the speed feedback

signal.

- 2) The need to limit the slip speed\so that the maximum motor torque

is not exceeded.

3) The bandwidth of the drive power sotrce,

N

More is said about these limitations iy Chapter V.
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4.5 Constant slip speed control. .

Drive Description

It was démonstrated in Chapter II that the motor‘output torque
depends linearly on the slip speed and quadratically on the airgap flux.

This section discusses a drive where the 'slip speed is approximately constant.
The output torque is controlled by the dirgap flux (ie., applied Qoltage),
while the motor speed 1s regulated by the applied frequency. This means that
the motor voltage and frequency do not form any fixed relationship, as in the |
constant V/hz drives, but are manipulated independently

The constant slip speed drive 1s presented in Fi1g. 34.21, where
A3=n/k:, n being thelnumber of pole pairs while kt 1s the tachogenerator
constant. All other power elements are assumed to n2ave unity transfer
functions.

: The inverter Crequency reference 1s obtazned bv adding a preset slip
speed to the actual motor speed. This thern assures constant slip speed
operation.

The reference 1input, Vr’ determines the applied motor voltage and,
thus, the airgap flux dnd the motor electrical torque. This torque interacts
via slip speed with the applied frequency and, therefore, controls the motor
speed. The limiting element prevents sudden large changes in the motor voltage.

To illustrate this principle, gonsider a drive operation at w, rad/sec.
and a constant load. If the input reference is now changed to request w,
rad/sec., where w2‘> Wy, the speed error e = W, - W, is created, the motor
voltage is increased, resulting in a higher electrical torque and the motor
starts to accelerate. The increase in the motor speed drives the inverter
output frgq&ency up, so that a constant slip speed is maintained. If the -speed
error e is large enough, the element L will saturate. As the motor spéed
increases, the speed error decreases and the limiter L eventually comes out
of saturation. With e = 0 the motor has arrived at a new, W, operating point,
which has the same slip speed as before.

A similar analysis can be made for a deceleration request or for load

variations with the speed reference constant. Note that in this latter case

- - Th—r—— -~ [
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Fig. 4.21: Constant slip speed drive.
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the inverter frequency will change during the transient, so as to preserve
the constapnt slip s{eeé, but w;ll assume the same steady state value it had
prior to the 184 perturbition. Thus, the speed is maintained solely by the
change in the motor voltage. In this respect, the operation is similar to

that of constant frequency, variable voltage induction motors. It i1s 11llus-

! trated in Fig. 4.22 using mot¢r static torque-speed curves.
r
T4
[ }
- AN
- =
) SPEED
‘ s
7 7
Fig. 4.22: Trajectory ot operating-point with .
cha/ng/ing load: ‘Only/t!ﬁé motor voltage .
is' changed to/,)nﬁ*i:;ltain the constant i
, speed w a,s/the load is increased. The
steady,sft’ataﬁzlue of slip speed is the
sa.me;/,;t/or eachWperating point (A, B, or C). :
() / One can see that if motor stable operation is desired, it is essential
! that the voltage loop be faster than the positive feedback frequency loop.
3 // * -

[




L g e gt

. 106

Controller design

Before analyzing the drive dynamic behaviour, it 1s necessary to
determine the structure of its speed controller. This is done by consadering
the drive open loop frequency response. If the voltage loop is broken at

point A, Fig. 4.21, with $ignal Y beging the input and‘speed being the output,
the feedback equations are: ’

= +
\u) A3kt w RS

v = ¥

When perturbed, these equations become:

6w = péy = pX = néwm " (4-29a)
Q
6V = &) S (4-29b)

where the already defined value for the gain A, was'used and where the new
state 8y represents the change in the phase angle of the airgap mmf vector, as
_ defined in Fig. 3.1. ¢ '

When the last two equations are combined with the basic motor equations
(3-10) and (3-11) the open-loop drive equations are:

‘ [Po] X = [Qo] X+ U (4-30)
where. .
- - \
{L] 0 0 s
-.Po~ e 0 JT 0 . - (4-31a)
i 0 0 1
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’ ’
i r -
-R, Q1L 0 QM 0 0
/
. -QL, -R, -~ M 0 0 \%
- q 0 oM -R, 2L, -n(MIp*+L,IL) 0
. Q, = (4-31b)
, QM 0 %L, -R, n(MI, +L,1,) 0 u
« , . o
-nMI nMI3 nMI2 -nMI1 —fT 0
0 0 0 0 - n 0
L - -
\/\)
and
) sy
0
0
| v U = - (4-31c)
0
-GTL
L 0
- -

The desired open-loop frequency response 1s obtained by applying equation

(3-30) torequgtion (4-30), with the constant, rated load. The results at four
operating p01ni§ (1700, 800, 400 and 100 rpm) are plotted in Figures 4.23a, b,

¢ and d. Here, an exception is made in presenting four operating points in
orde; to illustrate the pronounced change in the drive dynamics as the operating

speed 1s changed.
The following conclusions are made from the drive open-loop response:

1) A very pronounced decrease, followed by peaking in the loop gain

R T

e e — - T SRR 4
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Fig. 4.23a. Frequency response of the open loop syster at 1700 rpm.
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10 40°
T 1\
(o] P.\\ 0°
‘\\\\\xcaln l
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hase \ \‘ | / 'D
# N i
: NN AN
z-2 N \ -80°
S \‘\NP—N / \
-30 -120°
] \
"N
-4 3 -1666 '
0. 1.0 10 100 hooo

FREQUENCY, hz

Fig. 4.23b: Frequency response of the open loop system at 800 rpm.
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& Fig. 4.23c: Frequency response of the open loop syvstem at 400 rpm.
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=
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]
} Fig. 4.23d: Frequency response of the open loop system at 100 rpm.
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requires a controller with compensating network.

i

2) The %requency at which the drecrease in the loop galn occurTs,

_ changes with the motor speed. Thus, any attempt to smooth it out
with phase lead or inverted twin-T networks at one opefhtlng point
will only accentuate the gain peaking at another. Consider, for
example, that the controller is chosen to compensate the drive at
1700 rpm (Fig. 4.232). The resulting controller gain peaking 1in
10-20 hz region will then only add to the already existing gain

3 . peak at 400 rpm operating point (Fig. 4.23c).

3) Considering fiaed structure controllers, the only choice left is
to attenuate sufficiently all gain peaks by using a phase-lag
network with low controller gain. Obviously, this will cut signi-

ficantly the drive closed loop bandwidth.

i As the result of this discussion,.-the controller transfer function

1s chosen as:

+
‘ Y . T_(s) . A s/k (4-32)
4 € ’ (1+as) S
4 ;
{
; The numerical values are: '
{ .

k = 3,1416; a = 0.08; A=k /k
c ¢ ¢t

[
1
The controller consists of the double phase-lag network, (t¢o real poles at

1.83 hz, giving an additional - 40 db roll-off), integrator:with the break

IS T g 2

at 0.5 hz (k = 3.1416) and the gain Ac which results in the unity around the
loop gain.

The controller structure 1s given in Fig. 4.24; it should be
considered in the context of Fig. 4.21.

With the controller specified, drive close loop equations can be
established. If the three controller states are defined in the standard way,

i ( ' as the outputs of the integrators in Fig. 4.23, the controller state éﬁuations

. —
PO N e T e ot
B B  owilde Sy MM L L
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are _ ’
x, T A_x, (4-33a)
. ;(s = x /a- xe/la (4-33b)
Xy = GVr/a - kt 6wm/a - xg/a - (4-33c)

since e = 6V_ - k_Ow
T t'm
'

The controller output Y, representing the inverter voltage reference 1s:
&Y = x +x /k, (4-34)
7 g t

When the drive loop equation (4-30) :s combined with controller equations

(4-33) and (4-34), the constant slip speed, closed loop drive from Fig. 4 21

N

1s described by:
[P]X = [QX+U (4-35)

The last equation defines the drive state A and 1nput B matrices as:

= (4-36a)
(B) = P~ (4-36b)
where ’
~ 1 n
(L] 0 0 0 0 0
0 143, O 0 0 0
0 0 1 0 0 0
(P17 = (4-37a)
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1 |

B .. : § oo g R R e T
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{the 4 x 4 matrix L.L 1s defined by equation 3-15).
[CR-n® G-Q F  -nGI v ) 1/ 0]
m vé t
b
nit (ch) -f 0 0 0 0
v& T v
0 n 0 0 0 0
Q = (4-37b)
0 0 0 0 A 0
- C
0 0 0 0 -1/a 1/a
0 -} /a o _ 0 0 -1/a

The upper 6 x 6 submatrix in (4-37b) 1s the matrix Qo’ defined by
(4-31b). The elements 1 and l/kt appear 1in the first row of thear cor;bs-
ponding 4 x 1 column vectors, all other remaining entries being zero.

The 1input vector in (4-35) 1s:

(4-37¢)

GVr/a

The first element in (4-37c) represents a 4 x 1 zero vector.

Having established the drive state equations, the analysis of

selected operating points. (1700, 800 and 100 rpm) will be performed through®




*
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300
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Fig. 4.25: Eigenvalue loci for constant slip speed drive, The effects

of changing load are presented for selected motor speeds.
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the steps already outlined:

STEP 1: Eigenvalues, eigenvectors and input-mode coupling matrix

A

The drive 1s studied at rated load and three different operating
speeds. The computer results are presented in Tables 4.8, 4.9 and 4.10. The
eigenvalue loci for a larger number of operating points and rated load are
presented 1n Fig, 4.25. The effect of the load change 1s shown by a separate
locus at each operating point (Fig. 4.25).

As explained earlier, the eigenvalue loci permit only the conclusion
that the system 1s stable. The loci do not provide the information how stable
1t 1s, how sensitive 1t 1s to load and reference i1nput changes or generally,
what 1s the drive dynamic performance. The answers to these questions can be
obtzined from the input-mode and modal matrices. but they are not easily inter-
preted 1n the case of high order systems, when presented in an 1sclated form
as Tables 4.8, 4.9 and 4.10 However, the results obtained in this step can
be used to calculhte either the drive transfer functions or 1ts time Tesponse
which are both easily understood.

STEP 2: 'The drive transfer functions

The two transfer functions of interest are:

1) G,(s): the speed-input reference

2) G,(s): the speed-load torque

They are obtained by applying the equations (3-32) to the results in Tables
4.8, 4.9 and 4.10. :

1) The speed-input reference transfer function

From-equation (4-37¢) the speed reference signal Vr appears in only
one drive input, ug(tJ. Applying equations (3-32) and dividing both sides
with Vr’ the desired transfer function is obtained as: .

2
9 msk hkg

=z (4-38)

= Yy(s)
“B T wom T2 ey
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MOTOR DRIVE "l'ﬂ CONSTANTY SLIP SPEED

OPERATING POINT VALUES:

vty 74

OPEQATING POINT CURRENTS:

STATOR )
STATOR 2
ROTOR 1
rROTOR 2

f

13.67
~9.089
-16.02
1.73

E-vECTYORS [N POLAR COQROINATES:

E-vEC
0.8T6LIE 00
0.160¢E 3t
0.4062E 00
C-1143E 01
CaS92LE Lo
Ce5959¢€-01
Ge 2690E QU
0-8136€ 00

LeaTI5E CC

E-vEC
CeSL32E wu
C+827TtE OC
C+7TST7SE-C1
0.8365E .
Ge1823E OC
0.5262E~u1
Q«1GCRE OC
0.1C62E 00
0.-9613e-C1

INPUT-MODE COUPLING MATRIX [N POLAR COURDINATES:

0«12B6E u1
GeIASIE w2
C.7280E-12
C.1157E .2
0-1157E. 02
0.96I7E L2
0e963TE J2
0+1861E Q3
CelB61E .3

0.697CE 13
C-BI69E C2
D.4121E-11
G TIT2E 2
0«P172€ (2
Q.121RE 02
01218 2
0.12L3E C2
Cet2,3E G2

TOR 1

0. 1800E 03
C,1800 03
00,0000 00
0.0CGOE 00
¢.00lCE OO
0,1B800E 03
0« 0020€ 00
0.1B2.0E 03
0.0000€ GO

ToR S
C.7983F <2
O.TH2AE O2

~0.8556E (02

~v.1L29E §3

-0.3873€ 02
0. 7732E Q2

-5 .359SF 02

-0,1520€ 03
0.17a46€E 03

VebUL3IAE-T]
te2078E-11
-0.1229¢ 03
-(.60L8E 02
0.6CC8E 02
G.1070E 03
~0.1u70€ 03
0.1587€ 03
-0.1587€ 03

~ULeAO34E-14
~-eB393E-14
Ce1799¢ 03
~CeS7ACE 02
0«S78CE L2
C.BRB60E 02
-u.B8860E Q2
-0.1276E 03
0.1276€ 03

OB NOPABDWUN-

— ————

T AT g N

CONTROL

FREOQUENCY (M2)

60.00

E-VALUES .REAL

~19.87
—2.90
0.00
-3.0%
=3.05%
=-170.31
-170.31
~91.70
-91.70

.~ TABLE

4.8

YOLTAGE(VOLTYS)
127.%

E-VALUES ., [MAG.
Q.00
0.00
0.00
6.22
—6e22
-59.09
S909
338.20

> ~-331A.20

E-VECTOR 2

0.6391E 00
D.1000E O}
0+1169E 00
0.1025E C1
0.9273€E~C1?
0,6399E~01
Q«1704E 0O
Ce7503€E-31
0.5764€£~01

0,0000f Qo
0.0000E 0O
0.1800E 03
0.1800E 03
L.1800E C3
0.0000€E ¢CO
0+180Q00€E€ 03
CowOUCLF U
0.0000E 00

N E-VECTOR 6

0.7822E OUL
Q0«6996€ 00
0.7962E OC
S« TIBSE CC
O0«9463E-01
Qe1CS0E~L2
Qe FITSE~CS
Qe.24B86E-03
0.3352€-02

Qe 4590E 00
0.8011E OC
0. 7283E-12
C.1534E 01t
0.1534E 1
0,B502E 02
0+8502E 02
0s1M21E LI
0.1A21E 03

0.5102E 01
Ve6104E w2
G,1567E 02
D.4an86E C2
V.4B8B6E 2
0.1042€ 03
0.1242€E o3
0+1187E .3
0.11A7€ 03

~(.1BCBE Q2
~0+.1088E Q3
0.1615€ 03
C.7091E 02
0.1418E 0)
-0.5733E Q2
CeBI62E W2
-0, TP28E 02
0.1213E Q3

-0.1800E ©3
~N.1800E G3
~0.1799€ 03
0.5647E 02
-“U.S6ATE 02
~0.16515 03
0.1651€E 03
Ce6B36E 02
-0.6B836€ Q2

-0.1397€E-12
“C.l?B2E-12
-0¢3515£-13
-0.59%C3€ 02
V.596,E C2
~0,8270E Ot
Oe«a276EF 01
-C.36BIE 02
Q. 36B1E 02

E-YECTOR 3

0.6312€ 00
0+1000E 01
0+.1104E 00O
0.1022E €1
D.2110€E-15
O.6IPLE-O1
0.13H3E-0a
V.24C9E-19
0.6328E~17

0.0000€E 00
0.CG0OE 00
0.1802%e 03
0.1800€ 03
0.18C.€ D3
0.CO0VVE Q0
0.0000E 00
C.0L00E 0D
0.1800E 03

E-VECTOR 7

D.7822E 07
0.6976E 00
0.7962E 00
0«7105E 0)
0.9463€-01
0.10350€-02
0.9475E-0S
0.24B8E-03
0.33152€E-02

0.109%E 02
0.1301E 0
O.a034€E-11
0.10&1E O3
D.1.41E 23
O.1nGPL O3
O0.1808E 03
0.5405Ff 02
0.5405€ 02

0.1121E 00
C.86TSE 013
0.9975€ Ot
0.2891F 01
0.2891¢ 01
0.9231F 00
0.-9231t 0D
D.9197€ 023
0.71975 00

QU.180BE 02
C+10845 03
-0.18615F 03
~0+70L91E 02
-C.1418E 03
Q.5733 02
~J«BIB2E ©2
C.7925€ 02
-0.1213€ 03

-0.1800E 03
-0+ 1827E 03
0.8872E 01
0.1203E 03
-0.12.3E 23
~0.1467E 03
0.1467E 03
J.7231€ 02
~G.7231E 02

-C.1800E 03
L1801E 03
-0.9244E-15
-0.1762€E 03
0.1762€ 03
-0.9212f 02
G.w2128 02
¢ 5152€ 02
-0:.%5352F Q2

SPFED(RP MY}

BREAK FREQUENCY({NMZ)

1700.0

3.16
Qeas
0.20
1.10
1.10
28.69
2B4.69
$55.77
55.77

E-VECTOR o

0+.%032€ 00
0.,8271€E 00
0.7575¢-~01
0.8B16SE 00
01827 00
0e52062€-01
0.1008E 00
0.1.62€ CO
D.2613€-01

-0.7983¢ 02
~0.T624E 02
0.8556E 02
0.1029€ 03
0.3875E 02
-0.7732€ 02
0.3595€ 02
0.152CE 03
~0.1746E 03

E-VECYOR 8

0.712%& 00
g.702%5€ Q0
O0.6970E 00
0.6859E 00
D.4077-01
Ce2327E-03
J.4733E-05
D«2521E-04
0.7005t-03

0.2172E 01}
De20e0E 02
Ce1175€-12
D.1636& 02
0.1636E 02
0.2013€ 03
0.2013e 03
0.59u0E 02
0+%5500€ 02

0.5329€ 00
Cea6uBE 0
05251 01t
0.3330E 01
0.3330e 01
0.2)34E 01
0.203%€ 01
0.1939E 21
0+1939¢c 01

-0e1279€ 03
~8.37918 02
0.5372€ 02
O«1438E 03
C0.1236€E 03
0C.1840E 02
~0«7964E 01
0.9721E D2
~0.1596E 03

0.18CG0E 03
0.1800E 03
~0.1601E 03
0.11%4¢ 03
-Da1154€ O3
-0.6176C 02
0.6176C 02
-“0.9573E ¢1
0e9573E 01

~0.1800S ©3
O+.1RQ00E 03
0.1873E-14
-0.1204E 03
0.1224E 03
~0.7318E ©2
0.9Y18c 02
Q0e5532€ L2
-0«5502€ C2

TORQUE (NM)

17.56

DAMPING

1.00
1.00
1.00
C. a4
Cada
Ce94
G0N
Le26 -
0.26

E-VvECTOR

E-VECTQR 9

0.7T125€ CO
Ve 7C25E GO
C.697CE us
0.6BS9E 00
0.4077E-C1
0.2327E-0)
OsaT3aE-06
©0.2521€-04
0.7CLSE-03

0.9081E 0C
Qs 3999€ 00
Ue5251€ 21
0.3678€ 01
0.3678E 0}
Z.15.9€ 09
CG.13C9E 0O
.e69T7E-L
J.6977€-01

Ce1279E
0e3791€
~-.+5372E
-0e1438F
-Je1236%
~Je184A0E
De THGAE
~Jde9721E
0.1596&E

Jell95€~
0,180CE
* De2634E-
~0e15S38E
Ca1538E
C-663LE
~0+6630FE
-.e48]06E
O+ 40816E

“3

3

a
-3
3
-2
2

c2

PIT
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TABLE 4.9

MOYOR DRIVE wlTH CONSTANT SLIP SPEED CONTROL

OPERAT ENG POINT VALUES? FREQUENCYIHZ) VOLTAGE(VOLTS) SPEED(RP M) hd TORQUE (NM)
——— ——————— 30.00 ©5.7 800.0 17.56
OPERAT ING POINT CURRENTS: E=VALUES+REAL E-VALUES .« IMAG,. BREAK FREQUENCY(HI) DAMPING
STATOR |} 15.686 1 -23.48 0.00 3.73 1.00
! STATOR 2 ~9.59 2. ~2.46 0.00 0.39 1.39
; ROYOR 1 -16.CS 3 -¢.00 c.00 0.00 1.00
RQTOR 2 Lea2 . - -3.a1 2.15 1.5% L3S
' s -3.41 -9.15 1.5% 0.35
] ~4l.T0 132.99 22.18 0.30
y ~41,76 -132,99 22.18 ue30
a ~218,31 -T74.92 36.73 0.9
o -218.3) 74.92 36.73 .95
v E~vECYORS IN POLAR COORDINATES)
. E-VECTOR 1 E-VECTOR 2 E-VECTOR 3 E-VECTOR & E-VECTOR
N 0+9200E L. ue1BODE 03 0.6104E 00 0,180 03 0.604RE 03 0.260JE 00 0+460CE 00 -0.8363E 02
0.1C00E OF D0.1800€ 03 0.1000E Ot - 0.1800E 03 0.1000E 01 O©0.C000E 00 0.833DE 00 -0.78692F 02
0.493SE Cu 0,.0000€ 0D 0+9431E-01 0.0000E 00 0.8978E-01 0.1800E 03 0,4601E-01 0.5184EF 02
0«116CE 0l 0.00COE 00 O.1014E U1 Q0.UDCUE 0L 0.1.126 01 O0.1805E 03 0.8212E 00 G.1.17€ 03
Ge65B6E CO 0Q.,0000€ 00 0.7770E-01 0. 0000€ 0O 0+11923 =17 0.1800F 03 025448 00 0.3133E Q2
0.5617e-L1 O0.180CE 03 0-6317E~01  0.1800E 013 0.6307E-01 ©0.0000E 00 0.52126-01 -0.7911€ 02
0.115CE GO “0+00COE DO D«153BE OL O0.UDGLE Ou 0+1379€E-05 0.LODJE 0D C.7693€-01 Ca1.S4E 02
Ce4.97E L, D.1HGDE 03 9.57%0E-01 0.1800f 03 0.928%:-19 ©.0000E 00 D.1141& 00 0.1210€ 03
G+3589E w0 C.0000E 00 0.2619E-01 0.1800E 03 0+5901€E-17 0. 1800E 03 0.1177E 00 0,1662E 03
E-VECTOR S E=VECTYOR & E-VYECTOR 7 E-VECTOR 8 E-VECTOR @

- 0.833.E LC

. Le7693E-Ct

b C.1177€ 00

0.4860CE OC 0.8363E 02 0,9584E 00 -0.9000E 02 0.9584E 00 0-9000E 02 Q7049 00 -0.5331E 02 QeTHA9E 3¢ Qe3331E
D 7692E Q2 0+9363C QD ~-0.1759f Q1 0.9363E CO 0.1759€E 01 0.6372e 00 -0.1477E 03 0.6372E 00 Cal1Aa77E
D.AGCIE-G! -0.S164E G2 0.9662E LL u.39425F 02 0.9662€ 0O -0.942SE 02 0.71036 09 0.1262€ 03 0.7163€ 00 -0.1262€
0+B212E 00 -0,1017E 03 0.9335E CO -0.1770E 03 D.933SE 00 0.17T70E 03 0.6453€ 00 0.3167C €2 J.6453E GO -0e3167E
0.2588E Cuw -0.3133E 02 0+1278E 0C C.1664E 03 0.1278E 00 ~0.1664E 03 0.6601£-01 ©6.1072E 03 Q.6601€-01 -0.1272€
0«5212E-Ct 0+7911€ 02 D.1A34E~u2 Le59.1E 02 0.1B8I4E-22 -J.5901E 32 0.572CE-03 -0.9171E 02 LaST2CE-C3  LW91TIE
-0.10S4E 02 0.2427E-04  D0.3819c 02 0.2827€E-04 -0.3419€ 02 0.2927E-05 O0.4R2BE 02 3.2927E-C5 -1.4828E
Je118IE Gu =-J.1210E 33 D.5141€-03 O.1416C 03 0.5141£-03 -0.1416EL 03 0.1027€-03 -0.112RE 03 0.1027€E-03 0.1128E
-0.1662E 03 0.5601E-02 —0.1160E o3 0.5691E-22 o.1163E 03 0.1799€-C2 0.8723€ C2 Cal799E-02 -,487232
INPUT-MODE COUPLING MATRIX IN POLAR COOADIMATES?
e mmm et m,a e ma oo bt —————
0e34G2E 01 C.1161E-12 041076E L1 ~0.180.E 03 0.1351E 02 0.1833€ 03 0.343S€ 01 Q.1B0CE C3
Dell83E 02 ~0,1BU0E D3 D.a488E 00 0.39567€-10 0.5108E 02 C.4&37E-13 0.9280E 01 =-0.1835€-11
Ve2349E-11 -U178BE G3 J.561BE-12 0.3581E 02 0.1258E-11 (.2985E Ol 0.1637E~11 =-0.1026€ 02
0.1126E L2 ~0.4517€ 02 0.1706E Ol 0.6664E 02 0.a921E 32 0.1358€ 03 D.9125E G1 0,127¢E 03
Cel126E C2 L+ASITE (2 - 0.1706E 01 -0.6668E 02 0.4721E 02 -0.1358E 03 0.9125€ 01 -0+1270€ 03
Cs7%92E L2 ~D.1771E 03 0.7428BE C2 0.8923E 02 0.84368E 02 O0.1172E 03 0.456SE 02 0.4430€ 02
0e7992E C2 0.1T7IE 03 0.742BE 02 -0.8923E 02 0-436RE D2 -0.1172€ 03 0.4565€ 02 -0.44305 02
Je2154E {3 Ve9113E U2 C.1947E 03 O0.1751E 03 0.2172€ 03 -0.1286E 03 0.2358E 03 -0.4791€ 02
Ce21S4E 03 -J.9113E 02 0«1947E 03 -0.17S1E 03 0.2172t 03 0.1288E 0} 0.2358E 03 0.4791E 02
Q.9.88E 01 O+J056E~-13 QeS227TE {1 =Ue9OSIE-13 0e2997E OU =-U.IBJCE O3 0.7931E 00 -0.183CE 323 ~ol133E 1 ~0e2177€E-
Le3781E G2 -0.1800E 03 0.2057E 02 0.1B0O0E 03 0.8332€ 01 0.0000E 00 0.11856 01 0.320%E 00 J.147SE G  J.Sal1CE~
Oel740E-11 -Je1799E 03 0.1SHGE 02 GC.16Bu8E-1} 0+1v09C 02 (C.AB69E-15 0.5318E 01 0.5550E-14 0.S314E 01 O0.4856E-
0.3623E 02 -0.416BE 02 0+.1990E 02 -0.438LE €2 0.1990E 01 -2.1554€ 03 2.2970c 01 -0.1291E 93 Le2879E C1 -GelSAJE
Ce36I3E L2 L..A16BE 02 D.199CE 02 O0.43IRCE 02 0.1999¢ 01 0.1556E 03 0.2970€E 0t 0.1391E 03 $.2879E O1 0.1543F
C.12R3E L2 ~U.1LEAE 03 0.6260E 02 -0.1B20E 02 0.993uE 00 D0.7542F 02 0-211SE 01 0.7920E 02 Ca1942E 00 -0.2321€
D.1ZRA3E C2 0.1064F 03 0.606AF G2 C.1820E 02 0.993JE D. ~0.7542E G2 0.211% 01 -0,792CE 32 Co1942E LT .2321E
Ce2135E v2 .o74026 (2 J+96,5E 02 -C,23B4Z 02 0.1617E 01 -0.1078E 03 0.3523& 01 ~0.i0R6E 073 0.201CE 00 C4S13RE
Ce2135E u2 -C.TAL2E 02 C«96I%E 02 C.23HeE C? 2.17175 01 0.1070E 03 0.3523t G! 0.10R6E 03 2.2012€ 00 -0.513BE

R R I I
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MDYOR DRIVE WITH CONSTANT SLIP SPEED

o

OPERATING POINT VALUES?:

ORPERATING POINT CURRENTS:
16.79

-7.85
-18411 .
-Q.29

STATOR |
STAYOR 2
ROYOR 1
ROTOR 2

E-VECTORS IN POLAR COORDINATES:

-~ E-VEC
OelLC(uvE 01
046626€ <v
0.8508E 0O
CGe7811E Lo
0«6S39€ Co
Q¢ 3IIPBE-C 1
C.1235€E-11
0eT224E-01
0.1502E 0¢C
" E-VvEC
Q0e3IBIAE Cu
0.9158E 00
Gel3ITIE (o
CeB2I4E Lw
De8341E 0C
C,S3IBTE-D)
0+5162E~01

TOR 13 -
0.00cC0€
0.,0000E
0.1800E
Os1800E
‘G« 1800E
0.00C0E
0« 18G0E
0+0000E
0.1800E

TOR S
Vel666€
~0,174SE
=Ce1471E
Qe248SE
-~0.6415E
=01 775€
=Le1326€

0+ 1264E CO -0.1927€

vaelBE9E yr

IRPUT-MODE COUPLING MATRIX

Ge2356E (2
Os11C3E G2
O.6ACAE-)2
Col66AE V2
O« 1664E 02
0.1200€ ¢2
Vel2.CE 2
0,1854E 03
Q-1854€ ¢3

Cel1866E 2
Ge954BE (1
CeaCT2E-12
Cel339E 2
G+ 133FE C2
W 63C1E 1
LebIBIE .11
C.LI9T7E 02
O«l797€E Cc2

.« 4829E

Gel8%5CE
0.18C0E
0.1691E
-L.9169€
0.91¢49E
-0.2T7S5E
va.275%€
O0+1132E
~0.1132€

=ls18LCE
0.1800E
0. 2814F
L .96481E
O.9641E
«0+9897E
< 9897€
Os1144E
~0«1144E

O BNOWD i N-

CONTROL

FREQUENCY(HZ)

6.87

E-VALUES.REAL

~38.49
~2.24
0,00
-6<39
~6.39
-2.03
-2.03
~247.65
-247.65

E-VECTOR 2

C.1800E 03
0.1800E
0«1800E 03
©.0000€ 00
0.0000€ 0O
U«1800E 03
C«0000E 0O
C.1800€ Q37
0.1800E 01

~De60B4E Q2
~0.1419€ 03
0.8323E 02
0.2%32E 01
0.1732€E 03
-0.9331E 02
~041283E Q3
0.1382€ 03
Ce6572E (2

COORDINATES S

0.1800€ 0)
0.1B00E 03
0.3863E 01
“uel1721€ 02 .
0.1721€ 02
0.9523¢E
=C+9523E (2
0.1791E 03
-0.1791E 03

0.0000E 00
0.0000E 00
~0.1092E-13
0.9615% 02
~0-9615€ G2
-0.1713€ 03
VeiT1IE U3
~U+TOOBE OF

oo C.4T1ITE 0O
00 C.100CE ©1
03 O+«1410E-01
o3 0,9615S€ 00
03 0.6655€-01
00 0.5931E~-01
c3 0.1384F (¢
00 0eaT2JE-C1
03 0.3873E-01
A - E-VECTOA 6
03 ©,7203E CO
03 0.T7T121€ 00
33 Q.ATATE 00
00 O.4869E ©O
o2 0.2322€ 00
o3 De13Q4E~-r1
03 0+2816E-02
02 0,1426E-01
v2 Ve3976E~C]
tN POLAR
["R) 0«ASBAE O1
03 0.1823€ 00
03 0.65S3E-12
02 Os1937E 01
02 0.1937€ 01
02 0.1045€ 02
c2 0,104%E o2
03 0.1906E 03
03 0.1906€ 03
a3 0+3681E O1
03 DJ19S9E Gl
o1 0l 1678E 02
02 0+3716E C1
02 0D.3716E C1
02 QeI6IBE 01
v2 0,9698E (1
03 0+2364E 02
03 0.2364€ 02

0.7000GE OI

TABLE 4.10

VOULTAGE(VOLTS)

17.8

E-VALUES . I MAG,

0.00
¢.0"
G.00
~14.79
14,79
-331.2%
33.2%
-26.67
264,07

E-VECTOR 3

Q.4679E 0O
0-1000€ 01
0«1715E-01
C.9597€ 00
0.856SE-17
0 +575BE-01
0.4012€-06
0.40213€E-20
0.1220€~-18

0.0Q00E 00
Q.000E 00
0.00233€ 00
0.1800€ 03
Q-0000E 00
0.c00-E 02
0.0000E 0O
0.00028 0C
0.1800€ 03

E-VECTYOR 7

0.7203E 00
0.7121E 02
0.4747¢ QO
0.4869€ 00
D.2322€ 03
O.1394E-C1
0.2R16E-02
0.1426E-01
0.3976E-01

0.1813E €2
0.773aC 01
0-9576E-12
C.1042€ 02
C.1042€ Q2
0+«9S37E Q1
0.95137€ 01
0.1800E Q)
0,1800E 03

0.1060€ 01
6.0510€E 01
0+.1069€ 02
0.17RRE 01
0.178HE 01
Q0«6242€ Q0
0.0242€ 00
0.1290€ 01
0.1290€ 01

0+.060U48E 02
O.1a18€ 03
-0.81323E 02
-G-2532E 0t
-J+1732E 03
0.9331E 02
C.1283E Q23
-0.-1382€ 03
-0.6572€ 02

0.58312€E-14
~Q.6877E-13
~0.1737E 03
0.B848%€ 02
-0.R485E 02
Q.4460€ 02
-0.4460€ 02
-0.7132€ 02
0.7132€ 02

~0.2250E-14
0.0CQ00E 0O
~0+P14%E-14
0.2167€ 02
«C.2167E 02
0+6S94E Q2
~Q0.6574E 02
-0« T271E 02
0.7291E 02

SPEED(RPM)

BREAK FREQUENCY{HZ)

100.0

6.13
0.36
0.00
2.56
2.56
5.30
S5.30
39.64
319.64

E-VECTOR a

C+3834E 00
0.9158E 0O
C.1373€ 00
0,8204E 00
0.4341E 00
3.5387E-01
0.51862L-01
0.1264E 00
241619€ CO

-0.1666E D3
C.174SE 03
O.1471E 03

-0+2485E 00
0.641SE 02
0.177S€ C3
0.1326€E 03
0.1927E 02

-~0.4B29E (2

E~-VvECTYDON 8

O.7470E 0O
0.629SE 00
0.7511E 00
O-83agkt 00
9.6373E-01
0.5118E-03
0.2243€-05
0.0400E-CA
0.1607€-02

0.4953E 01
0«3104E 01
0.1416E-12
O.4442 O1
C.4442E 01
0+Ba77E V1
0.8477€ 01
C.198CE 03
©.1780€ 03

0.3020€ 01
0.1560t 01
0.562%5E 01t
0.3%94%E 01
G.3aSE 01
O.1248€ 01
0.1248€ 01
0.28507k 01
0.2807c 01

~D+8B73SE 02
O0.1611E (3
0.9213E 02

-0.1898E 02
0.8138E L2

~0+1048E 03
0+6229E (2

-0.1116E €3
0.T491E 02

-0.2416E-12
-0.3887€E-13
~0.1S15€ 03
0473935 02
-0.7393E 02
Ce9B16E Q2
-0.9816E 02
~0.4601E 01
0.4681E Ot
~0.BA2SE-14
~0.2373E-13
~0e7127E-14
-0.131S€E 02
0.1315SE 02
0.%533BE G2
-0.5018F 02
~0.7316E D2

0.7316E Q2
-

YORQUE (N™ )

17.56

DARP I NG
1.00
1.00
1.00
Q.40
L .80
0.086
0.06
L .99
Ce99

E-VECTOR

E-VECTOR @

C«7470E 00
{e629SE (C
0+7S11E OO
0.6349E 00
Ce63I74E-C1
0+35118E-03
0+2243E-0CS
~e8AQLE-L4
0.1607E-02

0.1a53€ 01
0.1901€ 01
S62SE C1
2762€ 01
2 .RT68BE 01
P A4E (U
0.04a7 00
C«14B83IE 0
-«14083E

0.87B5E
=Cel1811E
-C.9213€
0.1896E
-LeB13BE
O.1048E
~0.6229E
Velll6E
-0+7491E

0.18CuE
0e4230E~
Le7636E-
0.S4841E
~0.S4alE
Jel229€
~0.1229¢€
0e1GGAE
—iel..0E

3
4
~2
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The last equation can be written in the physically realizable form, by
grouping together the complg& conjugate pairs, in the Same way as in equatioh
(4-3). ,
Note that 5th row, 3rd column elemert (i.e., m,,) 1n the eigenvector
matrix is always :zero (computer resulss, Step A»), thus, découplmg the speed
from the integrator associated with the phase a{ngle Sy, F1g. 3.1. This is in
agreement with the previous discussion.

When the appropriate values from T:ables 4.8, 4.9 and 4.10 are used
in equation (4-38), the speed-speed reference transfer functions are obtained
at corresponding operating points. Their Bode plots are presented in Fig.
4.26b, 4.27b and 4.28b.  The same plcts could nave been obtained by
applying equation (3-30) w:th tae input ug(s).

!

When evaluated 1n the context of the open lpop results (Fiz. 4.23),
these plots show tne attenuation ¢f the ga:n peaks (20 - 40 h: range) by the
phase-lag compensating network. The full discussion of the drive frequency

response 1s presented later, together with the analvsis of the speed time

Tresponse.
%

Z) The speed-load torgue transfer function

The load torque appears only in the mechanical equation. Applying

(3-32) and dividing both sides by rSTL the desired transfer function 1s:

9 m_ h )
o < Hir -z R b e
L k=1 k )
¥ ~

If the appropriate values from the computer results (Step 1) are inserted
into the last equatiom, G,(s) is obtained at corresponding d‘rive operating
poifits. Its Bode plots are presented in Fig. 4.29b, 4.30b and 4. 31b. ”LThese
results are sufficient to assess ghe speed-load interaction. However, an
additional insight into this interaction is obtained by calculating analyticallly
(,:he zeros of G, (s), using the Direct Method.

;I'fle drive reduced system is represented by (4-30), after the mechancial
equatioh is taken out. The reduced system has five eigenvalues. Of these, four

belong to the decoupled electrical system. Since they do not depend on the

%
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drive strudture, they are 1_dénti'cal to those calaculaxed in thé constant V/hz

drives (Table 4.7) and are given in Tabhle 4.11 only for comparison. The

fifth eigenvalue is located in the origin and represents the integrator which

1s associated with the mmf ve‘ctor phase angle (Fig. 3.1). Thus, the

characteristic equation of the reduced system 1s:

(s-2 ) . (4-40)

= D.(s) = s
T 1 ]

J

[/ =N

.

The speed controller has three eigenvalues, determined by equation ( 57) .
Obviously, none of these depend on the operating point. The eigenvalues of the

speed controller and the reduced system are grouped together in Table 4.11.

"REDUCED SYSTEM SPEED CONTROLLER
OPERATING BREAK « BREAK
POINT ZERQS FREQ. DAMPING ZEROS FREQ. DAMPING
Zy/7=-174.0£368.2 290%5  0.931 :6/,-:-% =-12.5 1.98 1.0
1700 rpm 2,/,-89.921329.6  54.39  0.263 | 14=0 o ' -
2,=0 0 - '
=979 ' ; 1 .
z,/,°-252.1¢378.9  39.0  0.947 |z ,=-7=-12.5 1.98 1.0
800 rpm z,/,°-31.8£j130.5  21.4 0.237 | 2,=0 0 -
z,=0 ) -
e 1
2,7 -259:5¢528.9  41.56 0.9 |z, /p=-g =-12.5 1.98 -
F
i ‘
100 rpm ] za/u=—4.4:hj\33.9 ' 5.45 0.128 | zp=0 0 -
z2,~0 . 0 -
O « \\ .
‘Table 4.11: Zeros of the s?eed—torque transfer function for the ,
. ) YR
T} constant slip $peed drive calculated by using the ’ ~
Direct Method. ‘ 4& "/

v
- ) S sob gt s \
-



Frorm equation (5-32) the drive speed-speed torque transfer function

s'(srl/a) 5 (s-1 ) -~
SRt (4-41)

One zero at the orléln will cancel the third eigenvalue, },. This cancel-
lation decouples the specd from the mmf phase angle integrator, as discussed
earlier  The other zcro it the origin represents the speed controller 1nt%;
grator which drives the speed stcady state error to cero In other words,
this I1ntegrator assurcs zero uc vdlue of ¢, (s}, thut dJecoupling the steady
state sneed from the load torque  Since the four eigenvalues of the Jecoupled

lectrical system lie well above tne controller bandwidth, tney are very little

e
5érturhed when the speed feedback 1s closed  Thus, the four electrical poles 5
k)s - »¢) are almost the same as four electrical zeros o - 2.0, Tables 4 §,
49, 410 and 4.11 Consequently, some pole-cero cancellation will occur, as
witnessed by the transfer function Bode diagrams (Fig. 4 29, 4 30b and

4 51b). This means that the electromechanical coupling 1s. weah giving poor

speed regulation. Further discussion of these results 15 contigued 1n the -

next step. ////

STEP 3: Speed step and frequency response

This part of the analysis gives the best insight into the drive
transient performance.

As béfore, the speed response 1s calculated first for a unit step
change i1n the 1input reference“vr, at rated load and then for a unit step
change 1n the load torque with \} constant. The results are displayed
graphically together with the corresponding drive frequency response.

FQllOWlﬁg the already established procedure, the speed response 1s

obtained in two stages:
\Q Modal response to a step input :

2
2) Speed response as a combination of modal states.
)
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Fig. 4.26b: Frequency response of speed-input reference

transfer function at 1700 rpm.
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1) Response to a unit step in the input reference

Froﬁ equation (4-37c), the input refe{engg/%fgﬁgl Vr appears only
in the last input, ug(t). If the unit steprn'V_ is applied, the response
of each modal state i1s given by {3-24) as: ) 7

t ‘
a, (1) =f (1) (hy ,/a)dT \

0

il
—t
w0

when solved, the last equation gives:
= Akt
qk(t) = (e - 1) hkg/akk (4-42)

For the special case of the cigenvalue in the origin, the last equation
becomes:
t/a

q3(t) = hy,

The speed response 1s obtained by using (3-25) and (3-26)

"

9
ot

T k- _ - _

h (e 1) Moy hkg/a Ak (4-43)

y(t) =
k=1
k#3

The last edﬂa{iq? gives the speed response to a unit step in the input
reference. This(response can be calculated for each operating point by
using the appropriate values from Tables 4.§, 4.9 and 4.10. The obtained
results are presented graphically in Figures 4.26a, 4.27a and 4.28a. The
G1(s) frequency re:ponse, obtained from equation {4-38) is given for
comparison in Figures 4.26b, 4.27b'and 4.28b.

A brief discussion of these results folléws:

At the 1700 rpm operat®ig point, the drive exhibits a 15.8%.overshoot

(Fig. 4.26a). The rise and settling (¥5%) times are 255 msec. and 800 msec.
respectively. The speed response is very slow, in agreement with'the narrow

bandwidth of 1.3 hz, obtained on the Bode diagram (Fig. 4.26b). The slope .
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of the time response curve at t = O+ is very small, corresponding to high
system order at high frequencies, as indicated by the -060 db slope on the
BEode plot.

The speed steady state error .< ultimately zero, due to the control-
ler integrator., However, the drive narrow bandwidth does not permit fast
enough buildup of the electrical torque and the speed takes more than 1.4
sec. to reach 1ts steady state value.

ﬁgﬁ?OO rpm, the drive behaves esscntially in the same way (Fig.
4.27a). The overshoot 1s now 10.9% The rise and settliing times are 195
msec and 515 msce. vespectitely, in agreement witn the larger bandwidth cf

19 hz (F1g. 4.27b). All other comments apply equally well to this operating

point. *

At 100 rpm, the drive gives the fastest specd response (Fig. 4.28a),
corresponding to the significantly increased bandwidth, which 1s now at 5 h:
{Fi1g. 4 28b) The integrator ir the speed controller starts to act after
0.319 sec., pulling the specd up to 1ts steadv state value of 20 rpm. With-
out tne i1ntegrator, the speed final value would be much lower (as 1t was 1n
the open loon, constant \'/hz drive at S hz operating point). The reason for
this is the loss in the gain of the drive forward transfer function G, (s),
as seen on the Bode plot where the gain starts to decrease from 0.2 hz.

Since the speed approaches 1ts final value without the overshoot,
relying entirely on the integrator, the settling time 1s very long: 9500
msec. .

The integrator action explains why the speed never exceeds its steady
state value although the corresponding break point on :the Bode diagram 1s

underdamped.
Summarizing the step response results, the dominant characteristic

15 a very slow response, slower even than ih the open loop, constant V/h:
» -
drive. The speed Oscillations are not too pronounced, although the settling

times are very long. Above all, the drive dynamic performance changes with

the operating speed.

2) Response to the unit step in the load torque

Since the 1input ref&yen?é, Vr, 1s constant, any change in the

/ x
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output represents a speed error. The responpse of each modal state to unit
change 1n torague, which appears only in the mechanical equation, 1s obtained
from (3-24) as:

t

- A (t-7) -
q, (t) f e h o 1 k=l 9

0

when solved, the last equation gives:
. - Akt
qk(t) = (c - 1) hks/kk (4-44)

For the special case of the eigenvalue in the origin, the last equation

becomes -

t) = t |
& "”E“&C'l‘}( 1

From equations (3-25), (3-26) and (4-44) the speed response is

v(t) = (Mt SERUNATN , (4-45)

HO I M4 O

L =

k
k

The speed response to the unit change :n the load torque 1is obfalned at each
operating point by inserting the appropriate values from Tables 4 8, 4.9 and
4.10 1nto equation (4-45). The results are graphically presented 1in Fig.
4.29a, 4.30a and 4.3la. The Bode diagrams of tne drive output impedance,

G, (s}, are given for comparison in Eigures 4.29, 4.30b and 4.31b. The speed
response at each operating point 1s discussed briefly.

At 1700 rpm, the speed response (i.e., error) reaches 1ts maximum
value of 25 rpm, 250 msec, after the load disturbance was applied (Fig. 4.29a).
This resulgxlndicates a strong speed sensitivity to the load flyctuations.
This comes as/a consequence of a narrow bandwidth in the forward transfer
function, G (s), which does not permit a ﬁ;iﬁ build-up of the motor
electrical t Tque. This torque rises tpo slowly to block effectively the

speed deviation from the value requested by the input reference, Vr. Thuii
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the speed error has time to grow and reach 1ts large value of 25 rpm, before
the electrical torgue starts acting. It 1s clear from the expression for
Gz(s),equatxon (4-41), that this error will be reduced to zero. However,
1t takes 1.27 sec. to bring 1t below 1.25 rpm or 5% of 1ts maximum value.

The frequency response, Fig. 4.29b, gonfirms the step response
results

At 800 rpm, the same comments apply to this 5perat1ng point (Fig.
4.30a). Due to the slightly larger bandwidth of the G (s) transfer function
(Fig. 4.27b), the electrical torque can change faster énd the maximum speed
error 1s thus reduced: .16 rpm at 170 mglec. While this represents a phvsical
explanation, the effeqf of the larger bandw1@éhy15 easilv understood by
comparing the two Bgde plots, Figures 4.29b and 4 30b. The maximum gain of
the drive output impedance 1s now reduced from 15 db at 1 hz to 9 6 db at
1.5 hz ) g

At 100 rpm as the bandwidth of G,(s) transfer function 1s further
increased (Fig. 4 28bj the maximum value of G, (s) 1s again decreased (Fig.
4.31b), makhing the speed less sensitive to the load disturbance (Fig 4.31a).
The majximam speed error 1s now less than 7 rpm, at 75 msec. The subsequent
oscillations in the speed are caused by the incomplete cancellation of poles
and zeros 1n the speed-torque transfer function. Note that two poles of
G,(s) occur at 5.3 hz, with very low damping of 0.061, (Table 4.10), while
the two corresponding zeros are located at 5.45 hz with the démplng of 0.128
(Table 4.11). ' T .

d

Conclusion

The results thaln;d show that the constant slip speed control gives
poor dynamic performance. The explanation for this is found 1n the shape of
the drive open ioop frequency response, which calls for a speed controller
\hat necessarily gives a narrow bandwidth, low ga&n drive. Consequently,
the speed response is slow, slower even than for the open loop, constant
Vyhz drive. The speed 1s very sensitive to load fluctuations. However,
the most important fact 1s that the drive performagce changes $1th the

operating point. N
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The results obtained here determine the theoretical, upper limit
of the drive dynamic performance. Several factors, not included 1in this
dynamic study will 1mpose additional limits on the constant slip speed
strategy. One, for example, 1s the magnetic saturation of iron. As seen
in Chapter II, any request for large electrical torques, will push the flux
1nto saturation, resulting in further deterioration of the drive performance.

Another limitation comes from the fact that the drive power supply
does not have unity transfer function, as considered in this chapter, but
some, finite bandwidth. This limitation will be felt in the constant slip
speed drives more than in the others, since herf the frequency loop'contalns
a positive feedback so that the voltage loop has to be faster in orégr to
avoid i1nstability However, the inverter frequency control 1s, in general,
faster tﬂbn 1ts voltage control This means that the constant slip strategy
subjugates a fast control loop to a slow one,with furtherhaeé}ease 1n the

dynamic performance R

4 4 Constant airgap flux control

As seen 1n Chapter II the motor torque can be controlled either by
controlling the slip speed or the airgap flux. It was further seen that for
the constant flux operation, the slope of the motor static torque-speed
curves is constant and independent of the supply frequency. It will be
demonstrated in this section that the constant flux control results in
superior dynamic drive performance. . ¢
There are basically three methods by which the constant flux strategy

can be 1mplemented:®?

.1) The direct measurement of the airgaﬁ flux, by for example, Hall

type probes. The signal obtained is comPared with the preset,
desired flux level. Any error acts to change the voltage applied
to the motor and, thus, modifies the motgi currents. This scheme

'has been proposed by a number of authors. 28,?7, 3%

It is concep-
tually most $traight forward, resulting in operation with truly

constant flux. However, this scheme requires specially built




stators, with Hall probes installed.

g 2) Tge compensation of the stator voltage drop, as used .n the

Siemens Transvector drives.'”®! In thais scheme, the motor voltage

LsQnsists at any time of two components:
the stator voltage drop and the other, which determines the flow

one, which 1s equal to

of motor magneticzing current and, thus, the level of the airgap

flux. The difficulty here lies 1n the need to sense both the

stator current and 1ts phase angle with respect to the applied

voltage. This 2 necessary 1f proper compensation of the stator

voltage drep 1s desired, since the two components of the applied

voltage are summed vectorially . The assceratea controller, thus,
N

becomes very involvee, without giving any advantage over arives

with direct Ilux measurenment.
! 3) The reguiated current principle  the stator current is made of
two i1ncepenaent Iomponents whizh represent respectively Ihe nag-

netiting and rotor currents. If the fivst component s chosen to

give a desired flux level at no load, wnile tne gqsher :5 made

dependent on the siip speed, the Jrive will operate with arproxz-

mately constant magn2tizang current. The azrgap flux will not

. }
be exactly constant since the two components are not summed

these small £flux

variations can be used to increase the motor efficiency. Thas

Recently, 1t
L83

vgctorially. However, 1t will be shown that

scheme has been proposed by P‘.'ulllpsse and Magg.®$®

has received considerable attention by other authors as well.®?

Due to the space limitations only one scheme for constant flux

operation can be discussed here. The choice is then between the voltage

control with the airgap flux measurement and current cofitrol with the slip

speed meésurement. The Transvector scheme (princiﬁle 2) appears to be tog

- MR e e e mogt

complex, wltbout offering a superior drive performance.
While the constant flux strategy 1s best represented by the direct

4

flux measurement, the very small airgap in induction motors makes the

‘: installation of Hall probes somewhat difficult. This 1s specially true

when the motor is subjected to intensive vibrations, as in railway applications

&
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Since the current regulated method 1nvolves simpler instrumentation and since

1t has pencrated an increased 1nterest, 1t 1s selected to represent the con-

stant airrgap flux strategy in this study

Drive description-

~
The current regulated drive 1s presented 1n Fig. 4.32. (As 1n

previous drive structures, the power supply has a transfe® function of one.
The upper 1nput, IS, gives then directly the motor input current while the
output of the A, amplifier 1s equal to the motor input frequency.

) To understand the drive operation, consider first the motor running o

at its synchronous speed. Since tne signals Y, and Y, are zero, the motor
1nput current IS 1s equal to the desir®dd magnetizing current Im’ as deter-
mined by the reference input Vi ,

If the motor load 1s now 1ncreased, some slip speed will be ucveloped.
) One recalls from equation (2-2) that the rotor current depends on the motor
siip speed N ana the a1igap flux ¢.

Hgyb w b w MI
i - S _ 3 m -

T R: R2

. ' The output, Y , of the speed controller 1s proportional to the slip speed
4 - .
?
- A UL Y ktuh)A3 -
¢ ’////
YT /A T
- 79
: k7 3 )
If the gain A 1s selecred to be, .
“ ¢
% .- AaMIm -
1T )
. R, .
-
' 'vthe signal Y, becomes equal to tlfe r@tor current, 1.e.,
4 e
t‘/ ' i

e * sar
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This means that, as gsoon as the load 1s applied and the s1ip speed 1s
‘developed, the signal Y,, representing the rotor current Ir’ 1s added to the

smagnetizing current Im’ determined by the input reference V The resulting

&
signal 15 the input into the regulated current supply andfdetermines,
therefore, the motor ifput current; In this way the stator current IS 1s
always the sum of thq'constant magnetizing current (V¢) amd the varying
rotor current (Yz).

Since the summation of these two currents 1s not vectorial, the
stator current will"be 1n fact larger thun that necessary to produce the
desired flux and load torque. Thus, the motor will tend to operate with an
increasing flux as the load 1s increased and eventu;ﬁly to saturate. This
can be prc;énted by selecting the gain A, so that the rated flux 1s reached
only at the rated load. Any further increase in the load will slightly )
strgngthen the flux,and, thus, stiffen the torque-speed characteristic
Operations below ratcd load will'cause slight decrease in flux and, thus,
improve the motor c¢fficiency in this range, by reducing the magﬁ%tizlng
losses

Note that the A, block contains the absolute valued funztlon, since
the request for rotor current, Y,, has to be always positive, even when the
speed error e changes 1ts sign during the motor braking operation.

The drive feecdbacl equations follow now directly from Fig. 4 32.

i

—
]

V¢ + ALY

W =nw +AY
mn 171

where IS is the stator current per phase and A~ n/kt,

Assuming that the desired flux level will not change during motor

operation, the perturbed feedback equations are: -

I, = A8Y (4-46a)

.



.

K .

IOIIAL 1 o 5 o e s g ¢

b W

S = ply = b AEY (4-46b)
=
where the variable gy represents, as before, the change in the phase angle
of the mmf vector fFig. 3.1)

The next step in the derivation of the drive equations 1s to relate
the change of the stator phase current IS, to the change of motor currents
in the synchf@ﬁous reference frame. These currents are given by the same
transformations which were used to obtain mgtor voltages, Appendix B. For

the Y-connected motor, the equations are:

li = Iscos([w - uc)t + 2) ) . (4-47a)
| 12 = 1 s\n (- )t +a) ® (4-47b)
¢ . g .

where w and w_ are the supply frequency and the speed of the reference

frame, respectively. Ifw = w thg angle a defines the position of the
rotating m@f vector with respect to the y-axis. Since the stator curTents
are the 1nﬁuts, one can choose this angle to be zZero. Thus, in the steady
state, the rotating mmf vector coincidgs with the y-axis and the total airgap
flux 1s produced by the y-current only. If now the magnitude of the stator

phase current IS and 1ts frequency w are perturbed, the last two equations

become:
S 4 .S =
I 61Y (IS + éIS) cos (¢ + &y)
13+ 65 = (1 + ldx ) sin (U + &)
8 é s S
where
v = (& - Qc)t ’ /,
and . ’
oy = dwt

The speed of the reference frame, w, = QC 1s not perturbed.

If Q= QC and the last two equations are developed while approximating

(
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N
-,
Y

cos 8¢ ¥ 1 and sin & ~ 8y, and neglecting the cross products of the per-

]

o
turbed variables,, the result 1s°
_ G.S . ¢
v o= M= I, . (4-48a)
. K “ g
no =61 = 1y s (4-48b)

These ‘two equations give a clear iﬁ51ght into the current-field interaction:
since 1n the steady state, the mmf vector lies afbng the Y-axis, an increase
in the Y -current strengthens the airgap field, equation (4-48z). If the
motor supply frequency 1s changed, the current along §-axis starts to rise
from 1ts zero steady state value. fo¥cing the mmf vector to leave its position
ajong the Y-axis and, therefore, to change 1ts speed. Thlsﬂprocess 1s very
similar tp that for the voltage controlled motor, Fig. 3.1.

Having established this framework, the drive equations are now
considered. Thé basic motor 1s described by the matrix equatlon’(S-IO). In
the regulated current drive the stator y and ¢ currents (x; and X,) are no
longer the drive variables bgt become the independent inputs. Therefore,
the first two rows in equation (3-10) can be deleted. . If the remaining
equation 1s rewritten so that all inputs appear on the right hand side, the

drive equation becomes:

- S .Y 1 Cm s ar .
Rotlop . -9L,  n(L,IaMI) [ x| Ak o]l x,

. ‘ *
L, Rptly, (LI | x [ =] -0M  -Mp 0l x, | (4-49)
nMI, -nMI, ( ~£5-Jop X g LnMI“ -nMI, 1 GTL

where X, X, and TL are the drive inputs while Xys X, and X are the drive
states, defined by equation (3-1la). If équaggons (4-46), (4-48) and (4-49)
were combined one would obtain the.drive state equation with §Y; and dTL

as the drive inputs. However, such equation would contain the derivatives
of the input §Y,. In order to obtain a standard state space formulation,
where all dynamics are confined to the system variables, one has to define

/

bs.
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two new states
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X190

Aog
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X
390

X
4g

-

equation for the regulated current drive 1s defined as:

4

-

[P} X

where

x, tMALSY /L,

3

x, * I MSY/L,

7

El

/

For the sake of uniformity, denote the states of speed and phase angle as:

Sy = néum +¢36Y1

+

QI X + U

[, 0

0 L,

0 0

0 0

.

“‘TRz QS.KLZ

L -R
S 2 2
, -nMI

0 0

-n(MI,+L,1,)
n(MI +L 1)

_fT

RZMIS/L2

M
nMI_ (17— +1

2

0

3.
{(4-50a)

(4-50b)

(M-50c¢)

(4-50d)

3 ~
When equations {4-46), (4-48), (4-49) and (4+50) are combined, the state

(4-51)

L3

(4-52b)

4




.

4

v = ‘ (4-52¢)

and

R,MASY, /L,

u = (4-52d)

M
-nMA, (1, 7= +1,)6Y, - 6T

L. -

€

The input Y, in the last equation represents the output of the drive speed
controller. Thus (4-351) describes really the regulated current, open loop
drive. Before the speed loop can be closed, the controller structure has to

be defined.

Controller design

&

The Bode diagram of the open loop drive, at rated load, with Y, as

the 1nput and motor speed (x,,) as the output, 1s given in Fig. 4.33. Two

important observations can be made from this result:

1) The drive frequency response is almost the same as that of a single
pole integrator, in contrast with the open loop results obtained
for the other drives. The reason for this 1s that the number of

’,
‘: poles and zeros in the open loop transfer fupction 1s reduced from

- 6 and 4 to 4 and 3 when the stator currents become the drive inputs.

~—
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The open loop frequency response indicates an unconditionally
stable drive with large available phase margin  The controller
design 1s, thoﬁ?fore, very easy, permitting any desired controller

ghin.

2) The dynamics of the current regulated drives are independent from
the supply frequency. The Bode plot from Fig. 4.33 does not change
with the motor cperating speed. This then permits the design of an

optimal, fixed structure controller, without the need to compromise

i
This very important characteristic is a consequence of the operation

with a constant airgap flux. A close examination of {4-52b) sh&ws that it 1s
not dependent-on the applied frequency § but only on the slip speed, Qs.

Since Pr matrix 1s constant, the drive state matria A, obtained as-

will depend onlv on the shaft load and not on the supply frequenc;.

The physical explanation 1s that the operation at a constant airgap
flux reduces the motor electrical system to the rotor windings only, which
"don't see' the stator frequency, only the slip speed, i.e., load. Tt is

' obvious from.this discussion and from the opeﬂ loop results, that any pro-
portional-integral controller will give’ a well behaved drive. There
is no theoretical limit on the drive bandwidth. Practically, 1t has to be
bolinded, 1n order to stay within the physical constraints. The controller
1s then so selected that the drive bandwidth 1s 100 hz. The controller
transfer function 1is:

+
s/}\C 1

TS A —— (4-53)

The gain 1s AC = 10 while the integrator zero 1s placed at 1 hz. The
controller 1s represented in Fig. 4.34. If the integrator output is chosen

as the new state, the controller state equation is:

% . -
mw TAAAI A R .

between the different requirements of the two ends of a speed range.

<

LS
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@
Neg T -Ackt Xy F AC 6Vr N (4-54a)
i while the controller output 1s
o) , - . ' ’
f Y, = Xg, - AC Lt xao/kC + AC <5\'r/kC (4-54b)
B -
The final equation for the regulated current drave 1s obtained by combining

(4-51) with (4-54):
[PIX = [@X+ U ‘
The last equation can be written in the standard, 5tate space form as:

A = [A]X+ [BjU ~4-55)

Defining, thus, the state and input matiices as:

‘2

= P . (4-56)
Y
-1 4
[B] = [P]
where
] = N
L, 0o o 0 o0
°
; 0 1/L, 0 0 0
?
L -
: pTt o= 0 0 1/, 0 0 (4-57a)
0 0 0 1 0 ‘
L0 o o o 1

‘!M' and
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; -R., fL,
—QSLZ -R,
Q = nMl, -nMI
* 0 0
0 0
-

The terms T1 - 'I'5 are:
>

T = n(M_ + LI j&
1 2 2y
T2 = n(MIl + Lzla)
. T = R MA /L
/ 3 2 1 2
/ y
T“ = nMIS(Ilr+ Ia)
2
M
TS = nMAl(IZ-I:'L Iu)

The input vector 1s:

TaAZ‘SVr/kc
0
U = —’FSAC(SVr/kC - &T

A GV_Lk

| A

The state vector is:

»
- -T 4 )
T.-TAK /K (
T, RMI /L,
-E 4T A K /K T,

n-A ALK /K S/'o

L

-k, A 0

136
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®
Ta_,.
0
-T, | (4-57b)
Ay
0
+
i 4
(4-57¢)
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Ix,]
X = (4-57d)
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" *
X, being defined by (4-52¢).
Having established the drive state equations, i1ts dynamic perfor-

mance can be analyzed using the already outlined procedurec.

Drive Analysis

STEP 1. Eigenvalues, eigenvector and input-mode matrices

Since the drive dynamics are independent of the supply frequency,
the obtained results do not change with the operating speed, 1f the load 1s \
constant. The cxgenvaluc;, ei1genvectors, and input-mode coupling matrix, \
all calculated at the rated motor load are given i1n Table 4.12 The ci1gen-
values 1n the load range of 20% to 220% of the rated load are given in Tig.
4.35. As concluded before, these results are not sultable 1n the analysis
of the drive dynamic performance. The atteﬁtlon 1s, therefore, turned to the
drive transfer functions and time response

t

- STEP 2 Drlvc transfer functions

The following two transfer functions have to be found:
1) Gl(s): Speed-1nput reference
2) G,(s): Speced-load torque

1) Speed-i1nput reference transfer function

This transfer function 1s obtained for the constant, rated, load, so
that the only 1nput is 6Vr, appearing four times 1n the input vector U, equation

(4-47c¢). From (3-25) the drive speed 1s given by:
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POTOR DRIVE WITH CONSTANT

OPERATING POINT VALUES:

OPERATING POINY CURRENTS:

STATCR 1
STATOR 2

ROTQR

ROTOR 2

19.17
0.00
~14.97
~7.33

E-VECTORS IN PCLAR COORDINATES:®

E-VECTOR |

0+SC19€ OO0
Ce13S6E-C1
CelGOCE v1
0-62Q7€E-01
0.9B880E-C1

0.0000€ DO
0.180CE 03
C=0000E 00
0+0000€ 00
0.00C0QE 00

IRPUT-MODE COQUPL ING

O.4LBSE-01
0.2800F 01
O« 1C3aE ‘02
C1833F (2

0,1833€ 02

0.1410€-12
0.1800E 031
0.1800E 03
0.90S9€ c2
-0.9059¢ 02

MATRIX

1 -635.98
2 -6.33
3 0,00
L] -16.38
s -16,.38
?
€E-VECTOR 2

0.1B883€ 00
0,9294E-01
0+«1008E QO
0.2644E-01
0.1000€ 01

0.1220E (1}
0.5262E 00
0.5066E Q1
0.1935€ 922
0,1935€ 02

-~ -

ATRGAP FLUX

IN POLAR

»

£

CONTROL

FREOGUENCY(HZ)
30.00

E-VALUES.REAL

0.1800F 03
0.1800E 03
G+«0000S 00
0.1680CE 03
0.0000€ 00

COORIDINATES:

0.7667E~14
~0-6432E-113
~0.56B84E-13
Ce164SE 01
~0.1645E 03

P ik L

FTABLE 4.12

[N

VOLTAGE(VDLTYS)

68.0

E-VALUES . IMAG,

0.00
0.03
0.00
-21.25
21.25%

E-VECTOR 3

0,1000€ 01
QG.4898E 00
0,3311E~12
0.1364E 00
0.8231E-06

1,

z

0.2060€E 02
D.1640E 01}
0.7237e o~
0+5163E C}
0.6163€ ot

0.0000E 00
0<CC0VIE Q0
0.1B800E ©3
0-.¢000E 00
0.0000E 0O

0+2714E-16
0.1800E 03
0.1R00€ 03
0+17S2E 03
“0.1752€ 03

SPEFO(RPM)

BREAK

800.0

FREQUENCY (M)
101.22

1.01

0.00

a.27

a.27

E-VECTOR &

0.7A50E 0O
0.31538 00
0a36T6E-01
Oea764L-01
0.8608L-01

0.3232 00
0-1291E 01}

1131 02
0+1%56€ 02
0.1156€ 02

-0.6335€ 02
~0.1560F 3
-~0a.109%5% 02
~-De5740E Q2
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X0 T % oo T b U (s) (4-58)
=1 "7 =l ]
where u,(s) 1s zero while th and m,, are the, components of the corresponding

coupling and eigenvectors, respectively. Define a new variable vector UE such

that
[y = [UE],‘SVT

The components of this vector are obtained from (4-57¢) as:

v

UE, = T /K, ' (4-59a)

UE, = 0 - (4-59b)
"

UE, = -TA/k, . (4-59¢)

VE, = AA/k | ] (4-59d)

UE, = A, (4-59€)

If (4-58) 1s divided by 5vr, the: speed-speed reference transfer function 1is

obtained as:

{4-60)

5
G (s) = =

Note that here, as in the drives studied previously, the eigenvector component
m_ . 13 zero, thus, excluding the pole at the origin, X,, from the speed |
expression.

When the apﬁropriate values from Table 4.12 are uséd in [f—éO) the Glfs)
transfer fﬁnction is obtained. Its Bode diagram is presented in Fig. 4.36b.
For the’constant airgap flux operation, it will not change with the drive

input frequency. However, G,(s), does depend on the motor load. The full
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discussion of the drive frequency response 1s given in Step 3.

2) Speed-torque transfer funttion

.

The speed reference is constant 50 that 6Vr = 0. The speed is
given by the equation (3-25) with the only input being the load torque.
Dividing both sides by dTL the speed-torque transfer function is obtained as:

m h
%k ks (3-61)

5
G,(s) = 21 'E_T_X;

with m,, being of course zero, (Table 4.12). If the appropriate values
computed in Step 1 are used in (4-61) the speed-torque transfer function at

rated motor load 1s obtained. Its Bode plot is pfesented in Figure 4.37b.

This result is discussed again, when the speed step response to load distur-

bance 1s.ana1yzed.

4

Due to the low order of the constant flux drive, the Direct Method

is especially effective in éiving the analytical expression for the speed-
A
load relationship. 4

The drive speed controller 1s described by (4-53) and has only one

eigenvalue, located at the origin.

-

The state matrix of the drive reduced system 1s obtained from

(4-57a) and (4-57b) using Definition 2.

Thus:
= ) b
-RZ/L2 Qs 0
= - - 2 . ¢ -
Ar ‘ QS ‘ R2/L2 RzMIs/Lz (4-62)
i 0 0 o |

The eigenvalues of the reduced system are obtained from (4-62) by hand:

: R
2 .
Sp <L t jQ, = -10.28 ¢ j 21.0 (4-63)
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Using the equation (3-52), the speeg:torque transfer function is obtained
Py

analytically as:

s?(s¥R /L +jQ_) (stR /L,- jR_)
G,(s) = R —— 2 1 s : (4-64)
Jo T (s - A) N
T k=1 k

s

where the drive eigenvalues Ak's are given in Table 4.12.

The last expression deserves a few comments:

1) The third eigenvalue A,, and one zero at the origin, represent the
same integrator associated with the change of the mmf phase angle,
8¢. They will cancel each other, producing the same result in s-
. ' domain as the zero eigenvector component, m, ., does in the time
domain, !
2) The second zero at the origin assures zero steady state error by’

decoupling the steady state speed from the load.

3) The remaining two comﬁlex conjugate zeros depend only on motor

load as do all four eigenvalues.

4) When the appropriate numerical values from Table 4.12 and équat?on
(4-63) are used in (4.64), it is seen that the pole-zero cancel-
lation is not perfect. This is corroborated by the Bode plot,
Fig. 4.37b, and comes as a consequence of the large bandwidth in

the drive speed controller.
8) Although poles and zeros in G,(s) do change with the motor load,

it can be shown that their ratio is approximately constant. This
means that G,(s) changes very little with the motor operating point.

Further discussion of the G,(s) transfer function is continued in

the next step. ) .

@

STEP 3: Frequency and step response

. The system performance is best understood by analyzing its time or

2}

i
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' frequency response. They are both presented herc for comparison. As
' = previously, the time response is calculated in two stages: -
;{ - Modal response to a unit step input

- \Speed response as a combination of modal states.

1) Response to the unit step in the input reference

N

- ——n T

The motor load is constant and equal to the rated load. From
- equation (4-57c¢) the speed reference, 8V_, appears in four drive inputs.

With the unit step in Gvr, these inputs become:

(ur = [UE}

~ R PTTNGPRIR T W T

where the components of the UE vector are-‘defined by (4-59).
From the equation (3-24), the response of each modal state to the

unit step in Vr is:

-y

- N

R R ) S
. qk(t) = e T (UE,)dr k=1. 5
R j=1 ] ’
B / 0
; ) / ’ i -
¥ // when solved the last equation gives:
/
q. (t) = (exkt' L ; UE : “
= . . 2
A k D j=1 3 .

1 k

.

For the special case of the eigenvalue at the origin, the modal state résponse

is: .

q,(t) = -t I UE

The speed response is obtained by using equation (3-25):

- - At
5 5 mg(e - 1)
x,,(t) = I P, S U, (4-69)
0 \ t:l jm=1 k C 3
3

A
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Note that the third eigenvalue, A, is unobserveable in the 'speed response

since my;'is zero. This reflects the already discussed speed independence

—- from the O0Y integrator. The last equation gives analytically the speed

response to the unit step in the reference input. 1he're;ponse at the

rated load 1% obtained by 1nsc1t1ng the appropriate values from Table -4.12

into equatlon (4-65) * The result is displayed graphlcally in Fl& J.36a

while the frequency response of G,(s) is given in Fig. 4.36b for’ comparison.
Both results point to an extremely well behaves and fast driwve.

The rise and settling times are 3.1 and 4.2)msec., respectively. Since the

drive responds as a pure first order systeRy (Fig. 4.36b), the speed cannot

overshoot. The only observeable eigenvalue tn the speed ﬂs§ponse is the one

determined by the speed controller gain, with the break frequenly of 101 hz
(Fig. 4.36b).

the choice of

.

- 3

All other eigenvalues have been made pseudo-observeable by

g speed controller. fhey are cancelled by the corresponding

_Zeros in (4-§0) or, depending on a viewpoint, suppressed from the speed

response by Yhe values of the corresponding eigenvectors.

-

From these results the eonstant flux drive appears to possess ideal

transient characteristic due to its speed of response and the absence of any
¢
speed oscillations.

2) Respopse to a unit step in the load disturbance

Since the input reference V
represents a speed error.

is constant, any speed response

A step change in torque is applied with the drlve
operat1ng at the rated lecad. As the torque appears in only one input, the
response of each modal state is: '

't

, . A (t-1) . T ,
{ Eqk(t) = f e hks dt k=1...5 A
* o N
, ‘) .
which, when solved, gives:
' At ‘
‘ q(t) = (67 -1 h /i ~~ (4-66) .

.

for the special case of the eigenvalue in the origin, the last equation
becomes:
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Y

Q3(t) = th33 ¢

Remembering that.k3 is unobserveable, because LI is zero, the speed

response, given by (3:25).15:

. s At
SO T N L) | | (a-67m)
K#3 " I

Using the corresponding vélues from Table 4.12, the speed response at‘ihe
rated load is calculated and displayed in Fig. 4.37a. The Bode plot of the
G,(s) transfer function is given for comparison in Fig, 4.37b.

Since the drive dynamics do,not change with the operating spced,
these results are valid for any input %requency.

The speed error is very émall, as expected, due to the relatively
large drive bandwidth.':rhe motor electrical torque can change very rapidly
and, thus, offset any load vériation.

The maximum spgéd error is 0.272 rpm and is reached 6 msec. after
the disturbance was applied. -The error decreases very fast to about 0.1 rpm
and then much more slowly, to reach 0.0l rpm after 0.5 sec. The fast
decrease is due to the'fast change in the electrical torque, as just

_explained. If the gain of\CT{g) transféf function were finite, some error
would remain. However, since the integrator in the speed controller starts
to incre&se_this gain coﬁtinuously below ] hz (or after.0.16 sec.), making
it infinite at steddy state, the speed error has to go ultimately to zero.

"Note that complex conjugate poles are again pseudo-observable and -

do not cause any visible speed oscillations.

, N * P
Conclusion v -
L] //

From theje ;gsults, the constant airgap flux, regglafé&ﬂcurrent
strategy appeafs' /the best of all considered here. 'The obtained dynamic
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X ’ performance is superior to thgt of any other drive structure.

The advantage of the constant airgap flux control is founded on
these two facts:

1) The drive dynamics do not depend on the motor operating speed.
. It is possible, therefore, to deéign a fixed structure controllér
. which will not be a compromise between contradictory requirements
;] at two ends of the speed range. ‘

2) The constant flux drive behaves as the first order system. This

theoretically permits an infinite range of controller gains,
without any danger of instability.

oo IR T ol S0 AR

.
B Ll

The results presented here reflect the drive response with only one of many
possible controller gains.

Even if the realization of wide drive bandwidths is restricted by

the speed of response of the associated inverter or the noise in the speed

e e

sensor, the constant flux control pcrmlts the continuous choice of the

Patadluzs oo o g - 4

desired bandwldth This choice is not constrained by motor dynamics and
could be, thus, optimized to match fhe inverter characteristics.
A Although independent of the input frequency, the drive equations
y , depend on the motor load. However, it can be shoﬁﬁ\}hat the speed response
} is very little changed as the load is increased above the rated value. The
i . only change is a small increase in the drive bandwidth (From 110 to 120 hz

, when the load changes from 100% to 220% of the rated value). ThHe Bode plot,
however, remains as flat as for the rated load.

If the load is decreased, the bandwidth will decrease, £04reach
50 hz at 20% of fhp rated load. Again, the Bode plot is perfectly flat,
without any gain peaking. The decrease in the bandwidth (indicates that the
speed response is’ slower at light loads. Since the requiEg; for large speed
changes give rise to large electrical torques (i.e., currenf}u this reduction

~.

in the drive bandwidth is not very important.® )

The complete comparison of the three cons1dered control strategles
v///}y/' is given in the next section.

1 0 & -
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4.5 Summary

Each induction motor has two independent inputs, the applied voltage

and frequency. The motor performance depends very much on the control law, |,
which correlates these inputs.

In this study, the motor dynamic performance was analyzed in detail
for the three most often used control strategies.

can be made from the obtained results:

The following conclusions

1} The constant V/hz strategy is easiest to implement and the
one which does not require any feedbacks.

only
However, the performance
of the open loop drive deteriorates significantly at lower input
frequencies (below 10 hz), the most important factor Being the

reduction in the forward drive gain. This reduction results in the

increased sensitivity to load changes and poor speed regulation.

The drive operation improves considerably when the speed feedback
loop is closed. . However, due to the motor characteristics, the
chgice of the associated speed cont%bller is very critical to the
drive performance. Thgs méans that the controller design is
‘constrained and isvdic;ated first by the need to éompensate the
motor characteristics and only second by the process requirements.

To illustrate this, consider the open loop motor characteristics

obtpined'in Section 4.2.2. It may be desirable, for example,

to filter the noise in the speed feedback signal by reducing the

drive bandwidth, i.e., controller gain. However, if this is done
the drive response may become lightly damped since the drive break
frequency is now shifted to the region of lower phase margin. ~This

means that the drive response cannot be selected at will, but is
constrained by the motor dynamics.

]

Thefg;;re, although the constant V/hz, closed loop drives are
theoreticaily capable of giving excellent performance, the reali-
zation of such performance may be difficult in genergl. Nevertheless,
‘thé "constant V/hz strafegy is worth considering in the design of

1

% 3\‘;‘

@

?
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induction motor drives.

2) AThe constant slip speed control makes the motor dynamics very
dependent on the operating speed. This is obviously undesirable '
since contradictory requirements are imposed on the drive compen-
sating networks as the speed is changed, thus -precluding a good
compromise in the design of a spéed controller. In this study
the controller was made very sluggish in order to obtain a reason-
ably damped speed response. The constant slip speed strategy is,
therefore, not competitive in high performance drives with the

constant V/hz control.

3) The constant airgap flux control gives the most desirable drive
performance. This control results in two very important drive

characteristics.

- The motor dynamics become independent of the operating speed,
\Permitting the design of a truly optimal, fixed structure

controller, .

- The drfve behaves as a first order system, having, thus, an
unconditional stability wit?out any speed overshooting.
Therefore, there is no need for a carefully selected compensation
networks and the drive coﬁtrolfer can be designed, without any

constraints, to suit the motor applicmtion.

-Thus, 4f a truly high performance drive is desired, one would chooée
the constanﬁ‘ﬁirgap flux control. It should be understood that the advantages
of this strétegy do not depend on the method used for its implementatfon. This
me%ns that the drive with the direct measurement 6f the airgap flux will have
thk same desirable'characteyistics (dynamics independent of speed, first order
speed response) as the regulated current drive studied here.

In this study, the drive performance was analyzed for three different
control strategies. In some a?plications opd might use fiore than one voltage-
frequency relationship to obtain the desirpd drive characteristics over.the
Iwho}e speedo(load) range. The moét common & ample for this approach is given
by the induction motor railway application, where a fixed V/hz relationship

- k]
¥ ’
.
¢

Lo

. .
~3 - J
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is maintained until the motor rated voltage is reabhed. Above this point,
onl& the freqdency is increased, thus, resulting in the constant horse-
powe} locomotive operatiom. ' .

. All results in this chapter were obtained for the case of an
infinite bus power supply, having a sinusoidal output and an instantenous
response. In this way, the presented dynéhiq characteristics are decoupled
from the inverter structure and reflect the nature of the induction machine.
These results are,,;hereforé, valid regardless of cﬁéngps in the inverter
technology. ‘ )

However, it is desirable to méke this study more relevant to the
dynamie perfofmance of present day drives. It is then obvious that these
results must be reQiewed to take into account various ipperfectiéns that were ﬂ

not considered in this chapte&. Such a review is presented in the next chapter.

+
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CHAPTER V

L

. B

LIMITATIONS ‘ o .
5.1 Introduct ién

The results presented in the last chapter were obtained after
making various simplifying assumptions. The validity and effects of these
assumpti'orlxs on motor dynamic performance are now cohs;‘.dered. The pre-
viously obtained results may be modified by:

“

1} Non-ideal drive components, in particular the power supplies and

the tachogenerator

2) the non-linear nature of the induction motor . —

<

In the last chapter, the drive power supplies'were assumed to have:

1) Sinusocidal output voltage
S

2) - Zero output impedance

- ‘ 3). Infinite bandwidth, resulting in an instantenous response.

Realistic power supplies have nope of these characteristics. While a
detailed analysis of their true behaviour is beyond the scope of this study,
some quallitétive assessment of the effects which they have on induction
otor'pérformance is necessary. Although mdny good papers have been pub-
lished on this topic in the last decade,'’'? they are almost all concerned
with s teady state motor operatjon. Therefore, in order to assess the
dynamic effects, limitations i pos'ed by realistic variable 3f‘req_l.leexﬂ\'::)' supplies
are discussed in the next fouf sections. Since all supplies 'do not have the
same characteristics, the effect of each one is evaluated separately.

In general, the four power supplies which can be used with modern

4

variable frequency drives are:
1) Cycloconverters

. ) é) Variable voltage input inverters, with a chopper in the dc }nk
(VVI-1 inverters) ~
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4 3) Variable voltage input inverters, with a thyristor bridge
% ) (WI-2 inverters)
¥

4) Pulse width modulated'(PWM) inverters .

. They are presented in Figures 5.1, 5.2, 5.3, arnd 5.4 together with
the waveforms of their respective output voltages.

~ =

Cycloconverters have not found extensive application in industrial
induction motor drives. The main reason is that their output frequency is

restricted to approximately oné half of the input frequency by the harmonic

w3,

losses. Therefore, cycloconverters will not be considered here.

Since, the only functional difference between VVI-1 (Fig. 5.2) and

s I S

VI-2 (Fig. 5.3) inverters is the input power factor, these two types are
similar from the dynamic poiht of view. - The analysis is, therefore, directed
‘mainly towards the VVI-2 type inverter, which is more commonly used. The
conclusions are then extended to the VVI-1 type.

Two types of controlled current inverters are also considered. The
b effects .of limitations for each type are briefly reviewed.

The remaining twp limitations, i.e.,

- the tachogenerator noise

. - the need to limit the slip speed so that the motor always operates

> on the negative slope of the torque-speed curve

are considered in the remaining two sections. Note that the last limitation |

_is caused by motor nonlinearity. Therefore, it will not modify the results

from the last chapter, as they were obtained for the motor linearized

equations. @ RN

5.2 - Effects of highef harmonics - !

In general, all inverters _give non-sinusoidal output voltage wave-

forms. Therefore, the effects of higher harmonics on motor operation was

one of the first topics discussed in studies of variable frequency drives. ?%

RN

. 34,40,84-92 Thege effects may be divided into three categories:

-
§ ¢
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1) Lower efficiency due to increased motor losses
2) Pulsating torques (cogging) at very low supply frequencies

3) Changes in the dynamic performance from that obtained for the

sinusoidal voltage operation.

. - ¢ . ,
It is well known that the effects from the first two categories
are detrimental to motor steady state performance and various techniques

®3-3% One of the most popular

have been developed for harmonic suppression.
techniques, for very high éower drives is to supply each motor phase from two
\or more inverters connected in parallel. The selected output harmonics are
then cancelled by operating the inverters out of phase with respect to each

other.?®

A more direct and econqmic method is to use a PWM inverter with
sufficiently high carrier frequency,®* (Fign\5¢4) In this case, the inverter
voitage output consists of the basic harmonic, which is a replica of the
referencg signzl, and the carrier wave. As the carrier frequency is usually
very high, the resulting carrier frequency current is greatly attenuated

and appears as noise superimposed on the fundamental harmonic current.®2
Thus, harmonic effects will exist only when a variable dc¢ link voltage
inverter is used. ¢ ]

The impact of higher harmonics on motor efficiené& and pulsating

34,40,84792 Tne securrence of

torques has been discussed extensively.
ﬁulsating torques at very lgw supply frequencies (usually below 2-3 hz) is
a property of steady state motor operation. Briefly, the fundamental

and higher harmonic airgap'mmf interact to produce pulsating torques of
6th, 12th, etc. harmonic frequency and zero average value. Depending oﬁ
the drive total inertia, these torques may or may'not cause steady ‘state
speed oscillations as the iﬁput ffequency is decreased. 9 -

The possibledynamic &ffect of higher harmonics is obtained as the
answer to the following question: '"Do the drive transfer functions differ
from those obtained for a sinusoidal power supply?"

The answer may be found by galculating the speed response to each
harmonic component, by using the method of multiple reference frames

89

proposed by Krause and Hake. When these results are superimposed on:

thosg from the last chapter, a complete transient speed response is obtained.

-
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For 'small drive inertia and low input frequencies, it will contain the

¢ oscillating component produced by pulghting torques. By taking this compo-
nent out and comparing the remaining speed response with that obtained in
the last chapter fo; the sinusoidal input voltage, dynamic effects of
higher input harmonics become apparent, .

A somewhat different procedure was used by Krause and Lipo,*’ who
have found that higher harmonics (with pulsating torques included) produce
only second order eféécts.\ Their results indicate that when steady state
pulsating torques are not included, the speed dynami¢ response is virtually
the same as for a sinusoidal input voltage. 7

To summarize: . L

- The higher harmonics in the maotor supply voltage can be effectively
suppressed either by £ee§ing each motor phase from several phase
shifted inverters,"using\tgﬁnsformers, or by using an appropriate
PWM inverter. In both cases the drive behaves essentially as

when supplied by sinusoidal voltages.

- If variable dc voltage ifverters are used, the drive steady state
performance will deteriorate, due to the decreased motor efficiency.
eredﬁing on-the drive configuratién, the pulsating torques may
affect the speed of very low operating frequencies. However, for

all practical purposes, drive transfer functions are not influenced

by the higher harmonics and remain essentially the same as in the
last chapter. The experimental results, presented in the next

T chapter, corroborate this conclusion.

)

5.3 Effects of ac source impedance

‘

It was assumed in the last chapter that each converter-inverter '

group is supplied from an ac infinite bus. In reality, the drive isolation
transformer, as well as the incoming ac lines ha@é some, predominantly

inductive, impedance. ‘
For the thyristor bridge, used with the invé}ter of Fig., 5.3, the
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net, effect of this impedance would be a decrease in the dc link voltage.
This decreas& is caused by:

1) Lower terminal voltage on the secondary of the isolation trans-

former due to the line and transformer voltage drops .
- ‘

2) Commutation overlap in the thyristor bridge circuit. (This aspect

is discussed by P 11Y-96)

A
.

.

To prevent the drop, in voltage and generally, to improve the

thyristor bridge operétion, a voltage regulator is normally included. It

. maintains the dc link voltage at the desired level by changing the thyristor
firing angle: Thds, the effect of the ac .source impedance is not apparent

until all thyristors are fully on, i.e., until the moment when the voltage
regulator becomes inoperétive (saturated). )

In the case of PWM inverters, the dc 11nk voltage is obtained from
a diode brldge and, consequently, varies with the load. If an appropriate
voltage regulator is included in the inverter structure, it will compensate
for the changes in the dc input voltage, so that the inverter output voltage
is maintained at the desired level..

To summarize: -

The output impedance of the ac source has no effect on the inverter
output voltage as long as the correspbnding voltagp regulator is in
6peration. For PWM inverters, the output voltage is corrected practically
instantenously, the only limit being the inverter sampling delay. For the
VVI-2 type inverters, the voltagé regulation is perforﬁéq by the input

thyristor bridge which has a bandwidth of approximately 100 hz.102

For thls
reason, a very large capacitor 1s usually connected across the dc bus
Together with the voltage regulator, it effectively shields the inverter

dc voltage from load variations. The same conclusion can be made for chopper

controlled inverters (Fig. 5.2).

5.4 . Effects of transportation lags

In the dynamic analysis presented in the last. chapter, it was.
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assumed that both the voltage and frequency control logps react instant-
enously to any input signal. 1In fact, this is not true due to the time

lags caused by the thyristor descrete switching. As a result the voltage
or frequency can be changed only at the descrete time intervals. The Qorst
case occurs when a change is required immediately after a switching has been
made. ;n this case the full sampligg period has to pass before the change
cah be executed. Eﬁf

Since the two inverter types considered here have different voltage
and frequency controls, each one is discussed separately.

In variable dc voltage inverters, the change in the output frequency
is achieved by switching the thyristor in the next nhaseon, Figures 5.2b and
5.3b. In order to preserve the symmetry of the 3-phase wave shape, this
switching can occur only at the' instant which corresponds to a new requested

frequency. It follows then from Fig. 5.3b that the switching delay depends
on:

- a) the requested change, 4f, in the inverter output frequency

o

b) the inverter operating frequencv. The delay is increased as the
operating fréquency is decreased. For a six step inverter of

. Figures 5.2 and 5.3, and very small &f, the worst casc delay is

approximétely T/6, whefe T is the period of the operating

frequency before switching.

For VWI-2 inverters, the c¢ontrol of the output voitage is done by
the thyristor bridge, Fig. 5.3. As these thyristors are line commentated,
the sampling perioa is determined by their numEer, Nt' For the inverter
from Fig. 5.3, Nt,= 6 and the sampling period is 1/360 =‘2.78‘¢sec.

Several ,studies have been made to determine a suitable converter
dynamic representation.®®7!°? gjince the converter is a nonlinear device,
most analysis were based oi its linearized-equations at an operating point.%%”

191 1t was found that a mumber of linear models can be derived, each one

‘representing a converter under a particular set of conditions.'®! For the

case of slowly varying signals-and a stable system, the converter dc output
component can be calculated using the simple continuous model proposed by
Hernandex et al.!®! Finally, it was shown that the converter can be
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represented by a simple gain if its operating bandwidth is limited to

. f
approximately 50 hz.!'®? .

The line commutated converter is used in variable frequency drives
only in conjunction with dc link filter (Fig. 5.3). It is shown in the next
section that this filter may limit the bandwidth of the voltage control
loop to less than 5 hz. It is then obvious that the converter can be repre-
sented in this range by & pure gain.

For PWM inverters the response of both frequency and\voltage loops
depends én the frequency by which the carrier samples the reference sigﬁal
(Fig. 5.4). With a 600 hz carrier, the sampling time delay (worst case) is
1.67 msec.* When the response of the inverter electronics is included, the
maximum total delay is less than 2.0 msec.®’ f

However small, this delay is comparable to the dominrant time
constant of some cloPed loop drives (sections 4.2, part B and 4.4) and,
therefore, cannot be neglected.

It may be recalled that the time delay introduces a phase lag into
the system frequency Tesponse, without modifying the corresponding gain
curve. Therefore, it effectively decreases the bandwidth of closed loop
systems by decreasing the phase margin.

Consider, for example, the constant airgap flux drive. Its open
loop response is repeated in Fig. 5.5, now with the ezzett of the 2.0 msec.
time delay included. If a phase margin-of approximately 50°i5 desired, the
bandwidth of the closed loop drive becomes l}mited to 50 hz. This is a
dramatic change from tbg situation where the inverter was represented by a
pure gain, and the drivéﬁbandwidth was theoretically‘unlimited (section 4.4).

To summaxize:

In variable dc¢f voltage inverters the response of.the frequency loop
is inversely proportional to the operating frequeney and the magnitude of the
requested frequency change. Typically, the worst case delay for a six step

inverter, operating at 5 hz is less than 33 msec.

/

/

. .
The maximum time between switching is actually shorter since the reference
signal will never intersect the carrier wave at the very top, Fig. 5.4b.

/ .
! o
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For VVI-2 inverters, the f{;ége loop includes the line commutated .
thyristors which introduce appfeciable delays. However, these delayé do not
represent a limiting factor in the drive dymanmic perfoimance, since the
inverter voltage responsc is dominated by the very large time constant of the
dc link filter.

Although the sampling delays in PWM inverters are shorter, they'
cannot be neglected in the study of high performanée drives, since they
dominate the response of both voltage and frequency loops. These delays
introduce a phage shift which limits the bandwidth of closed loop drives.

The delay times can be calculated on a statistical basis, but a pessimistic

estimate is obtained by taking the period of the carrier wave as a sampling

time constant. o
rs
2 When this criterion was use9/6ﬁ the constant airgap flux drive, it
- was found that with a 600 hz carriey inverter the drive bandwidth is only
i half that obtained in the previous dhapter. .
5.5 Effects-of the dc link filter

T _ As seen from Figures 5.3 and 5.4, each inverter is supplied by a»
rectifier. The ripple in the rectified voltage is eliminated by the dc 1ink
filter® Depending on the inverter Eype, this filter can cause significant I
modifications in the préviously obtained dynamic results. ‘

’ In the preceding chapter, the drive power supplies were approximated
by a pure gain. It is obvious that when the filter is included in a control
loop, this approximation becofes invalid.

Consider first the PWM inverter, Fig. 5.4. Since the inverter
controls both its output voltage and frequency, the two corresponding loops
are closed in the inverter (Fig. 5.6). The dc linkofilter is left outside “

.the control loop and will have noleffec; on the drive dyndmic performance.
The filter can be made as large as is economicallf feasible, to minimize

‘ the fluctuations in the dc bus voltage. .

. ‘ . In the case of VVI-2 type inverters, the situation is entirely

different. ThF inverter output voltage is contfblled by controlling the dc

' | . \
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link voltage through the converter inherently included in the voltage
control loop (Fig. 5.7). As sden in the last section, the response of the
converter bridge is not very fast. Therefére, the role of the filter is

not only to eliminate the voltage ripple, but also to supply a part of the
inverter dc current at higher operating frequencies, when the conve}ter
voltage regulation'becomés less effective. For this reason, the dc link
filters are much larger than actually needed for ripple control. As an
example, the inverter used in the experiments and described in the next
bhapter has a 24.000 uF capacitor connected across the dc bus. The overall
converter-inverter bandwidth .was measured to be less than 3 hz. Much larger
filters, using up to 40.000 UF are reported in the literature.®® It is
obvious that such filter capacitance prevents any fast change in the dc link
voltage and, consequently, in the motor supply voltage.

This slow response will have different effects on motor dynamic

performance, depending on a particular draive configuration:

-~ the speed controller is made very slow so that both loops are able
to track the input request. Consequently, the same control strategy

exists during both steady state and transient operation.

- the speed controller is faster, but still*slow enough tha% the
response of the frequency loop may be considered as instantenous.
If the frequency loop is now subjugatedlto the generally slower
voltage loop, the desired control stfategy is again preserved
during the transients. If, however, the frequency loop is permitted'
to respond with its own speed, a particular control strategy will
be lost during drive transients. For the case of constant slip ‘
speed control, this will lead directly to instability,'due to the
positive feedback frequency loop, Fig. 4.21. For constant V/hz and
airgap flux drives, the slow voltage response will cause a
deviation from the deésired control strategy. ‘The extent of the
deviation will depend on the drive components, the operating point
and the instant when the request for a change ‘in speed is made.

This deviation may lead to peor dynamic performance.

- the speed controller is fast so that the time constants of each

7

3
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leop have to be taken into accougt. If each loop is allowed to

respond_with its own speed, the aberrations from the desired motor -

transient behaviour will only increase. ﬁfthe faster loop is
slaved to the slower one, the desired control strategy Will exist
at all times. Note that this may be difficult to achieve in

. practice due to the nonlinear and statistical behaviour of the
frequency loop. . , .
To summarize: -

When PWM inverters aré used the d¢ llnk filter is placed outside
the control lbop and, therefore, does not lnfluence the drive dynamlc per-

13
.

formance.
1£ VWI-2 inverters are used, a serious deterioration in the ‘speed

response occurs. The dc link filter slows down the inverter voltage respomse
v' 5 . A [} ”~
considerably. Depending on the interaction between voltage and frequency.

loops, this may either: ° ,

[

.- limit the bandwidth of the whole inverter to the 001nt where the
dr1ve response is. anproxxmatelv the same as for the open speed loop"

gperatlon .
or ) ‘ .

- cause a departure from a particular control strategy durlng drive
tran51ents . This departure will intyroduce a néw voltage -frequency
relatlonshlp, which may lead to the drive 1nstab111t)

One should note that chbpper controlled 1nVertérs (Fig, 5.2)
geﬁé&ally, have a faster vaoltage loop than VVI-2 inverters (Fig. 5.3). The
reason is that the filter between the chopper and inverter can be-.smaller
since the chopping frequency is usually high. ;

' %

.

S. Limitations of controlled current inverters
. ’ 7
In this discussion the effects vf-the component limitdtions were

related to the performance of cbhtro;led voltage inverters. Since it was

-

;
N
7
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Fig. 5.9: Regulated current source with a PWM inverter.
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found that the constant airgap flux strategy gives one of the best dynamic
characteristics and since this strategy is most easily implemented by
regulating the motar input chr;ent, controlled current supplies are ﬁow
briefly considered. -

Basically, two methods can be used té provide a variable frequency,
regulated current. One was proposed by Phillips®® and involves a <controlled
current supply and a variable dc voltage inverter, Fig. 5.8 . The other is
to use a PWM 1inverter with current feedback, Fig. 5.9 . The inverter output
voltage is continuously adjusted to provide the desired motor current.

It may be seen that the first method 1s inferior to the second one

for the following reasons:

1) The regulated current supply consists of a thyristor bridge and a
dc "link inductance. 1t suffers, therefore, from the same slow

response as the regulated voltage source, Fig. 5.3a.

2) The output is now a square wave current, as the inverter switches
between phe de¢ rails. The effect of harmonics is, thus, much
greater éhan before, when the output was a square wave of voltage
and the motor inductances acted as a filter. (Note that this
disadvantage still exists when the chopper controlled inverter is

~used instead). \

On the other hand, the PWM source (Fig. 5.9 ) provides a sinusoidal
output current, with switching noise superimposed. The source operates
essentially as a normal PWM inverter. The only difference is that now the
current loop controls the output voltage. If the inner (voltage) loop is
sufficiently fast (and this depends on the cérrier frequency), a fast source
response can be obtained, since the oute®m (current) loop has a wide bandwidth.

Note that the inverter should have a large voltage margin to be used during

fast current changes. .

; To summarize:

When the drive operétes in the regulated current mode, better perfor-
mance is obtained by using a PWM inverter, which has a superior dynamic

response and gives practically sinusoidal output current, than when a voltage

-

- R
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inverter supplied by controlled current is used.

S.7 Effects of the tachogenerator

L3

The tachogénerator is normally a part of closed loop speed drives.

It can be one of the following types: -

¥
2
1
! - 1) dc - . .
é 2) ac v ‘
© . -
i’ 3) digital \

A
. A description of the characteristic of each type 1s available in the

¥
literature.'®® £

1 The tachogenerator iIs usually represented by a pure gain, kt' as 1n
the previcus chapter. However, depending on its tvpe and installation, the

tachogenerator mav introduce the following effects into the speed control
g 8 P

T

. | loop~ ’ -
! 1) A phase shift and a magnitude attenuation

2) Noise,
The first effect results from the finite bandwidth of its transfer function,
’ defined as the ratio between the changes in the motor speedland the tacho-
generator output voltage. (Note that this definition includes all mechanical
couplings between the motor and the tachogenerator.)

The second one . can be caused by mechanical resongnce, rotor

eccentricity, brush noise, etc.

The first effect can be usually reduced to a tolerable level by

mounting the tachogenerator on a very stiff shaft, as close as possible to

the motor. This increases the bandwidth of the tachogenerator transfer
function. At the same time, it decreases the noise level in the speed signal
by pushing the resonant peak of the coupling shaft Gutside the drive bandwidth.
However, some noise will always be present. It can be shown experimentally

(”j that its frequency is usually proportional to motor speed. As the speed is
lowered, the noise falls into the drive bandwidth, the contreller interprets

”

S




oy

163

R

IR -

it as a speed disturbance and takes correLtivp action, Consequently, the

¥ controlle;wand the complete drive operate continuously in a transient state,

%w trying to respond to false speed errors. To prevent this, the speed signal

% has to be filtered whenever the noise ampl}tude or the controller gain are

é, too high. Obviously, this decreases the drive bandwidth.

%‘ ) To summarize: .

% The tachogenerator noise is often at a level such that speed signal

% filtering becomes a necessity. This filtering may reduce the drive bandwidth;

; the actual values depending very much on the particular installaEiOn.

b The use of digital tachogenerators will greatly reduce the noise
problem. However, they pose problems at very low speeds.

s A method by which the speed signal is reconstructed from the motor
input voltage, current and their phase angle has been proposed recently.!®"

. Judging from the experimental results, it holds considerable promise for

£

eliminating the noise problenm.

5.8 ‘Effects of the slip limit

Gl

All the limitations discusﬁgﬂ previously were caused by imperfect

drive components. The need to limit the slip speed is a result of induction
moto inearity. '

Consider a squirrel cage motor, supplied from the PWM inverter and
. L 3
perating under constant flux control at speed n;, Fig. 5.8.

If a request
for large speed change, say to n2, is given, the voltage and frequency can

change almost instantenously, transferring‘the motor operation to point B.
This is undesirable because:

. - the available accelerating torque becomes small
the resulting motor currents are very large

torque oscillations (not shown in Fig. 5.3)‘are possible if the
slip is large.

o

If the slip -speed is instead limited fonal, the voltage and frequency will

3

- \
-
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3

rise instantaneouslyonly uhtil the value of

o N .
1 i3 reached (point C). After
this the limiting element (Fig. 4.30) determines their rate of change so that

the motor accelerates using a much larger torque T;, determined by W, - The
motor maximum torque is never exceeded.
|

It is obvious from this example that the rates of change in motor
input voltage and frequency hate to be limited if the drive is to have

minimum transient times during large speed changes.

1 Note that constant slip speed drives are an_exception, since their

frequency loop is subjugated to the voltage loop. Consequently, the motor

maximum torque can never be exceeded and the limiting element serves only to

protect the motor (and the inverter) from exceptionally high currents, (Fig.
4.20.)

Note as well that the motor static chracteristic was used for

simplicity in the last example. In reality,gthe trajectory of the operating

point follows the dynamic curve which is obtained by solving the drive non-
linear differential equations, ‘

The dynamic results, obtained in the last chapter are not affected

by the slip limit, since they represent the motor behaviour in the vicinity

of an operating point. However, they cannot be extrapolated without taking

this limitation into account.. The drive total transition time is found by
solving its differential equations for each of the three trajectories indi-
cated in Fig. 5.10. Note that the transition from point C to D requires an

exact knowledge of the motor permissible torque,' i.e., the slip speed.limit

wl. For constant airgap flux control this does not present éproblem since

the drive dynamics are independent of frequenéy. For constant V/hz drives

the slip speed limit has to bé adjusted continuously for each operating

frequency, in accordance with the maximum available motor torque, Fig,

2.4b. The other alternative is to set W, at the worst case level, for a

. . e cqsgs
particular operating range. This means that the motor torque capabilities

will not be fully exploited at higher input frequencies. The third

alternative is obviously to break the constant V/hz ratio when & predetér-

mined slip speed is reached and to boost the input voltage until the desired

;torque~is obtained. Depending on the implementation, the last alternative

may require additional feedback loops or, at least anothen limiter in the

o
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frequency loop.

The same proﬁlemfexistsndith constant slip speed control, since the
setting of the voltage limit, Fig. 4.20, depends also on the motor input
frequency. In addition tq this, if the normally small vdalue of the slip

speed is not increased durﬁng large speed changes, the motor will either

‘develop’ a small accelerating torque, or operate well.into saturation as

explained in section 2.3.

To summarize: !

The slip speed limit is necessary to ensure operation on the,
negative slope of the torque speed curve and, thus,\to provide the shortest
possible transition times during large speed changes; motor startlng
included. This limit does not affect the prev10usly obtained dynamic results
which are valid in the vicinity of an operating poxnt.

If the three control strategies are compared with respect to the
slip limit, the constant airgap flux drive again appears to be the best one,

for the following reasons:

1) It gives a fast response for the large sﬁeed changes due to the

large permissible torques.
€

2) The limiting slip speed wp can be constant over the whole operating

range.

During this discussion the assumption was made that the value of the

limiting slip speed w. is determined only by the motor permissiblé torque.

. 1
In this case. the inverter has to be overrated as it.must supply currents

which are several times the motor rated current. In order to limit these

" currents and, thus, to decrease the inverter cost, a lower value can be

selected for w,. However, this will result in a slower drive response.

1

& «

5.9 Summary

[

In this chapter a comprehensive survey was made of-the factors |,
which may limit drive dynamic performance. The fifst six sections were

)
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devoted to the drive power supplies and the tachogenerator, the last one
to the motor nonlinearity.

When PWM invérters are used, the effects of the higher harmonics,
ac source impedance, and dc link filter are negligible. The sampling time
delays have to be taken into‘account as they dominate the inverter response.

. In variable dc link voltage inverters, the timec constants of the
voltage and the frequency control loops are different, the.frequency loop
being generally faster. Therefore, a particular control strategy is

preserved during drive transients only if either the speed controller is

very slow, so that both loops can track the input requelst, or a faster

i ) control loop is subjugated to a slower one.
. v When regulated current supplies were q?nsidered, it was seen that
: the PWM inverter with a current controlled output offers superior perfor-
E mance, since it yields both fast transient response and sinusoidal output
currents. '

Y

f ) While tachogenerators are being continually improved, they cannot
be made absolutely noise free. With higher controller gains’and faster
responding drives, this noise often becomes a prime limiting factor.

In agreement with previous studies, 3’

it was- seen that optimal
drive performance is obt@ined by limiting the slip speed during large speed
changes. It was found that in this mode, constant airgap flux control gives
the best results since it yields large and constant permissible torqles over
. the entire operating range. '

. , Many of limitations discussed in this chapter will become irrelevant

if a drive application does not require a fast speed response. However, when

l s - high dynamic performance is desired, these limitations have to be c¢ritically

i

evaluated so that the most suitable control strategy and correct drive
A ,

components are selected.
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chapter.in order to make the theoretical results more relevant to practical

induction motor drives.

Introduction
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CHAPTER VI

EXPERIMENTAL RESULTS

Various limitations of realjstic drives were reviewed in the last

This aim was further pursued by performing a

series of experiments on an actual machine. The results of these experi-

ments are presented and discussed in this chapter.

Within the constraints of the available equipment, the experiments

have been designed with the following objectives in mind:

(1) Verification of the motor dynamic model

(2)

(3) Assessment of the inverter effects on the motor transient response.

Extension of the dynamic results to the motor nonlinear behaviour

Due to the inverter limitations, to be described in the next

section, it was not possible to obtain meaningful closed loop results.

However, the open loop measurements are in good agreement with the predicted

motor behaviour.

By confirming the validity of the motor dynamic model,

the experiments support also the closed loop theoretical results, within

the approximatioﬁs made in Chapter IV.

domains are obtained. While the speed step response in the time domain gives

overall information about system stability, it conceals the details of the

As in previous chgpters, results in both the time and frequency

motor dynamic characteristics. Therefore, the theoretical results are

verified by measuring the motor ‘transfer functions in the frequency domain

while the step response is used in the study of motor nonlinear behaviour.

Apparatus

-

The equipment uged to carry out the experiments consisted of:

/

. e
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A 3-phase wound rotor induction motor, with parameters

as given in Appendix A.

A variable vo{}agg ihput (VVI) inverter, type SP-200

(General Electric) operating with

‘A dc machine with inertis of 0.14

nstant V/hz control.

2

cgm? .

Single phase cycloconverter, used to s

ly tHe dc mécbine.

o

« motor.

f mode . 102

dynamometer!02,

o (105)
A precision torquemeter.

A dc tachogenerator.

A variable phase function generator, Hewlett Packard
type 203A,

A 'storage oscilloscope, Hewlett Packard, type 141A,

The cyclogonverter and the dc machine form a high pé}formance

The dynamometer is used to load dynamié¢ally the induction
The equipment set-up is presented in Figure 6.1.

The dynamometer can operate in either a current or speed control

In the current mode it provides a regulated load torque for the

induction motor, over the whole speed range and has a bandwidth of 50 hz.
In the speed mode, it determines the speed of the whole group. In this
mode, its bandwidth is at 15 hz.

All f?equgncx résponse measurements were performed iﬂ a standard
- way, by comparing the inﬁut and the output galn and phase, using
‘Lissajous figures. The filter is used to eliminate high frequency noise,
especially present at lower operating spééds. The step response measure-
‘ments were performed by applying a step reference to the appropriate power

source (cycloconverter ot inverter).

AltogetRer, four. different types of measurements were made:

Speed-torque transfer functions, Gzts). The inverter reference -
*was maintgined constant, while the cycloconverter sinusoidally

1)

’ perturbed the dc machine armature current and thus the shaft
speed. The dynamomeser was in the speed control mode, with
speed feedback loop closed. The experiment was performed~.

with S and both F2 switches closed and all others open.

The ‘main frequency of both filters was maintained the same as

the perturbation frequency.

Y
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(2) Speed response to a step torque. The corrections were the same

as for (1) except that switches S, T2 and T were ,closed, all
others being open. The break frequency of both filters was set
at 200 hz.

(3) Speed-speed reference transfer functit;n,. G1 (s).‘ The cyclocon-
verter reference was maintained constant, the dynamometer then
providing a constant load torque. The inverter reference was

Both Fl switches were c_;ﬁed, all others were

1t

rs was the same as the

" a sinusoid.
open. The break frequency of both fi

perturbation frequency.

(4) Speed response to step reference input. This was the same as
for (3) except that both Tl and T .switches were closed, all
others being open. The break frequency of both filtexs was set

at 200 hz. ,

In the last two types of experiments, the inverter dynamics had a
considerable effect on the measured results. A brief description of the

inverter is therefore presented. The inverter nhme plate ratings are:

INPUT: Volts 416/240 .

Amps 45
Hertz 60
) i Phase 3

OUTPUT : hp 10

Volts, A.C. 200
Amps, A.C. « 58
Hertz, base 120

Phase 3

. Model No. 6V20D1003 Drive Code AF-3090

The inver\ er schematic is given in Figure 6.2. Both voltage and
frequency can be :\djusted individually to obtain the desired V/hz ratio.
h'I'he input converter consists of a 3 phase, half wave thyristor co;mverter,
tﬁereby placing'stringem; requirements on- the ac source. . As the recommended
4-wire supply transformer was not gvailable at the time of the experiment,
an existing step-up transformer was used. As the induction motor load was
varied, the effect of the ac source impedance was strongly felt, especially
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Fig. 6.4a: Inverter outputs at 60 hz.
3 (Trace allocation same as below), .
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in the higher voltage/frequency range. For example, the inverter output

voltage changed from 205V to 187V from no-load to full motor Joad. The

iy - € S i

%‘ voltage regulation was feund to be rather poor, relying congiderably on

? "a large dc filter capacitance (24.000 uF). The voltage regulator has a

;; narrow bandw;dth and was obviously not designed for inverter dynamic

. applications.

g The inverter 1s a standard McMurray typc with injected commutating

pulses. The 1nverter voltage and current waveshapes are presented in

Figure 6.4a and 6.4b.

p

Pobr voltage regulation is clearly seen for 2 hz

operation, Figurc 6.4b. The filter capacitor 1s drained and cannot

maintain constant voltage at low inverter frequencies, while the converter
voltage regulator response 1s not fast enough.

The frequency response of the converter bridge at'60 and 10 hz is

presented 1n Figunes 6 5a and 6.5b. It describes the transfer function

between voltage reNerence and the dc link voltage with the link filter

included. Since thg converter is highly nonlinear, this transfer function

depends very much gn the inverter load. The measurements were made with
) S

RO PG S RN R O

the motor running at the rated current. It is seen that the cofi®Erter has

2

a2 bandwidth of about 1.2 hz at 6Q hc inverter operating frequency. At

10 hz the bandwidth 1s increased to 2 hz but the gain curve starts to show

the filter resonant peak. Note that the f2st change in the phase curve

would have posed serious problems If an attempt had been made to close the .
drive speed loop.

These results point to the following: ~

(1) The converter dynamics will dominate the drive response in any

speed-input reference measurements.

(2) Drive operation in a closed 'speed loop would require a comﬁlete
redesign of the converter control circuitry. Even then, less

than spectacular dynamic performance is to be expected with
this type of invexrter.

(3) The combination of the half-wave converter, poor voltage regulator
and inappropriate isolation transformer make the inverter voltage
very dependent on ;ﬁe motor load. The assumption of an infinite
bus supply obviously does not hold. This affects the measurement

of both speed-reference and speed-torque transfer functions.

iI!I..'.I..!lllll!lnnuugqna, =
* ‘l.
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While the effects of the converter dynamics were minimized by
modifying the measurement procedure, the other two factors could not be
eliminated. The results presented here should be examined while keeping

these factors in perspective.

6.3 Small Signal Results

All results presented in this section have been obtained by
sinusoidally perturbing tﬁe motor inputs around an operating point. ;f
an allowance is made for ghe power supply effects, these results sﬁgzld
confirm those from Section 4.2.1, obtained by using the motor linearized
equations. Therefore, these results represent a most important group of

measurements.

6.3.1 Speed-Torque Transfer Function

Although a very similar experiment had been reported by Jayawant
and Bateson,%! the narrow bandwidth of the metadyne used to perturb the
motor load torque had severely restricted their results. The use of dc
machine and cycloconverter enables the measurement of the motor frequency
response in the 5 - 15 hz range, where fﬁe electrical eigenvalues start to
appear.

The speed-torque transfer function is obtained from:'

8w § VI8 T .

- m =
G1(s) 5T, T SV /5u (6.1)
C m

\
where Vc is the dynamometer speed reference. The procedlire requires two

measurements for each perturbation frequency but yields results which are
independent of theé dynamometer dynamics. | "

All experiments are performed at rated motor current and with a
constant inverter reference.

At 60 hz operating frequency, with sinusoidal voltage supply, the
Gy (s) fransfer function is as predicped; Figure 6.6a. The break point is
determined by the mechanical eigenvalue: Electrical eigenvalues are

obviously all cancelled, as discussed in Section 4,2.1. Since the experi-
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ment was performed with 200 V supply voltage, (against 220 V for the theoretical

‘ results, Figure 4.6b) the break point is now at a lower frequency, in agree-'
4 ment with Equation (3.51). .
The same results were obtained when the motor was supplied from the
4 inverter, Figure 6.6b. This shows that the dynamic effects of the power
g supply are negligible at the 60 hz operating point.

At 30 hz operating fréquency, the motor was supplied from the

inverter. The experimental results again correspond to those obtained
b theoretically, Figuré 6.7, The perturbation frequency is extended to 16 hz,
5 which is not enough to detect the first pair of electrical eigenvalues at
: 20 Rz. Measurements at higher perturbation frequency were not meaningful,
: since the speed signal becomes very attenuated and entirely buried in noise.
3 At 5 hz operating frequency, the measurements deviate from the pre-
dicted results. The main difference is in the dc level and frequency'of
the resonant peak. This difference,could have been caused by these two

factors: .

- poor regulation of the motor input voltage (Figure 6.4b) which

is not constant as the load is changed

‘

- inaccurate measurements due to the noise in both speed and

torque signals.

As the spedd of the operating point is lowered, the noiEe falls into
the spectrum of perturbation frequencies and cannot be filtered. It is’
impossible to conclude whether the speed noise was caused by the tachogenerator
or represents true speed oscillations resulting from pulsating harmonic
torques. The noise faétor made the low speed measurements very difficult and
unreliable at perturbation frequencies above 3 hz. Thé phase measurement was
particularly affected. Therefore, the predicted shape of the phase lag
curve could not be detected with any degree of confidencé.

The following conclusions can be drawn from these results:

5

(1) The motor dynamic model, used in the theoretical study is found
to be accurate. Consequently, all theoretical results are also
valid when the effects of inverter dynamics are negligible.
Since these effects usually have to be taken into account, the

. - theoretical results represent an upper bound on drive performance.
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6.3.2

the following two problems were encountered in this experiment:

(1)

(2)

1

(2)

the results by calculating the $peed-input reference transfer

[l
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The pole-zero cancellation occurs for weak electro-mechanical
couplinggﬁpnd the higher operating frequencies, as predicted by the
Direct Method.

The anticipated effect of electrical eigenvalues at low operating
speeds could not be measured, as both speed and torque signals

were swamped by noise. This is an important conclusion,

indicating that at low speeds, the noise problem is more important
than thie low damping of the magnetizing eigenvalues. As such; this ~
result points to a major source of problems whi;h would have to be
solved befofe closing the speed loop. At the same time, these
results practically disqualify the VVI inverter from most applica-

tions in closed loop drives. .

s

Speed-Speed Reference Transfer Function

When attempting to use the inverter in its original configuration,

& 1
The motor dynamics became entirely obscured by the narrow band-

width of the converter-filter group, Figure 6.5a and b.

The time constants of the frequency and voltage control loops

differed so much that the constant V/hz strategy existed only

when the inverter was in the steady state. It was obvious .
that the results obtained under these conditions would not

correspond to the predicted ones.
In order to alleviate these two problems, the following was done:

The faster frequency loop was sldaved to the voltage loop by discon-
necting the frequency input reference from point A, Figure 6.2b,
and connecting it to the dc bus through an appropriate veltage
divider. In this way the constant V/hz control was presented at

all times,.

The effects of the converter and dc link filter were excludéd frgm

function as: . -
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Swm/évz § v
G1(8) = §TE/V, ° T | (6.2)

4

where V, 1is the input reference, Figure 6.2b, while ‘§ is the
inverter dc input voltage. Since the frequency reference is ‘
obtained from this voltage, 6E determines the perturbation of
both input voltage and frequency. 1If tﬂe inverter switching ‘
delays are negligible, the measured and the predigted results

B}

should Qe the same.
7

Al]l measurements were performed at rated and thus constant motor
load. As the dynamometer operates in the regulated current mode, the dc
machine inertia has to be taken into account. ]

At 60 hz operating frequency the measured and predicted results are
practically identical, Figure 6.9. The break point has moved to 1.15 hz,
reflecting the increased total inertia.

When responding tc the input reference, the induction motor behaves
as a second order system and the gain curve rolls off at -40 db/decade.

The low break frequency (1.15 hz) and the -4Q db/decade slope made reliable
measurements above 9 hz impossible.

At 3Q hz operating frequency there is again perfect agreement
between the theoretical and experimental results, Figure 6.10. The previous
comments also apply here. .

At 10 hz operating frequency the main disagreementxbetween predicted
and measured results exists in the diffgkent shapes of the two phase curves.
As in the measurement of the speed-torque transfer function at 5 hz input
frequency, this disagreement is caused primarily by the,difficulty in
measuring the speed signal accurately at the higher perturbation frequencies
due to noise., In fact, an attempt was made to find G;(s) at 5 hz operatin
frequency but this was abandoned due to the inability to obtain consistent /g
results. In addition to the noise problem, there is a possibility that the/
inverter also contributed to the disagreement in phase curves by introduci#g

a switching time delay. As aiready pointed out, this delay may become /

significant at low operating frequencies. /.
From these results the conclusions appear to be similar to tho§é
reached during the speed-torque experiment: //

/4

- The validity of the motor dynamic model is again confirmed./’
This then confirms also the validity of the theoretical results.

v
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2
- The electrical eigenvalues ar¢ practically unobservable at the
higher operating frequencies while at the lower ones they become

unmeasurable due to the torque and speed signal noise.

Note that in the addition to the noise, the problem of the converter band-

width and stability would have to be solved before the drive could operate

in a closed speed loop.

6.4 Large Signal Results

The dynamic results are extended experimentally to the motor nonlinear

behaviour by applying large steps in the input reference and load torque.

-«

6.4.1 Speed response to step torgue disturbance

L

For this group of experiments, the speed reference is maintained
constant. A step in the dynamometer armature Qurrent gives a step in the
motor load torque. Although the results include the dynamometer dynamics,
their effect is negligible due to the larger (S0hz) bandwidth of the dyna-
mometer whlgh nox operates in the current regulated mode. The speed change

is large enough to’'reflect the motor nonlinear behaviour.

The results were obtained for the same input frequencies used
during the méasurement of the motor transfer functions in order to facili- '
tate the comparison. Since the torquemeter circuit includes a 200h:z
oscillator, the torque signal had to be filtered by a fairly narrow band,
low pass filter. For this reason, the dc armature current is disﬁlayeq

instead of the torque signal.

At 60hz input frequency 6-17 and the sigusoida} voltage supply,
the motor respond% to a torque stepas a first order system, fig. 6.12.
Although the speed changes by 105 rpm, the result is similar to that
obtained by using the motor linear model, fig. 4.6a. The only difference
between the experimental and the theoretical results is in the rise time,




o

Fig. 6.13: Speed response to a load step input at 60 hz,

/ : \ ' : . 178

[

Fig. 6.12: Speed response to a load step input at 60 hz,
sinusoidal voltage supply.

(Trace allocation and time base same as below)

o

~

* inverter supply.

Trace 1: Dynamometer reference.

Trace 2: Dynamometer current 8.25 A/cm.
Trace. 3: Speed 40 rpm/cm.

Time Base: 0,1 sec/cm.
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which is now considerably larger. A full explanation of this discrepancy
r;xay be obtained by studying the motor nonlinear equations. However, some
insight may be gaingd by gointing out that the motor was overloaded by 60%
at the moment.when the step torque was applied. This means that it was
operating close to the top of the torque-speed curve, in the region of its
decreasing slope. The speed response to the load change is determined by
the mechanical eigenvalue which is directly dependent on this slope, equation
{3-50). Thus, as the slo;')e of the speed-torque cirve is decreased, the
break frequency of the real eigenvalue is decreased too, resulting in a

slower-than-predicted response.

Although this explanation is only approximate, since the linear model
is used to interpret motor nonlinear behaviour, it should account for at

least part of the discrepancy between measured and predicted results.

When the motor was supplied from the inverter the results were the

same as for a sinusoidal input voltage, fig. 6.13.

At 30hz, fig. 6.14, the speed step response is identical to that at

60hz and the previous comments would also apply here,
: 3 . ' .
At 10hz, the result is basically the same as before, the only

difference_being small oscillations in the speed signal, fig. 6.15. It is
difficult to determine whether these oscilldtions are caused by motor
_decreased damping, pulsating torques or represent simply tachogenerator
noise. . ‘

At Shz, the magnitude of the speed change has increased to 128 rpm, ~
fig. 6.16 élthough the magnitude of the load disturbapce'was the same as
for the other measurements, This departure from the previous results reflects
the increased motor sensitivity to load disturbances at lower input fre-
quencies, as discussed in section 4.2.1. Another important observation is
that even at such low operating quencies the speed response is ‘well

damped and there is no sign ofumotor instability. AN

1

QOne may conclude from these results that the speed resf)onse to large
torque changes is essentially the same as predicted By us:'mg. the motor
linearized dynamic model, providing that motor operation is ‘restricted to
the stable portion of the torque speed curve.

. « | 4
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‘Fig. 6.15: Speed respohse to a load step input at 10 hz,

inverter supply. )
(Trace allocation and time‘l%e same as below).

Fig. 6.16: Speed response to a load step input at 5 hz,

.t
-

inverter supply.

Trace 1: Dynamometer reference.

Trace 2: Dynamometer current 8.25 A/cm. :

Trace 3: Speed 40 rpm/cu.
" Time Base: 0.1 sec/cm.
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Speed response to a load step input at 30 hz,
inverter supply.

Trace 1: SpeéddO0-wpa/en.
Trace 2: Dynamometer current 8,25 A/cm.
Trace 3: Dynamometer reference.

Time Base: 0.1 sec/cm.

Speed response to a step reference at 60 hz,

Trace 1: Inverter reference 0.5 V/cnm.
Trace 2: dc link voltage 6 V/cm.
Trace 3: Speed 38 rpm/cm.

Time Base:. 0.5 sec/cm. '

'




- . 182

' 6 4.2 Speed response to step reference input

The dymamometer malntains constant motor torque by operating 1in
the regulated current mode. A step signal is applied at the inverter
reference input, fig. 6.3. The measurement procedure used to eliminate
converter dynamics from the results obtained in the frequency domain
was not possible here. Consequently, constant V/hz control was not main-
tained during the motor transients. In order to assess the effects of
the converted and the dc link filter, the dc link voltage is also dis-

played. »

At 60hz, input frequency, the response of the dc link voltage was
relatively slow, fig. 6.17, resulting in a deviation from the constant
V/hz control. .As the motor was required to accelerate with a relatively
decreased input voltage, the developed electrical torque was not very

large and the speed response was slow.

While the dc link voltage exhibits a small overshoot, reflecting
the structure of the converter voltage control loop, the motor speed

response 1s overdamped.

At 30hz the results are unchanged, fig. 6.18, and the previous

comments apply.

At 10hz the speed response was noticeably slower while its steady
state value was decreased by 24 rpm, fig. 6.19. Both changes reflect the
decrease 1n the gain of the forward motor loop (input reference to speed)
at lower input frequencies. This decfeasé?may be predicted by‘looking at

" the slope of the static torque speed curves, in the lower 1n§ut frequency
range, fig. 2.3. This was also observed in the theoretical results and

extensively discussed in section 4.2.1. Finally, a loss in forward gain

at low input frequencies was confirmed experimentally, fig. 6.16.

These results lead to the conclusion that the speed response to
large input reference signals is very well damped.“ However, it is not
possible to correlate the experimental and the theoretic#l results because
they were obtained for different airgap flux distributions. The results
therefore reflect motor nonlinear behaviour for one particular type of

‘power supply.




183

~ Fig. 6.18: Speed response to a step reference at 30 hz.

Trace 1: Inverter reference 0.35 V/cm.
Trace 2: dc link voltage, 7.2 V/cm.
Trace 3: speed 38 rpm/cm.

Time Base: 0.5 sec/cm.

¥
¢
{
. ] / ‘ (
Fig. 6.19: Speed response to a step reference at 10 hz.
- ' Trace 1: Inverter reference, 0.545 V/cm, ,
{-) B Trace 2: dc link voltage, 6 V/cnm.

Trace 3: Speed 38 rpm/cm. ‘
Time Base: 0.5 sec/cm.
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. 6.5 Effects of higher harmonics

N ~
As pointed out in Chapter V, higher harmonics in the input voltage

may affect the motor speed, especially dt reduced supply frequencies.

following two questions have to be answered in order to evaluate these
effects:

s e TR S

-

The

s Sak e o

1) How much should the motor dynamic model be modifiad in order
to account for the higher voltage harmonics?

2) What 1s the effect of pulsating torques on speed?
Since the first question is practically answered by locking at the

5 speed frequency response, fig. 6.6 to fig. 6.11, only a few comments are
% added here:

- The linearized dynamic m&;%I predicts only the behaviour

] of the speed fundamental harmonic. Any corrections for

% the square wave input voltage have to be done by super-
R

’ position of motor models for each harmonic. This might,
) however, severly test the linearity assumption.

The deviation of experimental from predicted results at

low supply frequency figures 6.8 and 6.11, indicate the

presence of speed harmonics. However, the measurement

methodology precludes any additional quantitative con-
clusion. One reason is that the dynamometer dynamics,
; decoupled from the fundamental frequency results, . -8
;?1 affect the speed higher harmonics.. Another reason is

: that the speed harmonics appeared as a nonlinear effect
in the Lissajous figures, which were very difficult to
int%rpret. A third reason is that it was impossible
to distinguish between true speed oscillations and
tachogenerator noise.

o

In order to gain more insight into the speed harmonic oscillations,
) and also to answer the second question about the effects of pulsating

. torques, a steady state experiment was performed with the motor operating
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at 1-2 hz input frequency. It was hoped that at such low speeds the
relative importance of the tachogenerator noise would decrease since

the effects of pulsating torques become more pronounced.

The dynamometer was used to provide a constant load torque by’
operating im the current controlled mode. The inverted frequency
reference was disconnected from point A, fig. 6.3, and connected to an
external precision dc supply, since it was not possible to obtain proper

inverted operation at such low frequencies with the original connection.

The results were disappointing and encouraging at the same time,

t was not possible to measure any speed oscillations caused by pulsating
torques. In an attempt to get some measurements, the V/hz ratio was
varied by increasing the input voltage within the range allowed by motor
current considerations, but the oscillations simply did not materialize.
When the load was increased so that the motor stalled, small rotor
vibrations were observed and could be felt by placing one's hand on the
motor shaft. However, the tachogenerator signal was not recorded as it
contained different kinds of static friction and brush noise. The large
added dynamometer 1inertia was probably the main reason why the pulsating .

torques could not produce significant speed oscillations.

The conclusion is then reached that the effect of voltage
harmeonics depends very much on drive parameters, in particular on the
total system inertia; that the speed harmonic oscillations exist at low
input frequencies but did not pose any .cogging g}oblems in the drive
under study, and finally, that the speed oscillations would become

amplified in a closed loop system if a low pass filter was not included
in the speed feedback loop.

the drive bandwidth.

Such a filter would obviously severely limit

6.6 Summary

.

A series of experiments was performed on an actual machine in order
to make the theoretical results more credible and relevant to practical

» induction motor drives.
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The first of the stated objectives, confirmation of the motor
dynamic model, was entirely achieved. This result has very significant
implications since it also validates the predicted performance of closed

loop drives.

The second objective, extension of the dynamic results to the
region of motor nonlinear behaviour was mostly achieved. The speed
response to large step disturbances corresponds to that of a first order

system, as predicted by the motor linear model.

_ When large steps were applied to the input speed reference, the
comparison between measured and theoretical results became meaningless
due to the presence of a large dc link filter in the voltage control
loop. This filter caused a deviation from the constant V/hz control
during motor transients, as explained in section 5.5 of the previous
chapter. Consequently, theoretical and experimental results were
obtained under different transient conditions and cannot be compared.

Nevertheless, the measured results show that the problem of marginal

stability does not arise in this drive. ﬁ\\‘\k

The third objective, the assessment of inverter effects on a
motor transient response, was partially achieved. Only qualitative
assessment was possible since an alternate power supply with sinusoidal

voltage and instantaneous response was not available for comparison.

It was found that the dc link filter slows down considerably the -
motor response ( as predicted ), but does not introduce any instability.
Very good agreemen£ with theoretical results was ohtained by excluding
the converter from the voltage control loop. The results obtained under
these conditions show at the same time tha£ the inverter switching

delays pi? negligible. 3

Of all effects, the inverter higher harmonics were by far the
most important, especially at reduced input frequehcies. They caused
some harmonic speed oscillations and, therefore, made the‘frequency
response measurements difficult and unreliable at low operating speeds.
Consequently, the }ightly damped electrical eige?values, anticipated in
the speed response at low input frequencies, could not be observed.

o
-

R X o A‘{a‘-“g‘;
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Although the conclusions about the inverter harmonic effects are
not new, they receive special importance when a closed loop motor operation
is considered. In this case, the speed harmonic oscillations make a low
pass filter in the speed feedback loop mandatory, thereby decreasing the
drive bandwidth. This conclusion then tends to exclude variable voltége

input inverters from applications in high performance closed leop drives.
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CHAPFPTER VII
EPILOGUE

\\ A

7.1 Summary

This thesis presents a comprehensive dynamic study of closed

v

loop, variable frequency induction motor drives fon various strategies

of motor speed control.

Three control strategies were formulated and the corresponding

steady state motor characteristics were presented in Chapter III,

The basic methods of time and frequency domain analysis were
reviewed 1in Chapter IIT and arranged in‘ayform suitable to this study.
The classical notions of observability and controllability were examined
and were found inadequate for the performance analysis of practical
control systems. Therefore, the two new concepts of pseudo-observability
and pseudo-controllability which are more relevant to engineering appli-
cations, were defined, In addition to this, two theorems which lead to
a new analytical method for predicting the structure of speed-torque
transfer functions as well as the nature and location of their zeros
were formulated. The method is simple, general and applicable to any
motor drive, operating in an open or closed control loop and represented
by a set of linearized equations. The proof of the two theorems was

present%jhby using the basic properties of electrical rotating machinery.
|

e dynamic analysis of closed loop induction motor drives,
described by a set of linearized equations, was presented in Chapter IV.
The results were given in both time and frequency domains, for an easy
intérp}etation. An ideal, variable frequency, power source was assumed.
Consequently, the results of this chépter reflect an upper bound of the
motor dynamic performance, attainable with an~instantaneous response, )
sinusoidal output power supply. The results of Chapter IV were re-
viewed in Chapter V in'the light of theelimitations imposed by the non-

ideal drive components.
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? ’ The experimental confirmation of the theoretical results was re-
;% ' ported in Chapter VI. The measurements in both time and frequency domains
é' were discussed. The use of a variable voltage input inverter frustrated
k-

! accurate measurements at lower motor speeds and demonstrated the limita-

£

p tions of a square-wave power supply.

& ,
¥

£ _

B 7.2 Conclusions

g

A number of conclusions pertinent to the analysis and the dymamic

-

performance of variable frequency induction motor drives are now made.

o

These conclusions are based on the results obtained in this study and the

PR

u
o

experience gained during the experimental work.

Theoretical results

f

1. The speed-torque transfer function Gz(s) of any rotating
machine, which is operating in open loop and which is represented by a
set of linearized equations, has N-1 zeros, N being the number of machine
eigenvalues. Furthermore, a}l zeros of Gz(s) are identical with the
eigenvalues of the machine constant speed electrical system (Theorem -1,
Direct Method). In most cases the electrical poles and the electrical
zeros cancel each other, leaving a first order speéd;torque transfer
function. The pole of this transfer function depends on the total inertia

of all rotating masses and the slope of the static torque-speed curve.

2. The speed-torque transfer function of any closed loop
electrical drive, described by a set of linearized equations, has N-1
zeros, N'being the number of drive eigenvalues. Of these N-1 zefos. Nl
are identical to the eigenvalues of the drive reduced system, while the
remaining ﬁz are the'eigenvalues of the drive speed controller. (Theorem

2, Direct Method). The definitions of the drive reduced system and the

speed controller are given in section 3.3.3.

3. The dynamic characteristics of an induction motor generally
depend on the supply frequency and the motor lead. The only exceptions
QO are drives where the airgap flux is maintained constant at every instant of

motor operation. In this case, the drive dynamics change only with load.

i
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4. Constant Volts/hz, open loop drives exhibit a number of
undesirable characteristics when operating at reduced input frequen-

cies:

- A decreased damping -of the electrical
magnetizing eigenvalues. Depending on
motor parameters, this may cause dynamic

shaft oscillations.

- Poor speed regulation, caused by a
decrease in the forward motor gain.
Consequently, the motor speed is very

sensitive to load changes.
- A decrease of motor maximum torques.

These factors make constant V/h:z open loop drives suitable only

for applications where a most elementary speed regulation is required.

5. Constant Volts/hz closed loop drives may have a very good
dynamib performance, provided the speed controller and a corresponding
compensating network are properly designed. In this case, motor dynamic
characteristics become practically independent of the input frequency.
At the same time, the motor speed becomes almost insensitive to load

changes.

6. Although a constant slip speed control strategy yields
constant power factor operation and reduced harmonic losses at light
loads, it is not suitable for applications where high dynamic performance
is expected. It was found that a motor with constant slip speed control
and supplied from a voltage source has a slower speed response than when
operating in an open speed loop. Furthermore, the motor characteristics
depend §ignificant1y on the supply frequency, while the speed was very

sensitive to the load variations, despite a closed loop operation.
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7. It was found that a constant airgap flux strategy has two

very important advantages over any other form of induction motor control:

\

.

a) The drive static and dynamic characteristics
are independent of the supply frequency,
*/
b) The motor electrical system is reduced to
the rotor circuit. Consequently, the drive
becomes unconditionally stable and responds

to any input as a first order system.

Both factors enable the design of a fixed structure, optimal
speed controller, which 1s not a compromise between the contradictory
requirements at the two ends of the frequency range. Furthermore,
since the drive responds as a first order system, the speed controller

is not designed to improve its stability but rather to suit the drive
application requirements.

i

|

8. It vas demonstrated in this study that any induction motor

can be made to behave in a desired fashion, provided that a correct
drive structure is chosen. Thus, the most logical approach in the
design of high performance induction motor drives is to optimize the
motor parameters with respect to the efficiency and the steady state
operation, while using control loops to obtain a desired dynamic
behaviour. Note that this runs contrary: to the current research practice
of searching for the combination of motor parameters which gives the best
open loop dynamic performance.

Practical drives

B
1. When different limitations of non-ideal power supplies were
examined, it was found that those most impor%ant are:
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Mg

(i) Time delays in the voltage control
. \\\ ! loop, introduced by a 1ar%f dc tink
filter. '

(ii) Effects of steady state phlsating
torques at reduced input frequencies.

¢

The experimental results have confirmed these conclusions,

These two factors practically prohibit the application of variable

voltage‘?;put inverters in most closed loop induction motor drives.

The same cenclusions were made for inverters with regulated out-
put current, with the only difference being that the dc¢ link filter is
now replaced by a large dc choke and the effect of higher harmonics is

now much stronger.

2. It was found during the measurements on the openlloop,qconstant
Volts/hz\drive, that at reduced input frequencies the anticipated effect of
lightly damped electrical eigenvalues could not be observed due to the
effect of steady state pulsating torques. This experimental result implies
that when the drive 1s'supplied from a square-wave inverter, the effect of

pulsating torques overshadows that of lightly damped eigenvalues.

3. When pulse width modulated inverters are applied, excellent
dynamic performance may be achieved with the proper control strategy. In
this case, the dominant limiting factor becomes the tachogenerator noise,

as it necessitates the use of a low pass filter in the speed feedback loop.

= - 4. The motor nonlinear opefation was discussed and the need for
slip limit during large speed changes was explained. It was found that
the constant airgap flux strategy gives superior drive performance by
permitting accelerations at very high, constant motor to;ques. Further-
more, the value of the slip limit is constant over the whole operating
frequency range only with this control strategy. Therefore,-a speed
controller with fixed structure may be used without compromisiné §he drife

large signal response.
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The overall conclusion is that the following are necessary for

the realization of high performance induction motor drives:

“

1) Closed loop operation
2) Constant airgap flux control

3) Pulse width modulated inverter.

7.3 Suggestions for future work

The following research topics would represent a continuation of

this study:

1) Further analysis of the motor nonlinear
dynamic behaviour.
2) Effects of dynamic deviations from a
particular contrel strategy due to
different time. constants in voltage and
frequ‘ency control loops in variable 4

.voltage input inverters.

< 3) Investigation of dynamic characteristics
of pulse widt'h modulated inverters, in
parti-cular with respect to switching

delays. 4

4) Design of a controlled current séurce
with a pulse width modulated 'inverter

and a study of its characteristi¢s.

,’\\

. .

~TTN
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APPENDIX A

INDUCTION MOTOR PARAMETERS

“

The per phase parameters of the induction motor used in this

' study- are given below:

Primary Leakage Inductance Ls = 2,22 mhenries ;
Secondary Leakage Inductanceé Lr = 2.20 mhenries iii
Magnetizing Inductance M = 66.84 mhenries
i’ Primary Resistance Rl = .440 ohms/
Secondary Resistance R2 = ,708 ohms
Number of Pcle-Pairs n = 2 l
b s
Rated Frequency \ f¢ = 60.0 Hz
Rated RMS Voltage Vph = 127.0 volts
Rated Output Torque Te o 17.37-Nm ~
Total Viscous Friction £, = 0014 Nm sec/rad
. Rotational Inertia J = .0500 Kgmf

¢

The total system inertia was made equal to the induction

motor inertia. Therefore: JT = J
¢ ‘ ) e




195

¢ APPENDIX B

' PROOT: THEQREM 2

First, the state equations for the closed loop dff;e

{
(Figure 3.3) are established after which the proof 1s given.

~~n
Controller 2
X:= [A2) X2 + [By] Us : (C-1a)
Y2 = [C2] Xz + [D:] Uy (C-1Db)

From Figure 3,3 the input U; 1s: .
Pl

n

' U2 \/'2 -k St
t m

i

where V> 1s the change in the speed reference input.

~ “

Since U, 1s a scalar, [B;] and (D] beeome column
vectors. The output component Y,; 1s a scalar while Y;; 1s 1in
a general case a vector. Thus, the matrices [Cp}] and [D;] can

be written as:
%
[Ci2] D2

[C] = 11¢s2] and [D2] (D22]

,

where [C;2] 1s a row recter, ([C,2] 1s the remaining submatrix
in [C2], D2y ‘is a scalar and (D;»] 1s the remaining column

vector, The state equations for controller 2 row become:

Xa = [A2] Xz + [B2] Vi - [B2] k, Sw_ "~ (C-2a)
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Y21 = [Ci2] X2 + D1 Vo - Doy Lt 5wm
Y22 = [Ca2] Xo + [Dgz] Vo - [D22] kt 6wm
Controller 1
X; = (Al A+ [B1] Uy
Yi= [Ci] v+ [Dy) Uy
From Figure 3.3 the input U; 1s
Uy =V - Xf + Yoo , .

whee \’1

196

(C-2b)

(C-2¢) }/f#’f

(C-3a)

(C-3b)

(C-44)

1s the reference input of all other states except motor

speed, Yzz 1s gaven by (C-2¢), while X, 1is the vector of feed-

f

hY
back states. It can be written as:

(C-3)

where 761 1s the state vector of motor currents in the v-8 frame

while ¢

1s the vector of all other measured states (except speed),

such as air-gap flux, temperature etc., Using cquation (C-5) [B,]

and [D;] matrices in (C-4), can be written as:

— -

L 61

[B1] Xf = [Byy Biz]
-ng ~
(81 ]

[D1] Xg = [D1y Di2],
—E P

{C-6a)

{
(C-6b)
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¢ Combining equations (C-2c¢), (C-4), (C-5), and (C-6)
i

" with (C-3), the state equations for controlltr 1 become:
| |

K, Xi = [(A] A+ [Bi] Vio+ [Ba] [Caa) X2+

%

’

¢ + [B1] (D22] Va - [Ba] [Dz2] K, 6w -

*

- [B11} 61 -~ [B12] & (C-7a)

Y, = [C;] Xy + [Dy] Vy + [Dy] [Czp] X2 +

O

~ [D1] [D22] V2 - [D1] [D22] k. 6wm -

- [D11] 61 - [Di2] & (C-7b)

The additional states ¢ depend in the general case on

all drive states and all inputs. Thus, the state equation for £

states 1is:

_'
" £ = [A;] £+ [H;] Xy + [H2] X2 + [Hs] &1 +

¢ (W] Sw v [Hs) Vi o+ [He) Vo (C-8 )

where [ﬁ?}\*ggd [He] are respectively the speed-to-& and speed

reference-to-£ coupling column vectors while [H;], [Hz], [H3] and
-

[Hs] are the corresponding coupling matrices. The motor input

voltage vector in equation (3.39) is:

-

8V 5= K, I+ [Iv];v(yu + ko 6w ) , (c-9)

Y$

where KS is the gain of the power source while [Iv] is a un}t

column vector.

*s
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Using equations (C-2c) and (C-7b) the motor voltage vector

becomes:
. s = Ky 1G] %+ o) Vi v ([D:] [C22] +
+ [Iv] [Ci2]) X2 - [D11] 61 - [Dy2] € +
+ ([D1] [Dz22] + [Iv] Dz1) Va2 - ([D1] [D22] +
, {
. + [Iv] D2y - [Iv] ktﬁwm }

Y

(C-10)

Combining (C-2a), (C-7a), (C-8) and (C-10) with the motor equation

(3.39), the general closed&oop drive, presented in Figure 3.3 is

described by:

P X = [Q) X U
where
[L] 0 0 0 , O
&
0 (1) 0 0 0
p1= |0 0 [1] 0 0
0 0 0 JT 0
0 0 0 0 [1]
- '
[Q11] [Qi2] [Q3s] Q]
[Hs] [As] [H:] [Hy]
Q= | -[Bul] -[Bi2]  [A4] -[B1] [D22)k,
1t (tel+[6)H) o g £,
0 0 0 -[B]k,

[Qs]
[H2]
[By][C22]

0
[Az]

-

(F-12a) -

(C-13b)
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aai

X = | X (C-12¢)

- —

D11 K Vi (D3] [D22] * (1] Do) K_ Vo
[Hs] Vi + [He] V2

U = [81] Vy o+ [Bl] [Dzz] Vs, (C~12d)

: @
- oTL
[B2] V2

The sub-matricés QIJ in (C-12b) are:

[y

[Qu:] = - [R] - n @/ [G].- & [F] - [D1a] K,
[Qiz2] = - [D12] K !
o : (
[Qia] = -~ [C4] Kg
[Quu] = - ([D1] [D22] + [I] D2y - [I 1) K k. -n [G] I
[Qis] = ([D1] [C22] + [I] [C12] ) K,
L §

The drive state equation is:' -

. ..
X = [A] X+ [B] U

-
Y

where the state [A] and input [B] matrices are defined from (C-11)

as: * Ao

£
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[A] = [P} 7 [Q]) (C-13)
and
B = P17 (c-14)

explicitly they are:

SARRITTY. S U R PO I U R PPV R (Al (PP B €9 R (19

{Hs] [As] Hi] {Hy] (Hz]
A= | -[B11] -[Bi2] [Ar] -[B1][D22]k, [B1]{C22] | (C-15)
1 ([61+[6]T)
n————— 0 0 £/, 0
T
0 0 0 - [B2]k, [A ]
and
—[L]'l 0 0 0 0
0 [1] 0 0 ©0
[B] = | O 0 (1] 0 0 (C-16)
0 0 0 /9, 0
0 0 0 0 [1]
L 1

The drive reduced system is obtained by removing the
speed controller and the mechanical system from the drive structure.
The state matrix [A] of the reduced system is then obtained by de-

s

leting the corresponding equations from (C-15):

el witel wrtsl

A= [Hs] [As) [H:] (c-17)

.4’
/ .Q[B“] -[Bi2] ™\ [A4]

200
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With all necessary equations defined, one cam look for the speed-
torque transfer function. It is given by equation (3.40) in
Chapter III. The speed appears on the k-th rtow where k = N - Ny,
N being the order of drive state equation (C-15), while N 1s the
number of equations in controller 2, From (3.36) and (C-16) the

numerator Nk}\(s) of the speed-torque transfer function is given by
- ]

7’ :
- 1
. N}\k(S) = Ckk(s) —J;' ’ (C-18)

where Ckk(s) 1s the k-~th row, k-th column element of the

matrix [CO] defined by (3.34a) 1in Chapter III.

The element Ckk(s) 15 obtained from equations (C-13)
and (C-15) by using the definition for an adjoint matrlpi and know-
ing that the k-th row, k-th column element of the matvix

[s[I] - [A]] is s + fT/JT‘ Thus:

i i

-t -wte) st st |
-[Hs] s[1]-[As] - [H] - [Hz]
’ (C-19)
-[B1:] [B12] s[I]-{A&1]  -[B}][Cz2]
0 ~ 0 0 s(1]-[Az]
The last equation gives: \ / .
Ck (3) = DET [s[1] - (A1) DET [s[1] - [Aa]] | (C-20)
/ ,

where [Ar] is the state matrix of the drive reduced system defined

by (C-17). The fiest and the second determinant in (C-20) represent
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respectively the characteristic equations of the reduced system

and the speed controller. Since only the mechanical equation is

taken out from the drive state matrix (C—lS), Ckk(s) in (C-20)

represents a polynomlhl of N-1 = Ny N; degree, where N; and N
are respectively the pumber of equations 1n the reduced system and

the speed controller.
”

From equation (C-18) the roots of this polynomial are

the roots of the numerator Nkk(s). Using equations (3-40), (C-18)

and (C-20) the speed-torque transfer function for a general, closed

loop, multi-feedback drive ais:

1 N
(s-z.) I (s-c£ ) /J
j=1 J 1=1 1 T k

o "

H(s) = (s-A) ’ (C-21)

=K

1

where X 's are the eigenvalues of .the total system described by

(C-11), zj's are “the eigenvalues of the drive reduced system while

zl's are the eigenvalues of the speed controller.

Q.E.D.

-

&N



REFERENCES

@ | ‘

“' 1. Lawson, L.J. and Amato, C.J., "An A.C. Electric Drive System for
Locomotive and Multiple-Unit Traction Systems", Proc. of the

Joint ASME-IEEE Railroad Conference, San Francisco, May 1966,

i
Slabiak, L., "An A.C. Electric Indivadual Wheel Drive System for Land

[ 2]

Vehicles', S.A E. Automotive Engineering Congress, January 1966,

3. Agarwal, P.D., "The G.M. High-Performancg Induction Motor Drive System',

TEEE Trans. on Power Apparatus and Systems, Vol. PAS-88, Februar%
1969, pp. 86-93. '{

4, Vautz, N., "PWM Inverter Induction Motor Transit Car Drives', IEEE '
Trans. on Industry Applications, Vol. IA-8, January/February 1972,
PD. 89-91.

3. Brechbuhler, VM, and Bohli, ¥.U., '"Performance of Experimental Inverter
Locomotaive be 4/4 No. 12001 of Swiss Federal Railways', Brown

Bover1 Review, No. 12, 1973, pp. 581-588.

6. Brenneisen, J., Futterlieb, E., Muller, E. and Schulz, M., "A New
Converter Drive System for a Dig¢sel Electric Locomotive with -
Asynchroncus Traction Motérs", IEEE Trans. on Industry Applications,

Vol. TA-9, July/August 1973, pp. 482-490.

7. Wakefield, E.H., "An A.C. Drive Electric Vehicle", IEEE Trans. on
Industxy Applications, Vol. IA-10, January/Februarv 1974,
pp. 544-552,

>

Kornbichler, K., "Kernreaktoren", AEG-MITT:/fVol. 57, 1967, pp. 143-150,

9. Schrhfer, E., Hiesinger, L. and Lambachery/A., “Flekfrische Einrichfungen
fur Kernenergieanlagen', AEG-MITT., Vol. 57, 1967, pp. 167-179.

10. Lawson, L.J., "Precisely Controlled Three-Phase Squirrel-Cage Induction

Motors for Aerospace Applications', IEEE Aerospace Conference,

! ‘gune 1965. , “
{
_ 11. Borland, R.P. and Puchy,C.G., "An A.U. Electric Antenna Drive System
for Aerospace Applications'’, IEEE NAECON, May 19653/\‘ .
. 12. Bohm, K., Fick, H. and Gebaver, W., "A.C. Cradle Dynamometer}/wisn a
M Static Converter Feed'', Siemens Review, Vol. 39, May 1972, pp./él4-216.

-




L

gy

e s

13.

14,

15.

16.

17.

18.

19.

20,

21,

22,

23,

24,

204

lamilton, R A. and lezan, G.R., "Thyristor Adjustable trequency Power

Supplies for Hot Strip Run Out Table', ILEE Trans. March/April 1967
o

Ash, J.W and McCall, I.C , ”Forced/COmmutated Inverters for Steelworks
Roller Table Drives'", I1EE Conference on Electrical Variable Speed

Drives, 10-12 October 1972, pp. 222-229.

Betke, A.C. et al, "Special Purpose A.C. Converter System for Constant
Horsepower Applications', IEEE Trans. on Industry Applications,
Vol. IA-8, March/April 1972, pp. 126-135.

Edwards, J.B. and Fawcett, W., "The D.C.-Link Inverter Induction Motor
Drive Applied to the Haulage of an Underground Coal Cutting Machine",
IEE Conference on Electrical Variable Speced Drives, 10-12 October 1973,
pp. 8-16.

Hollis, C.R., "A Review of Five Types of Electrical Adjustable Speed
Drives and Their Application to a Centrifugal Pump', IELE Industrial

Applications Meeting, October 1973, p. 35 ¢

Pollack, J.d., "Some Gurdelines for the Application of Adjustable-Speed
A.C.-Drives", IEEE Trans. on Industry Applications, Vol. IA-9,
November/December 1973, pp. 704-710.

Ludbrook, A.L., '"Basic Economics of Thyristor Adjustable Sgeed Drive

Systems'', IEEE Industry and General Applications Group, Conference
Record,ftober 1969, pp. 591-596.

Brown, J.E. and Jones, B.L., '"Variable Speed Drives, Survey of Principles
and Some Cdsts”, IEE Conference on Flectrical Variable Speed Drives,

10-12 October 1972, pp. 97-101.

v

heygandt, C.N., and Charp, S., "Electromechanical Transient Performance
C of Induction Motors", Trans. AIEE 1946, Vol. 64, Pt. III, p. 1000.
J

6vacs, K.P. and Racz, J., "Transiente Vorgange in Wechselstrommaschinen",

Verlag der Unﬁarischen Akademie der Wissenschaften, Budapest, 1959.

West, J.C., Jayawant, B.V. and Williams, G.,‘"thlysis of Dynamic
" Performance of Induction-Motors in Control Systems', Proc. IEE,
[

Vol. 111, November 1%64, pp. 1468-1478,

‘Pfaff, G., "Zur Dynamik des A’:;;ynchromﬂotors bei Drehzahlsteuerung mittels
Veranderlicher™Speisefrequehz', Electrotech, Z., 1964, {A}, Vol. 85,

| pp. '719-724. )

t
!

B W e
-



B,

SAL N3

-
<

.
e

~ T

>

e Lo
.

P
o

25,

26.

27.

28,

29.

31.

33,

34.

35.

" 36.

) 205

Rogers, G.J., '"'lLinearised Analysis of Indugtion-Motor Transients',
Proc. IEE, Vol. 112, October 1965, pp. 1R17-192

Heck, R. and Meyer, M., "A Static-Frequency-Changer-Fed Squirrel-Cage
Motor Drive for Variable Speed and Reversing', Siemens Review, No. 11,
November 1963, pp. 401-405.

Heumann, K., ""Variable Frequency Speed Comtrol of Induction Motors',

Proc. of 3rd Congress of TFAC, Vol. 1, June 1966, pp. 4D1-4D9.

Heumann, K. and Jordan, K., ''Das Verhalten des Kafiglanfermotors bei
Veranderlicher Speisefrequenz und Stromregelung', AEG-MITT., No. 54,
1964, pp. 107-116. /

Abraham, L., Forster, J. and Schliephake, G., "A.C. Mptor Supply with
Thyristor Con(/erters", IEEE Trans. on Industry and General Applications,
Vol. IGA-2, September/October 1966, pp. 334-340,

Slabiak, W. and lawson, J.L., '"Precise Control of a Three-—Phase]Squurel—
Cage Induction Motor Using a Practical Cycloconverter', IEEE Trans.
on Industry and General Applications, Vol. IGA-2, July/August 1966,
Pp. 274-280.

’
/

Mokrytzki, B., "The Controlled 5111‘5 Static Inverter Drive', Trans. on
Industry and General Applications, Vol. IGA-4, May/June 1968, Pp. 312-317.

Hodle, H. and Stemmler, H., ("New Equipment and Control Systems for A.C.
Traetion Vehicles", The Brown Boveri Review, Vol. 52, September/October
1965, pp. 706-719. L

Schdnung, A. and Stemmler, H., "Static Frequency Changers with'Subharmonic’' |
Control in Conjunction with Reversible Variable-Speed A.C. Drives",
The Brown Boveri Revigw, Vol. 51, August/September 1964, pp. 555-577.

- |
Largiader, H., 'Design Aspects of Induction Motors for Traction Applications
¢
with Supply through Static Frequency Changers",The Brown Boveri Review,
Vol. 57, April 1970, pp. 152-167. )

Krause, P.C. and Woloszyk, L.T., "Comparison of Computer and Test Results
of a Static A.C. Drive System", IEEE Trans. on Industry and Ceneral
&
Applications, Vol. IGA-4, November/December 1968, pp., 583-588.

Fallside, F. and Wori:ley, A.T., "Steady-State Oscillation and Stabilisation
of Variable-Frequency Invertor-Fed Induction-Motor Drives", Proc. IEE,
Vol. 116, June 1969, pp. 991-998.




v 206

\

. 37. Berg, G.J. and“De Sarkar, A‘Kg, "Speed Change of Induction Motors with
= Variable Frequency Suppiy", IEEE Trans. on Power Apparatus and
Systems, Vol. PAS-90, March/Apr:il 1971, pp. 500-508.

387 Nelson, R.H., Lipo, T.A. and Krause, P.C., ''Stability Analysis of a

N

Symnetrical Induction Machine', IEEE Trans. on Power Apparatls and

f

;} Systems, Vol. PAS-88, November 1969, pp. 1710-1717.

; ?

2 \

g 39. Lipo, T.A. and Krause, P.C., "Stability Analysis of a Rectifier-Inverter
Ny Induction Motor Drive'!,.IEEE Trans. on Power Apparatus and Systems,

’gif Vol. PAS-88, January 1969, pp. 55-66.

i 40. Krause, P.C. and Lipo, T.A., '"Analysis and Simplified Representations of
"’, a Rectifier-Inverter Induction Motor Drive'', IEEE Trans. on Power

: Apparatus and Systems, Vol. PAS-88, May 1969, pp. 588-596.

.

LR

fl 41. Jayawant, B.V. and Bateson, X.N., "Dynamic Performance of Induction

; Mdtors in Control Systems'", Proc. IEE, Vol. 115, Ip\ece{!ber 1968,

4 pp. 1865-1870.

5
& [ ey

42, Ooai, B.T. and Barton, T.H., "The Modal Approac’h to Induction Motor
Dynamics. Part II", Paper C 72046-6. IEEE PES Winter Meeting,
January 30 - February 4, 1972. o

43. Ramesh, N. and Robertson, S.D.T., "Induction Machine Instabilitv Predic-
tions - Based on Equivalent Circuits", IEEE Trans. on Power Apparatus
and Systems, Vol. PAS-92, Maxch/April 1973, pp. 801-806.

44. Nelson, R.H. and Krause, P.C., "Induction Machine Analysis for Arbitrary
Displacement Between Multiple Winding Sets', IEEE Trans. on Power

Apparatus and Systems, Vol. PAS-93, May/June 1974, pp. 841-848,
¢

45. Lawrenson, P.J. and Stephenson, J.M., '"Note on Indﬁction Machine Performance
with a Variable-Frequency’ Supply", Proc. IEE, Vol. 113, October 1966,
pp. 1617-1623. -

é‘

46. Joxdan, H.E., "Digital Computer Analysis of Induction Machines in Dynamic
Systems', IEEE Trans. on Power Apparatus and Systems, Vol. PAS-86,

June 1967, pp. 722-728.
&

47, Dote, Y. and Hoft, R.G., "Liapunov Stability Analysis of Induction Motor",

IEEE Industry ;\pplications Society, Annual Meeting 1974.




)

49,

50.
51.

52.

53.

54.

55.

56.

57.

58.

48.

207

%

4 '

Landau, I.D., "Wide Range Speed Control of Three-Phase Squirrel-Cage
Induction Motors Using Static Frequency Converters'', IEEE Trans. on
Industry and General Application, Vol. IGA-5, January/February 1969,

. 53-59.
PP 5

Woodward, A.E., "Use of Standard Polyphase Induction Motors in Place of
Synchronous Reluctance Motor', IEEE Industrial Applications Mecting,
October 1973, pp. 697-709.

Rissik, H., The Fundamental Theory of Arc Convertors, London, Chapman
and Hall Ltd., 1939, Chapters X, XI, XII.

TrOger, R., "Technishe Grundlagen und Anwvendumpen der Stromrichter",
Electrishe Bohnen, Vol. 9, No. 2, 1932, pp. 55-58. .

McMurray, W, and Slattu¢k, D.D., "A Silicon-Controlled Rectifier Inverter '
with Improved Commutation", AIEE Trans. on Communications and Electronics,

Vol. 80, November 1961, pp. 531-542.

Bradley, D.A., Clarke, C.D., Davis, R.M. and Jones, D.A., "Adjustable
Frequency Invertors and Their Application to Variable-Speed Drives',

Proc. IEE, Vol. 111, November 1964, pp. 1833-1846.

Mokrytzki, B., "Pulse Width NModulated Inverters for A.C. Motor Drives",
IEEE Trans. on Industry and General Applications, Vol. IGA-3,
Novenber/December 1967, pp. 493-503.

Heumann, Kg, '"Development of Inverters with Forced Commutation_for A.C.
Motor Speed Control Up to the Megawatt Range'', IEEE Trans. ,on Industry
and General Applications, Vol. IGA-5, January/February 1969, pp. 61-67.

Espelage, P.M., Chiera, J.A. and Turnbull, F.G., "A Wide Range Static
Inverter Suitable for A.C. Inddction Motor Drives", IEEE Trans. on
Industry and General Applications, Vol. IGA-5, JulyjfAugust 1969,

PP. 4;8-445. -
Veres, R.P., '"New Inverter Supplies for High Horsepower Drives", IEEE Trans.

on Indus?ry and General Applications, Vol. IGA-6, March/April 1970, *
pp. 121-127,

Phillips, K.P., "Current Source Converter for A.C. Motor Drives", IEEE
Trans. on Industry Applications, Vol. IA-8, November/Decémber 1972,
pp. 385-392.




4

N S Fhe, &1
WO ey ey,

1

&

60.

61.

62.

64.

67.

68.

59.

N

Y .

Pollack, J.J., "Advanced Pulsewidth Modulated Inverter "Techniques",

IEEE Trans. on Industry Applications, Vol. IA-8, March/April 1972,
pp. 145-154, .

Penkowski, L,J. and Pruzinsky, K.E., "Fundamentals of a Pulsewidth
-
Modulated Power Caircuj

IEEE Trans. on Industry Applications,
Vol. IA-8, SeptemBer/October 1972, pp. 584-592. '

Patel, H.S. and Hoft, R.G., JGeneralized Techniques of Harmonic

Elimination and Voltage Control in Thyristor Inverters',

Part 1 - "Harmonic Elimination'', IEEE Ttans. on Industry Applications,
Vol. IA-9, May/June 1973, pp. 310-317, €\'

Part II - 'Voltage Control Technigques', IEEE Trans. on Industry

Applications, Vol. IAT10, September/October 1974, pp. 666-673.

Zub®k, J., Abbondanti, J.Z. and Nordby, C.J., "Pfx}se Width Modulated
Invgrter ‘Motor Drives with Improved Modulation', IEEE Industry

Applications Society, Annual Meeting 1974.

, L}
Ngison, R.H. and Radomski, T.A., "Design Methods for Current Source
Inverter/Induction Motor Drive Systems', IEEE Trans. on Ind.

Elesé:fonics and Control lppllcation, May 1975, pp. 141-145.

Stefanovic, V.R. and Barton, T.k\l. , ""Static Torque Characteristics ofﬁan\)\
Induction Motor with a Variable Frequency Supply", Paper C73199-7, ’
PASS Winter Meeting 1973.

Salihi, J.T., "Simulation oﬁ,Ce:irolled Slip Variable Speed Induction
' A
Motor Drive Systems", IEEE Trans. on Industry and General Applications,
Vol. IGA-5, March/April 1969, pp. 149-157,

M'agg, R., ¥Characteristics and Application of Current Source/S1ip
Regulated A.C. Induction Motor Drives', IEEE IGA Annual Meéing,

“October 1971. . .

, ’
Li, K.Y.G., "Analysis and ©peration of an Invertor-Fed Variable Speed

Induction Moto.&";, Proc. IEE, Vol. ll6, 1969, pp. 1571-1580.

Fitzgerald, A.E. and Kingsley, C..'J.R.', Electric Machinery, The Dynamics '
and Statics of ﬂ;[ectromechanical Eneréy Conversion,"McGraw—Hill, -
L3 s
N.Y., 1961. - ' " "
& ' : \

v - '

1




69

70.

71.

72.
73.
74.

75.

76.
77.

78.

79.

\——,—
80. Blaschke, F., "The Principle of Field Orientation as Applied to the New
[

81.

82.

83.

Y

209
™

O'Kelly, D and Simmons, $ , Introdyction to Generalized I lectrical

Machinc lheory, McGraw-Hi1l, Lngland, 1968.

Horowitz, I.M. and Shaked, U , "Supcriority of Transfer T'unction Over

State Variable Methods 1in Linear Time-Invariant Feedback System

Design', IEEE Trans. on Automatic Control, Vol. AC-20, February 1975,

pp. 84-97.

"

DeRusso, P.M., Roy, R.J. and Closc, C.M., State Variables for Lngineers,
LY
John Wiley and Sons Inc,, N.Y., 1965, p. 340

Ibid., p. 341.
Ibid., p. 349-351.

Ibid , pp. 336-338.

-« .

Chen, C.T., Introduction ‘to Linear System Theory, Hol;, Rinehart and

Winston Ipc., N.Y.,

»

Ibad., pp. 277-281.

[bid., pp. 227-229.

LEEN

1970, pp. 191-196:

Luenberger, D.G., gﬁn Introduction to Observers', IELE Trans. on
Automatic Control, Vol. AC-16, December 1971, pp. 596-602.

-

Lipo, T.A. and Plunkett, A.B., "A Novel Approach to Induction Motor

Transfer Function",

IEEE-IAS Annugl Meeting Conference Record,

October 8 - 11, 1973, pp. 441-449.

e

‘Transvector Closed-Léop Control System #bxr Rotating Rield Machines",
Siemens Review, Vol. 34, 1972, pp. 7-220.

Flot&¥, W. and Ripperger, H., '"F¥eld-Oriented Closed Loop Control of

- an Induction Machine with tlfe New Transvector Control System'', $iemens

Review, Vol. 34, 1972, pp. 248—25%5
L™

Kume, T. and Youside, Y., "Speed Transient of Induction Motor Driven by

Current-Source Type'Invert ', IEEE Industrial Applications Meeting,

October 1973, pp. 865-874.

Plunkett, A. and Lipo, T.

Regulation', IAS

"A New Method for Induction Motor Torque
ing, 1974, pp. 83%—844.

/

-



84.

85.

87.

89.-

90.

91.

93.

"o4,

210

Jain, G.C., "The Effect of V'oltage Waveshape on the Performance of a
3-Phase Induction Motor'", IEEE Trans. on Power Apparatus and Systems,

vol. PAS-83, S61-566.
PP 5 -

Ward, E.E., Kazi, A. and Farkas, R., "Time-Domain Analvsis of the lnverter-

Fed Inductton Motor'", Proc. IEE, Vol. 114, 1967, pp. 361-369.

Klingshirn, E.A. and Jordan, H.E., "Polyphase Induction Motor Perfermance
and Losses on Nonsinusoidal Voltage Sources', IEEE Trans. on Power

Apparatus and Systems, Vol. 87, March 1968, pp. 624-631.
o+

Chalmers, B.J. and Sarkar, B.R., ''Induction Hotor'iosses Due to
Nonsinusoidal Supnly Waveforns', ﬁ?;c. IEE, Vol. 115, December 1968,
pp. 1777-1783, “

Beck, C. and Chandler, E., 'Motor Drize Inverter Ratings', IEEE Trans.
on Industry and General Application, Vol. JGA-4, November/December
\

1968, pp. 589-595.

Krausel P.C. and Hake, J.R., "Method of Multiple Reference Frames Applied
to the Analysis of a Rectifier - Inverter Induction Motor Drive",
IEEE Trans. on Power Apparatus and Systems, Vol. 88, No. 11,
November 1969, pp. 1635-1641. *

Bedford, R.E. and Nefie, vV.D., "Complex Frequency-Domain Analysis of
Inverter Fed Induction Machines', IEEE Trans. on Influstry Applications,
Vol. IA-8, May/June 19%2, pp. 269-277. ) -

Lipo, T.A., Krause, P.C. and Jordan, H.E., "Harmonic Torque and Speed
Pulsations 1in a Rectifier-Inverter Induction Motor Drive', IEEE Trans.

on Power Apparatus and Systems, Vol. PAS-88, May 1969, pp. 579-587.

Robertson, S. and Hebbar, K.M., "Torque Pulsations in Induction Motors
with Inverter Drives'", IEEE Trans. on Industry and General Applications,

Vol. IGA-7, March/April 1971, pp. 318-323.

Kernick, A., Roof, J.L. and Heinrich, T.M., "Static Inverter with
Neutralization of Harmanlcs”, Trans. AIEE on Applications and Industry,
Vol. 81, May 1962, pp. 59-68. . |

Turnbull, F.G., "Selected Harmonic Reduction in Static D.C. - A.C.
Inverters", IEEE' Trans, on Cofimunication and Electronics, Vol. 83,

July 1964, pp. 374-378.

b




o Y TN IR T R

o

s r——

[

0
w

96.

98.

Q9.

100,

101.

102.

103.

104.

105,

. 211

Jackson, S.P., ”Wultlple\Pulse Modulation 1in Static Inverters Reduces
Setected Output Harmomics and Provides Smooth Adjustment of
Fundamentals', IEEE Trans. on Industry and General Appﬂicatlons,

Vol. IGA-6, July/Awgust 1970, pp. 357-360.

Pelly, B.R , Thyristor Phase-Controlled Converters and Cycloconverters,

Wiley Interscience, New York, 1971, pp. 385-409.

Philibert, P., "Control Strategy for PW! Inverters', M.Eng. Thesis,

McGill.University (now in progress)

Flower, J.0. and Hazell, P,A., "Non-Linear Analysis of a lst Osder
Thyristor Bridge', Proc. 1EE, Vol. 118, 1971, pp. 1511-1516.

q

Bjaresten, N.A., "Static Converter as a High Speed Power Amplifier",
Direct Current, Vol. 8, June:1965, pp. 154-165.

=

Parish, E.A. anﬂ McVery,'E.S., "A Theoretical Mode% for a Single-Phase
, Silicvon-Controlled Rectifier Systems'', IEEE Trans. on Automatic
Control, Vol. AC-12, May 1967, pp. 577-579. ‘

Hernandez-Millan, R., Sucena-Paiva, J.P. and Freris, L.L., 'Modelling
of Controlled Rectifiers in Feedback Systems', IEEE Trans. on’Power: ’

Appafatus and Systems, Vol. PAS-93, January/February 1974, pp. 167-175.

Joos, G., "A High Performance Direct Current Dynamometer', M.Eng. Thesis,
McG111 University, 1974, pp. 30-34.

Oliver, F.J., Practical Instrumentation Transducers, Hyden Book Co. Inc.,
New York, 1971, pp. 97-109.

Abondanti, A. and Brennen, M.B., "Control of Induction Motor Drives by
Synthesis of a Slip Signal", IAS Annual Meeting, 1974.

Barton, T.H. and Ionides, R.J., "A Precision Torquemeter Based.on
Magnetic Stress Aniosotropy', Trans. IEEE on Power Apparatus and
Systems, Vol. PAS-85, February 1966, pp. 1521159.





