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/ ) Three pf?dominant fast response strategies for the con-

trol of inverter-fed induction motor drive are:

4
’

(i) - Angle control schéma
Lo L% ) -
(ii) Synchronous- control’ scheme

‘ s (iii) Field-oriented control scheme .,

»

The unifying aspect of all the three schemes is 2dentified.
X . This is th@ simultaneous control of~to;quelangle’and mag-

nitude of current phasor in the drive and is known as
R A

N ¥

"frequency compensation”,.

1t"is proved that the response to & load torque
b ) ,/ disturbance or to a change in frequency is accompanied by
it »

’ f
« f

e 4

» @ change in"the speed of the magnefi?iﬁg‘current*phasor‘and
hence the torque angle.‘ The control ;f torque?ghgle néigs
a knowledge of‘Ehe characteristics of‘tbrque ‘angle. I; is

F pfoved that the incremeptal torgque angle is a linéar com-

bination of drive electrical states only. The ééﬁfﬁbl
. y .

consequence of- torque angle feedback in a drive scheme is

examined. It is shown that torque angle feedback alone

(3} ?
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cannot stabilize a current source inverter-fed induction-+

\ »
O
»

motor drive system. Feedback of torque angle and rotor
v

IS ¢ - -

2 speed has the effect of feeding all the system'states in a

’

scheme. ) '

»

A generalized control concept of electric motor drives

»

'is developed .to evaluate th'e different dr}:)i.ve _sbhen;es from
*the control and.the pole-zero assignment.poir.xt cif view. A
comparison of éhe tfphree drive schemes is given. '

The role of drive inputs on thé performance of an\j

_inverter-fed induction motor drive is investigated. The

] -

superiority of frequency input over voltage/curient {(magni-

v

. tude) input is demonstrated. From the response of drive

L3

b - output siqné.ls, the suitability of some of them for feed-

back control purposes is evaluated. It is found that rotor

*

/ . , .
speed is. the best .feedback signal for load torque distur-

bance and torque angle for freguency reference changs.
. e . ,
Ananalysis and a 'step-by-step design of an angle

)
’

. controlled current source inverter-fed induction motor

A

To  n ;irive is presented. The design prdcedure: is supported by i
theweﬁme%él—%esultsﬁ—Th}r;commm:atiQLdelqy in the

current source inverter is modelled as 4 second order Pade
e : Al e d

. transfer function. THe effect of commutation delay on

. drive) dynamics is evaluated.
4 ,

- \
.

e

A




IR ACKNOWLEDGEMENTS

[ 8

I a}n grateful to\Profs. J.F. Lindsay and V.R. Stefanovic
" for thelr .guidance, help, encouragement and financial sup-

port durlng the course of thls study - ' ,

’ 'T am also gratef’ul to Prof. V. Ramachdndran for _his

understanding and willingness to solve problems and shoulder

[y

responsibility. . ]
. - { s . : : )
- BAcknowledged is’ the ass:.stance rendered by Selvaraj ) '“

Seetr{araman, Danny Juras and ChrlStOS Papaloannou dvr:mg

-] -

‘cons;:ruct;ion and, testing.of the experimental drives. P

’ »
Teaching assistantship from the Electrical Engineering

Departxﬁent is gratefully acknowledged. -

\

Thanks to Marie Berryman for. hEr expert typlng of the

. 1
.
. . -

thes:.s.

co’




.
o»

N 7 . . }
ABSTRACT  ~  ..... e e e .
ACKNOWLEDGEMENTS  «vvuuenieeeeenn ...

TABLE OF CONTENTS . ..'e''eovreeatoeneenananeescnnnas

. LIST OF TABLES  +oiluvnea.eecnsouenne. e

LIST OFFISGURES e et eriasa e st b aaserace s neraee e ..
. ! ¢ :
NOMFITCLATURE

..... ....'........\.......---....-u.

+

.CHAPTER 1

1.1

1.

L3

1.3

2

&~

Review of Previdus Wor& ..;. cete e
R 4 . ’

Methods for Speed Cbntrol of

- Induction MOtOY +vvieevereiwenat

» s

1.2.2 Development of Variable

Frequency Drives el

s 40 0 @8 @ as o e 8 o

. N e
1.2.3 Steady-State Analysis ..... ‘e e

1.2.4 Losses‘..'.\.\n-\\ ......

1.2.5 Inverter-Motor Interaction. ...,

* 1.2.6 Pulsating Torques

® s % eV e e = e

©1.2.7 “Stability .............

Scope of the Thesis, ..........c.cvvvnnn.

CHAPTER 2 FAST RESPONSE DRIVE STRATEGIES AND
THEIR BASIS ;

 ® 6 €0 8P 8 S & s s e @ @s s e s v

2.1
2.2
12.3

Introduction ........cc.c...

Angle Control Scheme

Syn‘ch‘ronous Control Scheme .............

)

10

12

14

14 et
15

19




£
- = v = ( ' ’ )
1 K |
\\ q
g L . ' . ~ ”-
Vo . - PAGE
) \ K ' ' .
2.4 Field-Oriented Control Scheme ............ 22
2.5 . - Basic Principles of tHe Control '
o ) SChexYes S P ceeean 29
CHAPTER 3 CONTROL CONSEQUENCES OF . TORQUE ANGLE
’ FEEDBACK . .iiuviusocronnsscensacncnnnasanenas ' .36
3.1 Introduction ...... FTR O
'bt c 32 y Relationship of Torque Angle to Machine
Varlables ................... wrteaaaeae 37
N , 3.3 ! ‘ * Control Consequences of Torque Angle ‘ .
' ‘ o Feedback Peeesesiiresatatene o these s
3.4 . ‘Differences dueﬁo Torque Angle Feedback (9
~ . and Speed and Current Feedback Schemes .
\ 4 . :
- ” ,3.4.1 Speed Feedback Scheme ........e... 46
. o -1~ 3.4!2 Current and Speed Feedback
/ - ' . Scheme .,....... rreeneasesnsenne 49

.3.4.3 Tofque Angle Feedback With
Current and Speed Feedback °

| - Scheme ..... ..cciiiiieeeiieiann . 51
- 3.5 ‘ Generalized Control Concept of Electric
Motor Drives  .............. feeeiretan s 54

CHAPTER 4 COMPARISON OF THE CONTROL .SCHEMES ........ 59

~. 4.1 - Introduction . . ....i....iiieiiiiiiaian.. 59

n 4.2 ‘ Infer-Relationship of the, Drive Schemes . . 60
a 4.2.1 Angle Control Scheme ............. ” 60

4.2.2  synchronous Qpntrol Scheme ....... 64

4.2.3 '?ield-Or.iented ‘Control Scheme..... 65

;4.3 g:vaLuat:.on of the Control-Schemes by
j the Generalifed Control/Concept ........ 67

N »




4.4

CHAPTER 5

5.1
5.2 ¢

5.3°

5.4

CHAPTER 6 /‘

&K1

Voltage/Current INPUt ......civeeecoacsas

. ; ¥
PAGE
. 9 X —
4.3.1, Angle Coptrol Scheme ..,...... * 67
4.3.2 Synchronous Control Scheme ..... 72
4.3.3 'Field-Oriented Control Scheme ... 74
Comparisorf of the Schemes. ....... ERERR w75
TORQUE ANGLE AND ITS EFFECT ON
DRIVE CHARACTERI{ISTICS ceo oo s O 80
. \ . . .

Introduction .........0000... Chee e .. 80
.Torque Angle Transfer Functions .. R - 1¢
Relationship Between Torque Aﬁqle Change
and Speed of Magnetizing Current Phasor . 83
Time Responses of Torgue Angle and
Incremental Speed of Magnetizing Current
Phasor N 190

v ‘ ) - "
5.4.1 Current Inmput .................. 91
5.4.2 Frequency Input ........... A -k
5. 4.3' Load Tordque Input ........ sesena 95
Stability Co‘ns%rations With Torque
Angle Feedback” ........icecctirenccannens 100
CONTROL CHARACTERISTICS OF INVERTER~FED
INDUCTION MOTOR DRIVES ..... Cieeeeeans .. 105
Introduction , ..i...iiinelaeiinneoanennn 105
Transfer Functions of the Open-Loop
Drives . I s 1
Time Responses of the CSIM Drive ..}.... 110
Time Responses of the VSIM Drive ...M.. 113
Superiority of Fregquency Input Over i

0113

A



6.6

o

Control Chara.;cteris'tics‘ of Drive
- Signals end Their Suitability for -
( “Feedback Control ............!.......
6.7 -Closed—-Loop CSIM Drive ......c.vvveven.
6.8 Effect of Link Filter ................
CHAPTER 7 ANALYSIS AND DESIGN OF ANGLE;CONTROLLED
‘ CSIM DRIVE ceeiie e
7.1 Introduction ..iiiieeserieesedornannas
7.2 Degign of Current Control Loop .......
7.2.1  Design of Current Cont;rollei‘ ..
7.3 Strategy for Maximum Torque Per Ampere
-and the Design of Current Reference
® - Controller  ......... eee e s e e e
7.4 Désign of Linear Relationship Between.
Reference Input and Output of Electro-
magnetic TOrquUe.....ccveiiee v eeinnnaans
i .5 7 Design of Frequency Compensator and
the Speed Controller ..... e e eeee
L4
7.5.1 Commutation Delay in the
Inverter .............ii0ieon
E
7.5.2 Modelling of Commutation Delay.
7.5.3 Design of Frequency Compensator
7.5.4 Design of Speed Controller ....
7.5.5  Bffect of Commutation Delay
K on Drive Dynamics ............
7.6 Experimental Results of the Drive .....
CHAPTER 8 CONCLUSION."* Chiee e e eeaiie s acnren s

‘PAGE '

118
122
127

131

131
132 '

\36

138

139

144

145
148
149
158 . ¢

158

le2

167 .




8.1 -
8.2 ,
‘ f

]

it
APPENDIX /I

I

APPENDIX II
APPENDIX IIIX

&PPENDIX Iv

. APPENDIX V

r

APPENDIX VI

REFERENCES

£

{ -

Transfer Functions of the
Controllers in the Angle/éontrolled

-@SIM Drive .. ..iieee .. 177

et te e erete e e enaene s eee e 179°

4

! - viii -
‘ PAGE
—
-
Conclusions ...iveecerincecccas 167
Recommendations for Future Work =~ 170
. ‘ 4
Induction Motor Equations in
Synchronously Rotdting Reference :
FFaMeS * .teeevevenoccccnnanas AL7L
v ) -~
CSIM Drive Matrices ........ .- 172
' CSIM ‘Drive Parameters ... feeee 174
Computation of Transfer Functions
and Time RESPONSES . ..voveenas 175

EY




[ 14
-~ ! ’ s w LX
' »
4 . i
' * 1X - . R .
~.. . - "« ' LIST OF TABLES K ,
S w7 : , PAGE
o, . hteddedt
Mable 4.1 Comparison of the-.Drive Schemes ......... 78

' ;&able 5.1 _ Torque Angle Transfer Functions ......... # 82 ')
w i

. . Table 5.2 CSIM Drive Torque Angle Transfer
: e Functions with Stator Dynamics ....vvc.- 84
Table 5.3 Coefficients of Incremental Torque
k Angle. 1 101,

Ar \ “ Table 6.1 Transfer Functions of the CSIM Drive .... 107
- .4 ,’'mPable 6.2 Transfer Furictions.of the VSIM Drive \... 108

F : ' . Table 6.3 CSIM Drive: Open Loop Response:

' Characteritistics Cheareameeaaes ee.  Gll4. .

ﬁ Table 6.4 VSIM Drive on Open Loop. ‘
. : Response Characterlstlcs eecee e aano e 117

_ Table 6.5 Magnitudes of Rate of Change of °
! , Variables Expressed in p.u. Basis, -
, with Reference to Load Torgue Input .
Produced Rate of Change ....cocecconeese 119
Tabfg 6.6 Magnitudes of Steady-State Gains
' Expregsed with Reference to Load Torque
; E Input Steady-State Galns ........ cedsaaas 120

Table 6.7 CSIM Drive with:the Angle Feedback and

Slip Speed-Current Interface ........c... 124

¥ s Table 6.8° Kise Times and Bake of Change of .
variables for the CSIM Drive Without
D.C. Link Filter crecss e ananeens 128

Table 6.9 Rise Times and Rate 'of Change of
Variables for the CSIM Drive with the

;! o . : D.C. Link Filter = ..... e reassaaesn 129
T?ble 6.10 CSIM Drive with D.C. Link Filter
s . (Expressed in p.u. basis, with reference
to load torque produced changes) ......... 130

- " Table 7.1 Comparlson of First and Second Order ,
Pade Approxlmatlons with the Original
//Functlon : . ceeris e eannanae 150

-




.
L)
k]
\ t
i
AN
@
-
o
N
NN

BN

Y
- Table 7.2-". Slip Speed vs, K(ss).

Table 7.3

-

“S1lip Speed vs I‘b

r
4
’
¥
'
.
)
-
.
B
v -
,
S .
@
.
L .
-
[
5 .
.
.
°
.
.
.
A Y
.
.
I3
.
'
.
.
- .
) S
.
. 5 .
.
Y. -
e
[}
.
N
.
t

® s 000t 4 0w ases

-..ODIDCI..".I

A ]
N
. .
PAGE/
i
152
156
Al
L]
\ 1]
. . .
N
4
Ll
Vs
«©
4
4 -
r
. .

b




F}?ure
¥

Figure

- )

€

Figure
Figure

Figure

Figure’

Figuré

. Frgure

Figure

"Figure

Figure
]

Figure

Figure

Figure

’

Figure

Figure

’Figure

Figure’

1.1

1.2°

o

2.1

- xi -

LIST OF FIGURES:

. F p&z
. . - L

Voltage Source Inverter-fed
Induction Motor Drive-

s evasseesnnss 3

Current Soyrce Inverter-fed
Induction Motor Drive

Current-Source Inductlon Motor i
Drive Peeerereecaans 16

Block Biagram of Angle Controlled
CSIM Drive

* % 8 0000 40 e e ]’.:7

Synchrouous control Scheme ......... 21
~

Resolution of Currents Along
field Axis et eeerca e 25

Field Oriented CSIM Drive

L R R 27
) . .

"Simplified E&uival%ut Clrcuré

of Induction Motor ce e cetene 31

Motor at Synchronous Speed .......... 31

Motor After a Step LOAA +evrnninnnnnn 32
' 1

Phasor Diagrah of CSIM Drive ....... 39

Speed and Torque Angle Feedback
Scheme .

Spéed Feedback Scheme

* @ e o e e s s eaq 47

‘Current and Speed Feedback

Scheme e sesresemypnna 50

Current, Speed and Torque .
Angle Feedback et essscsassana 52 ~

D.C. Motor Drive Scheme .........0.. 55

Control Inputs of the Angle A
CoqproLleg Drive !i

State-Diagram of the Speed:
cecacreraceans 68

-

Controller [

3

L.




»

Figure

Figure

Figure
Figure
Figure

Fighre

-

Figure-

Figure

Figure

Figure
Figure

Figure
Figure
Figure
Figure

Figure

Figure

- xii -

\ . - PAGE
" Generation of inputs for qynchronous
Control Scheme vesases cesaene 73
Phasor Diagram for Perturbation
Around an Operating- Point with
Constant Stator Current and
- Frequency . f\ et eeaeae e 86
Torgque Angle .Response @or T ) '
Current INnput = Mii.ieaeerecaeen 92
Indremental»Mégnetizin;\current
Phasor Speed for Current Input ..... 92
Torque Angle Response for Frequency
Input cec e s seasass 94
Incremental Speed of Magnetizing ;
Current Phasor for Frequency Input .. 94
Torgque Angle Response for Load
Torgue Input Geseesnesasane 96

Incremental Magnetizing Current Phasor
Speed for Load Torque Input ......... 96

CSIM Responses for'F;equenéy Inmput .. 111
CSIM Responses for Load-Torque Input. 112
VéIM Responses for Frequéncy Input .. 115

VSIM Responses for Load Torque:

Input P weesaasssnssaa 116
Angle Feedback Strategy fdr ' ’
CSIM Drive = = L......d feeeaan 123
Closed Loop Responses of ‘CSIM

for Frequency, Input  ......... cvee. 125
Closed Loop CSIM Responses for )
Load Torgque Input creeeesecesaa. 126
Current Control Loop with Load ...... 133

Overall Block Diagram of the
s. Current Control LOOP  ...eeccaciesns 135



Figure
Figure
Figure

Figure

©

Figure

. Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

7.3

7.4

7.5

7.6
7.7
7.8

7.9

7.10

7.11

7.12

7.13

7.14

7.15

Cﬁ}rent Controller Realization .....

Modified.Im vs IsLﬁelationship e

Outer Speed Loop and Slip Speed
Loop of phe CSIM Drive ...iceeeeencncs

Flow-Chart for the Computation of 2
Slip Freguency. \ i eesreeracaaas

Current Source Inverter with Motor
Load cetteeeiranaes

Realization of Rate of Change
of Torgque Angle ceseissessannse

I3

Realization of Time Delay ......a.n.

Incorporation of Ky - in the Slip
Speed Derivative Loop  ..... creanaans
Closed-Loop Speed-Input Reference
Frequency Response (No Commutation
Delay) . e esanaan PN

Closed-Loop Speed-Input Reference

Response (With Commutation Delay) ...

Input Reference to Output Electromag-
netic Torque Relationship in the
Experimental Drive = ........... -

Step Responses for Speed Reference
Input with Load Proportional to

Speed G eterseaanenan

Step Responses for Load Torque Tnput

166

PAGE

135
140

141
143
146
155
155
157
160 |

16l

163

165




Y
P
Ie}

5
B
Ly
1 1

@ G Q@ ©
u w N
Py —~ ~ ~ N
[ [} [/ I
1 1 [ R D

—
0
—
°

1

]
'

- Xiv -

NOMENCLATURE L .

Matrices

éum of the poles

Cqmmutatign'capacitance per leg

Disturbance/vector

Friction coefficient of the machine .

Transfer furiction of the séeed controller

Transfe¥ function of the real compoﬁeng

of stator cu;rent controller

Transfer function of liqk curgént

controller

Transfer function of the slip speed

controlle;

Transfer f&nction of the current‘sourte

inverter commutaﬁion;ﬁelay |

Traﬁsfer function of ﬁhe front—-end

controlled rectifier. delay ' , K/J

Transfer function of the egﬂ§valené\link
“ 7

filter and induction motor stator

G, (s) Gy (s) '

Transfer function of the current feedback
“block, ” |
Armature current of D.C. machine
Stator phase currents

D.C. link current

T

‘

-
e AL et .. s i S Sk % et e

.
ORI

Co



)

i
“sp

-XV“

Steady-state stator current
Steady-state real ‘tomponent of sta

current

13

'éteady—state magnetizing component

" in qguadrature tb stator reference

/

statorlcurrent

Stator current space phasor
Rotor current space‘ghaSOQ
Magnetizing current space phaé r
eomponent of stator current sphce
along stator reference axis

Component of stator current space
¥

N

Component of stator current space

along the field axis.

. 8
Component of stator current space

in quadrature to the field axis
Rotor current‘maghitudenin synchro
rotating reference frame

d-ax}s ;otor current in synchronou
rotating ;eference frame B

R .
g-axis rotor current in synchronou

rotating reference frame .

tor

of

phasor

e

phasor
axis

phasor

phasor

nously

sly

sly




r;f,.

~

= I B

i

e~
i
i

- xvi -

-

¢ -

——

Armature -inductance of thé D.C. machine

b.G. Link filter inductance

S .
Sum of .the.stator and rotor leakage
N

inductances per phase o i@
N ) R \

Rotor leakage inductance per phase,’
refigred to stator |
Statdr leakage %nductance per pﬁase
Mutual :inductance pex phase

Rotor self-in@uctangz per -phase,
referred tg statqryl
Stator*self-inductance per phase
ﬁéirs of‘poles_

D.C: link filter resistance
Stator referred rotor resistance per
phase

Stator resistance per phase
Differential operator

Slip, Laplace operator

Slip at an operating point

Slip ;peed

Electromagnetic torque

Load torque .

- Rotor time constangt

Input vector
Output voltage of the controlled

rectifier




We -
wm -
A
. Wy
Yy -
X -
/ -
xlr =
s -
‘,Xm ‘ -
Xr -'
|
Xs. -
y -
»or -
A -
Y iy )
4 .
Bl -

" Stator self-reactance per phase

-~ xvii -

B
Stator d-axis voltage in synchronously

rotating reference frame h
Stator g-axis voltage in synchronously
rotating reference frame

Inverter input voltage

Base angqular frequency

Stator electrical angular frequenéy

_Rotor mechanical speed

Rotor electrical speed

Angular slip frequency
Sta;e-Vector

Rotor leakage reactance per phase,

referred to stator

State’r leakage reactance per phase
'

Mutual reactance per phase
Rotor self-reactance per phase, referred

to stator

output variable
Rotor leakage coefficient '
Eigenvalue
Air-gap flux
Torque angle

i
tan l( dro )

gso |
Power factor angle

0



Y v = oXviiio - , i
~ ¢ (‘ 1
" . R | N -
Lo e, o
> . f M ;' L AT » N
. ¢s . = ‘Field angle referred. to stator reference
. B : : DR o ~~
N . + et - N
¢+ frame oot . .
€ - Rotor angile .referred to stator reference
1 8
frame ’
w a s
€ - Stator current space phasor angle referred

to statof reference -frame ' :
8 - Used with.a variable to denote its
incremental value

Subsc¢ripf'o' - Denotes the steady-state operating

point value’

Supérécript Denotes the transpose of a vector, a

] 1
t . .
¢ . matrix



o
o CH&PTER 1.

INTRODUCTION -

* < 1

1.1 Introduction

-

Speed and torque control of electric machines are the

basis of ipdust:ial automation, quality contr in produc-

. . > o < .
tion, increase in“productivity and of energy| saving 1in the

present times. With the advent of thyristors\ and conse-

cquently a wide range of electronic power converkers, the
control of electric machines is now achieved with high

efficiency and goocd system reéponse. ‘ o

Separately excited D.C. motor drives have found wide
industrial application for the following reasons: e

L}

(i) The control task is made simple as the field

*

and armature are independently controlled,

leading to an all-purpose drive.

-

(ii) Mostly natural commutation can be used in the
' . 'E
power converters thereby simplifying the power

and control circuitry and providing a robust

power conversion equipment.

To mention a few, they have the disadvantages of arcing
at the commutator demanding frequent mainteﬁénce, larger
rotor inertia causing a poor dynamic response, higher cost

compared to the induction motor and problems of torque

a2
¢ —

ripples at low speed oOperation.




lgn

°

Thé induction motor is inexpensive, robust, relatively
light weigpt and capable of operation in hazardous environ-
mental conditions. Driven from a variable frequency source,
a wide speed variation is possible. The variable frequency
is obtained either thro&gh:direct conyé;sibn from the mains
supply or through a D.C. power link. The direct freqqgncy
changer involves a large number.of thyristor devices, a
linitédoutput freguency variation from-the standa;d mains

4

and the advantageous natiral commutation process. .?he D.C.

power link frequency converters provide a large frequency
Qariation but rely on forced commutaﬁion. The D.C. link
frequency converters are broadly clagsified in%o volt§ge

and current source types. The Voléage Source Inverter-fed
Induction Motor drive (hereafter referred to as VSIM drive)

needs an additional controlled bridge converter for regen-
erat;on and is shown in Figure 1.1. The Current Source
rnverter~fed Induction Motor drive shown in Figure 1.2 ,
(hereaftar referred éo 15 C$IM arive) has four quad—

rant operation with twelve.thyristors, the same number
required for a four quadrant D.C. motor dr;ve. The elec-
tromagnetic torque of the induction motor is directiy
controlled by the stator currents rather than the Goltages

and this fact has placed the CSIM in the forefront over-

the VSIM drive. CSIM drives have the advantages of:

(1) Inherent four guadrant operation without extra

.

pgwer switches. .
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— 5? ‘ .
. N

— | -

Figure 1.1 Voltage Source Inverter-fed Induction Motor

v

Drive
* - +1
X Y D

- Link Filtér
.l“ M
— zg —

3 phase « [Controlled Cuf¥ent Sourc 3-phase
‘a.c. mains |Rectifier Inverter Induction
Motor

supply

Figure 1.2 Current Source Inverter-fed Induction Motor
Drive -




(ii) Converter grade thyristors are used in the

inverter part.
A . . ; et
(iii) Provides a high impedance to misfiring of

inverter thyristors.

.....

(iv) Has a wide range of speed variation, meeting

all-purpose drive Tequirements.

The CSIM drives are used. extensively in fans, pumps,

extruders, paper and pulp mills, machine tools etc.

v o

1.2 Review of Previous Work

In‘this'section'the devélopmedt of variable—speed
drives using tlyristor circuits is tracéd. The advantages -
of frequency control in induction motor drives ovér other
control methods 'are discussed. The steady-state perfor—
mancé and dynamic control problems»of these drives and .the

existing solutions to them are described.

1.2.1 Methods for speed control of induction motor

The following methods are used to obtain the speed

contrpol of induction motors: \>
(i) Phase control ¥
(ii) Integral cycle control

(iii) Rotor, chopper control
(iv) Slip-power recovery control

(v) Variable frequency control o o -

{

a,#'a.'.:"{;
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Brief descriptions of the above:control methods are given

¢
i

in the following paragraphs.
® " v X ‘
Phase control: Applied voltage to-the. motor armature

is varied by controlling the triggering angle of thyrigtofs

1connec£§ﬁ to the sindsoidal mains ‘supply [1], [2]. The

speed control range is very small. Efficiency of the
drive ig nearly equal  to (l.O—élip) and therefore it.is

poor at low speeds.

'

Integral—cycle'controlz An integer number of cycles
of thé sinusoidal supply voltaée is switched on and off %
to give an efﬁectivg variation of applied voltage to, the
machine [3]. It has basically the same characteristics of

phase controlled induction motors.’ , T

Roﬁor—chopper control: Rotor voltage is rectified

and the rotor windings are 'shorted on and off using a
chopper. Rotor current is varied and hence to;que and
épeed control are obtained. The speed contrél range is
much greater than the phase éontrol and integral-cycle

control methads but the efficiency remains poor [4]. A

slip-ring induction motor is needed for this form of con-

"trol.

v

Slip-power recovery control: The slip-power in the

rotor is recpvered and transferred back to the supply mains
thereby increasing§the efficiency of the drive. The speed
control region in practice is limited from 0.5 p.u. to 1 p.u.

The overall power factor is low,[5},[6] when line commutated
converters are used. . ! ‘

-
\
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speed. The overall power factor is low- [§1, [61.

0 8 2

o A& «
Variable frequency control: The interrelationsh;p .

o

between the stator sﬁpply frequency and' the synchronous

speed of the induction motor indicates that frequency'is a

-

] .
strong candidate for speed control ,of that machiné. Due

to the fact .that rotor speed is alwhys‘close to gynchrdhogs

vt LY

. speed of the machine the efficienéy is high. Availability

of solid-state frequency comverters with precise control
ny

- - a .

of frequency has made possible’ variable speed inauppion

motor drives withwhigh efficienc& and a wide speed range,
. ' ]

hitherto not obtained with the previous methods [7].

1.2.2 Development of vatiable “frequency drives

D.C. link converters of voltage,and current source
L]
types are considered in this section. Though one}pf the
' T “’-Q

current sodrce inverters was invented as early as 1934
.[8], impulse commutated voltage source inverters and na-

’ turally ‘commutated cycloconverters were‘fayoured duriﬂg

4 4

the first staées"of,variable frequency induction motor:

-

" drivds devélopment. Thergfore various problems of VSIM

: were investigated first and the probléms of €SIM came

~ N

later to the attention ¢f researchers. . ’

1.2.3 Steadyrstaée analysis

v

L4

variable frequency induction motor was attempted in a

.

Steady-state énalysis of the‘sixfstepﬁéd voitage\fed

~

S
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gtate-space formulation of the machine equations with the

symmetry of currents as constraints to find the initial
N 3

steady-state vector [9], [10],-[11], [12], [13]. The -
.

direct -evaluation of this vector spared the tedious compu-

tatidhal effort of going fhrough ail‘the starting transients,

.

to find the steady-state of thHe machine. Switching func-

tion [14],, with space-phasor representation of the'maghine

-

is one of the techniques to evaluate the steady-state‘

L4

performance’ of ihverter-fed machines [15], [16]. These

solutions are analytical and hence an insight into the '

influence of machine parameters and other variables on ~

+ %
instantaneous electromagnetic torque and.variolis losses is

: - Dz
.- obtained, whereas the state-variable methods do not provide

o

such insiéht though they are computationally elegant.
rClaésical garmonic equivalent circuits are;also used to%
find the steady~-state ‘of the inverter—fed'induction motor
*f17], (18]. This method has the advantage of identifying
the effects due to‘haémonics. 7o eliminate such effects
reguires the §uppress%on of the’corresgondiﬁg inptut
harmon;c voltages. Thg only disadvantage of the harmonic
aﬂalysié method is that a significant number of ha;mqﬁics:
has to be considered for reasonable accuracy.

introductiqn of current séurce inQerterwfed drives
[19]} [20], [211, [22)], [2?] poged the question of quﬁﬁa-.

tiog of steady—qtaée performance for égpliéation purposes.

State-space methods provided an elegaﬁt solutién procedure
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including current harmonics and -avoided the problem of find-

ing the derivatives of stator current either by redefinind

.the states [24] or using the rotor flux linkages for states P

[25]. ' The space-phasor approaqh yi¢lded analytical closed ' I
form solutions anq for sma}l slips, the solutioé is simple

{15]. . Harmonic énalysis (23] similar to’” the VSIM drives g <
providedireéults‘of comparable accuracy. fhough use of

symmetrical componetns for steady-~state evaluation of the

CSIM drive [26] is computationally tedious, the saturation

effect is taken into account.

hd .

1.2.4 Losses : , °

) Har&én@c equivalent circuits are ex£ensiﬁely used to
separate the'various losse% thatcbccur in inverter—féd
induction machine; (27}, [28], [29] and the losses are .,
invariably/greater in comparison to themachine with a
pure sinusoidal input. Reduction of losses lies in the
direction of reducing‘the harmonic content of tﬁs,input‘
waveforms and hence the need for pulse-width modulated
inverters. CSIM driveg are slightly better in efficiency
than VSIM drives (23], [30] upito the rated tgrque opera- ' i
tipn, but above this load the q?posite is true. All ‘ ;

induction machines have to be derated for application -

considerations to account for increased losses due to

non-sifflusoidal excitation.

© <

)
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. analog computer study of inverter-fed induction motor

1.2.5 Inverter-motor interaction

iy .
The interaction of an induction motor with the D.C.

link consisting of energy storage elements is modelled on
the Sasis that no reactive power is supplied by the D.C.
link. The reactive power is obtained by the switching \
of the inverter itself. A stator referred equivalent
circuit for steady~-state aﬁalysis [31] for fundamental
component 'relationships is of use when the source impedance
has to be taken into account in the r;malysis. In the
éteady-state, the D.C. link‘ constrains the quality of input
current and voltage waveforms and its resistance lowers

the  maximum torque significantly.

Dynamic study of the inverter-fed induction motor
inv"lolveé the machine model in a synchronously rotating
referen‘;e frame and the D.C. link is incorporated in the
above model considering only the fundamental compongent
of ';rolta.ges and currents [32]. From the power relation-
ship, the stator currfant is written in terms of the link

{

current in the VSIM and stator voltage is given in terms

of the inverter input voltage in the CSIM drives. An

drive [33], [34] does not involve any approximation in
the input voltage/current waveform and the only disadvan-

tage of this method is that it does not lend itself to
2 '
analytical design. . =~ 4



’

\
The CSIM drive model has the D.C. link incorporated

along the same basis [35] and its analog computer represen-

tation with [36] and without {37] approximations are avail-

able. ‘ ' :

1.2.6 Pulsating torques

Introduction of fi%th and seventh harmonic currths'
with fundamental flu; produces resultant sixth harmonic
pulsgting torque. The other higher order pulsating torqueé
can be neglected in comparison to the sixth harmonic
pulsatipg torque. They have the undesirable effect of
producing speed oscillations and hence low frequency opera-
tion becomes difficult {38], [39]). Their magnitudes are
comparable to.the fundamental electromagnetic torque and
hence they are of real concern at loz loads, particularly
at no load. In VSIM drives. the torque pulsations are
;educed by ellminat}ng the fifth and'seventh har;onic
voltages by suitable pulse-width m&dglatibn of ‘the input

voltage. They can also be minimized by a modified design

of inductiop motor [40].

CSIM drives have a similar sixth harmonic pulsating
torque [41]. ELimiPation of it is achieved by one of the
: \

following methods:

>

(i) Programming the D.C. link current in response
to the operating point [42], {(43].
(ii) Current pulse-width modulation [43], [44], [45].

1)
L4
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(iii) Employment of twelve-stép waveforms and twenty
/’ P

e ' four-stepped waveforms '[46], [47].
- (iv) Feedback control through an electromagnetic
torque loop [48]. |
( {(v) Modifying machine paJameters such as magnetiz-

ing inductance, and rotor resistance [41], t49].

1.2.7 Stability

VSIM drives hsve exhibited instability on open loop
in the 10 to 50 percent of base speed region and in the 0
to 60 percent of rated torgue€ operation [50]. Machine
£ . (

constants and filter parameters influence the region of

" instability. CSIM drives are‘normally unstable on open

' Ay
loop [51], [52]. The methods used to stabilize the inver-

ter-fed drives can be broadly classified into the fpllowing

2

categories:

(1) Design of feedback control loops.

/

o

(ii) Machine modification.

Stabiliti%atibn using feedback loops [52], [53] has the
advantage/df utilizing the standard available machine
since the loops incorporated are external to the machine
and are easy té implement. Also theyiﬁé not deteriorate
the steadystate charactertics.

Machine modification has proceeded on the lines of:
» I

(1) Change din machine constants

(ii) Altogether new machine design

A
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While the change in machine constants calls for change in
steady-state characteristics, the new machine may not ‘have
. \ N
» this disadvantage and it provides l&ading reactive power

for commutation of the thyristors. But feedback loops are

still required.  ,Details are given in Referencg {5471.

1.3' Scope of the Thesis

High peiformance and fast response drive strategies
" such as the angle control scheme [58], synchronous control
scheme [59] and field-oriented control scheme [60] contri-
buted to the deveiopment and widespread use of inverter-
fed'ixilduction motor drives. : In the literature,' these
A "schemes ére posed as independent of each other'. Each
scheme 1is analysed in its isolation but ther‘e is no method
to make a.relative comparison of the drive schemes. The
crucial role of tﬁe toréue anglelin the control of drive
( dynamics has not been investigated. The present thesis
is concerned with the control and dynamics of inverter-fed

induction ﬁotor drives and in particular that of the CSIM

drives. The following.-aspects of them are/studied:

(i) | Unification of the three exifting high perfor-
rﬁance drive contrel stratedies.
o ®(ii) The' generalized control ‘%ncept of inverter-fed
induction motor drives. A

(iii) A comparison of the drive schemes. ,
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(iv) Torgue angle characteristiics and their role in

drive dynamics.
& 3

(v) Assessment of the role of drive inputs- and
. relative suitability of the possible f{e-dback
signals. - ‘
(vi) Modelling of the cur.rent. source inverter com-

mutation delay. )

(vii) Analysis ‘and design of the angle controlled

CSIM drive. ‘ -
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' \ CHAPTER 2
FAST RESPONSE DRIVE STRATEGIES AND THEIR BASIS ~

2.1 Introduction

The development of variable frequency induction’ motor

drives are associated with three strategies at first:

- —

—

47~ cConstant slip contrbl [55].
(ii) Constant volts per Hertz control [56],

(iii) Constant air-gap flux control [57].

They have difference's not only in steady-state operation
but also their dynamic performance is entirely différent
from each:other [57]1 . The pfecise dynamic control of
electromagnetic torque, speed and flux over most of the
speed range is not satisfactory in that they are oscil-
latory ([58]. The constant power operation or flux weaken-
ing mode i; difficu‘lt to stabilize with front-end-control-

led rectifier fully phased on (59]. Three prominent

control schemes emerged to overcome the above problems and

they are:
(1) Angle control scheme [58].
(il) Synchronous control scheme [59].

(iii) PField~oriented control scheme (60].

Though the first two schemes are for the CSIM drives, it
will be subsequently seen that they are also applicable to

the VSIM drives.

)
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Br‘ief descriptions of these cor;trol schen;es as applied
to the CSIM drives aﬁd their salient features are given in
this chapter. From the d~iscus’sion emerges the basic under-
lying factor of all t?ese schemes. The schemes are taken .
up in the order of their complexity, from the simplest to

the most complex.

2.2 Angle Control Scheme, "

Figure 2.1 shows- {:he bl;)ck diagram of the CSIM drive
with its power circuit. The front-end recti'fier is fully
controllable and capable of handling. reverSgd pov}er flow.

The link filter with ;‘a fast acting current loop constitu-
tes the cﬁrrent source. The current in the link i; varied
by chahging the current reference not shown in the figure.
The inverter ig an auto—sequenfial commutated inverter
delivering three phase currents to the stator of the
induction motor. The frequency c;f,ﬂthe output currents

is one sixth of the switching frequency of the inverter.
This basic power circuit is considered throughout this
study. .

Fig. 2.2 shows the angle control scheme and Appendix-V
lists the transfer function of the controllers. The drive has
five loops, namely, unity speed feedback lobp, slip speed loop,
ar;glg loop, inner current loop aﬁd an outer spesd loop. The ’

unity gain speed feedback loop consits of the inverter,

motor, G12' Gll' GlO,' G7, Gn and is toﬂ basically run the
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the inverter to _give an output frequengy corresponding to -

the speed of the rotor. G, is the block représen-

ting the commutation delay in the current-source inverter.
The path via H,, Gl’ and G5 gives the slip speed sig-

nal corresponding to the load whereas the loop coﬂsisting

I3

of H,, G, and Gg is to provide angle control during

. d . -
the' load torque dj;stuG:bance ear;d reference frequenty change.

~he point Ye decides the torque reference and the gain

"

block G is used to obtain the rotor current reference.

2
The ‘phasor sum of rotor current reference anq the excita-

tion current forms the stator current reference. The |

inner current loop is wade up of G3, “controlled rectifier, .
link figlter, current f;edback gain Hl' This loop is to
regulate the link currer;kt in a fast manner., The outer .
speed 'loop consists of controlled reétifier, link, inv.er-

ter, G G, .., HZ' G and G.,.

12 711 1 2 K

i For better utilization of the drive, it ‘is necessary
to get maximum torque per ampere. The elg‘ctrémagnetic
torque is determined by the slip and the magnitude of the
‘rot::ir cuirrent. Therefore the slip signal block G5 and.
the rotor current reference gain block G2 are to be co-
ordinated td achieve the objec’tive of maximum torgue per
émpere. The angle controller decides the torque angle
input for co'rresponding load torgue. The load’ torqq& is
indicated by thel/:orque reference. 'i‘herg is a/ definite A
relationship between torque and torque angle and between

&

slip and torque. From this a relationship can be found




2

i o gc

\/’.

"
[P, DY

- 19 - . .

betweénﬂiorqqe refprencé and torque angle. This torque

v

angle has to be fed to the inverter in the form of frequency.

The rate of change of load is proportional tg*rate of

change of torq;e angle and this is the frequency compensa-
tion to be abplied to the induction motor during a';bad
toréue disturbance. The incremental frequency obtained is
added to the siip frequency and‘rotatioqaf frequenéy to
make up the stator frequéncy. Thé;gain of th; angle: can-~
troller block G, has to be fion-linear bécause the rela-
t%opshiﬁﬁbgtween torque reference and torque angle is . .-
non-linear andlalso due to the fact that phe‘éommuéatioq |

time in the inverter is both load and frequency dependent. B

The design of the drive is treated later in detail.‘_ )

’ 2.3 Synchronous Contrcl Scheme .

o
’Tﬁe synchronous control scheme for its ihplementation,

counts on the actual or calculated values of electromagne- o

tic torque and torque angle; The relationship between
:éiectromagnetic/;orque and slip freguency can be carrelated
to the relationship between torque angle and slip fredquency,
and hence slip frequency can be obtained either throqgh
electromagnetic torque or tofque angle. The scheme is
mainly concerned with maintaining syﬂchronism between motor
flux and stator currents or in other words maintaining

the synchronous speed of the flux phas;r in'iﬁe face of

J

load disturbances.




P

The sche;me is shown in Figure 2,.3. The torque,
reference may be generated either through the’slip séeed
signal or in a torque regqulated drive it could \be an =,
external reference. It is assumed (but not shown in the’
Figure 2.3) that 'the drive has a current loop, flukx loop
and an outernspeed loop interfacing thé torque referehce ‘
\p‘nd current: loop. Regquested and actual values of tor:-que
set the demanded value of the sine of the torque éngle.
This is‘compa;re;d with the actual value of the sine of the
torque -angle to. generate the needed oslip‘ frequency which
in turn is added to the rotor mechanical speed to obtain
the stator current frequency. Bec;use of the comparison -

o B

calculated values of the

with measured values and the
tqrq;xe and torque angle, the scheme takes into account
the effects of machine nonlinearities and ,parameter
sSensitivity of -the inaéhine. The speed of respénsg of the

[

torque angle loop is fast due to the absence of time

" constants in.its path. The commutation delay is countered

by the ?astacting angle loop. An importan{: feature of

the schein/e is that the angle is _independent of rotc;r speed o

'anq hence operat'ion at "a'nci near zero speed becomes possible. |
It is found that the t;orqfxe‘angle calculated from

stator current and air-gap flux is double-valued with

reference to slip frequency. To avoid this situation, -a

' modified’ torque angle between rotor flux and stator cur-

rent is utilized for feedback in the ?angle loop. The

I . ' \l I

-
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> [} ¢
calculation circuit for electromagnetic torque and torgque
: . ]
o ' -»
angle is given in [59].

A robust drive mostly based on synchronous control but
with the additional feature of regﬁlation'of power factor is
described in {44). A varigble flux program with the torque
angle kept at its optimum above a certain load is implement-
ed to obtain the high performance drive. Except at low speeds,
keeping the 'torque angle constant amounts to having a
constaﬁt power factor. The drive is an all-purpose one

13
as it has a torque loop, current and voltage loops, angle

loop, unity gain speed loop, an outer speed loop and an
irner préprogrammed flux loop both to act upon the torque
1oop as well as on the angle loop.

&. . 5 .

2.4 Field-Oriented Control Scheme

A current space phasor is defined as |
. 4

‘ j2n/3 -3j21/3

igle) =1 (t) + i (t)e + i g(t)e (2.1)

and for sinusoidal three phase qua@iities, it becomes
[N q 3 .

je (t) .
ig(t) =i 5. (2.2)
and
0 (8) = & e (6] . | (2.3)
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= electriqal angular frequency of the supply currents

The machine equations in stator reference frame are:
o

d(ie1%) =y 2

+
Lm dt '=-r

, d ,.
s=s s at'ig) .
e 3 = ¢ (2.5)

-~

i
-s

In the case of CSIM drives, the stator currents ,are the
inputs and they can be changedwin short time by proper
design of controllers in the inner current control lcop.
The potentially large time constant introduced by the

' {
filter inductor could be countered in the manner of poleg
cancellation by the addition of a zero in the controller
of the inﬁer loop. Hence the real attention could be

,focussed on the rotor equation. Defining,

i (t) =1i e ’s =i + (l+0_ )i ejE » (2.6)
=m m = 15 T orl 2y :

where
L, = Lm(l+ar)-\ (2.7{

Substituting equation Q.6 in 2.5 and separating out the

real "and imagihary equations of it into two equations,

the following are obtained:

|
-3
0104
o
"
+
-
. @

ig(8cosle ~¢g) = ig, = T,




1s(t)51n(es-¢s) = ISQ = (—EE'- wm)lmTr (2.9)
and i
Lr ’
Ty =’
r
o Rotor mechanical speed in rad/sec.

Electromagnetic torque,

°

Te = 5 -. —————(l+0r) lmlSQ (2.10)

-

The phasor diagram illustrating the current components on
the field axis is shown‘in Figure 2.4. Equation 2.8
reveals that the fIux producing component of stator space
currené phasor, iSD’ has a time constant equal to that
of the rotor. and is»greater'than 0.5 second for machine
larger than 15 h.p. The torque producing gompoanént iSQ is
changed in little time and in CSIM drives, the commutation
time decides the speed of change of iSQ' ‘From the above,
' it is appropriate to change the éuadrature axis component
of stator current phasor to vary the torque and hence
control the drives in much faste; manner. . Once the two
currents'and their separate effects aigkynderstood and
identified, then the control task is made simple. The
best drive strategy follows in that the key variables
iSQ; iSD' aif—gap“?f%x, angles ¢s and eg are measured
and compared with thé&r demanded values.. In case of

!
L]

vn
i S | |
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Figure 2.4 Resolution of Currents Along Field Axis
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error, that particular variable which is having the error

is actuated to nullify the error. This prdvides a desir-

9

able non-interactive control in a highly coupled machine.

The above strategy forms the basis of field-oriented

- control, a name derived from the fact that the control is
exercised on the compoents of stator current phasor resolv-
ed .along the field axis ([60], [6l], [62], [63].

Sinc; the flux (i.e. field) and the torque producing
components are separately cont;Blled they resemble that of
the field and armature controlled D.C. machine. It is
interesting to observe that the salient differences in
time constants of the field and armature control loops
are carried on to the }nductioh machine from the D.C.
machine.

Abo&e some critical load, instability can occur with
this scheme. This can be overcome if rotor flux is used
instead of air-gap flux for orientation of stator current
components and accordingly khe proper angles are taken
into account [64].

‘Ehe block diagram of the CSIM drive with this control
strategy is shown in Figure 2.5. It could be seen that

there need be no tachometer feedback for torque regulated

drives. Also it is possible to reconstruct the flux and

'

its angle 'signals from the instantaneous phase currents

and induced voltages of the machine. But such'a scheme
]
involves the motor parameters and in case of changing

a

i
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operating conditions proper care has to be exercised to
compensate for the variation of parameters.‘ A scheme with
a solutién to this problem is described in detail in [65],

[66]. The implementation of field-oriented control in CSIM
drives requires current feedback, air-gap flux, rotor//
speed and a processor to find the angleé ¢s and eg

This information is used to create i i through co-

sQ’ 7sD

ordinate transformation. Current i is superimposed

. 8Q
upon the speed and torque error signal whereas the cuf—
rent iSD is cémpared with the démanded fieldlcurrent for
the running speed. At the end point for construcfion of ‘. >
current reference signal, no co-ordinate transformation is
'necessary for obvious reason. Hence the implement;tion of
this strategy needs less complexity on CSIM drives than
on VSIM drives. At'the same time, the tremendous task of
extracting the fundamental signals from the current sig-
nals and the induced emf signals, and also the removal
of sloﬁ’harmonics from the flux deserve attention.

Y The étrategy.discussed above is based on the calcula- :
iion of current components and angles with respect to the -
‘'stator reference frame. Inétead, the same strategy can be
implemented with reference frames chosen on the synchro-
nously rotating reference frame [67](or in the rotor rota- -
ting reference frame [68]. The major advantage of these
reference frames is that the bandwidth of the calculating

circuit can be kept constant since the signals processed

*
are not greater in frequency than the slip frequency, in
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. contrast to the stator reference frame calculator.

2.5 Basic Principles of .the Control Schemes

,  All the three schemes described above have in common

o

(1)

(ii)

(iii)

the following:

Currént Regulating loop whicq maintains
essentially constant magnitude of the air~gap
flux.

Speeqifeedback loop determining the shaftl

speed by setting the inverter output frequency.-
Frequency Eompensation looﬁ controlling the
positioh of the air-gap mmf vector by tran-
sieﬁtly adjusting the inverter output frequency

during the motor transients.

Features (i) and (ii) are commonly found in any CSIM drive

s&stem. The only distinguishing aspect of all the schemes,
\ ‘ . 4

then, lies in the frequency compensation loop. In the

following paragraphs, the need for transient correction

of -stator frequency’ﬁﬁring lcad and reference speed changeks

is explained using a steady-state equivalent circuit of

the induction motor [6§J. For the purpose of simplicity,

3

the following assumptions are made:

(1)

o

" The stator impedance is neglected. Thus the

terminal voltage becomes equal to the aifbéap»

voltage.




Po—

(ii) Core losses.are neglected.

)

(iii) Magnetic hysteresis and eddy currents are neglected

so that air-gap flux is in phase with the motor magne-

tizing current and the freauencyof the magne-
tizing current defines the synchronous speed.
(iv) Magnetizing current is constant during the

load disturbance. This presumes that the time.
L]

constant of the magnetizing branch is suf-

~

ficiently greater than the ‘time constant of the,

current controlier. !
(v) Commutation delay is neglected. Therefore, the
[Z
motor input frequency can be changed instan-

taneously.

The simplified equivalent circuit of the induction motor
is shown in Figure 2.6. Let the induction motor operate
at synchronous speed. The corresponding pﬁésor diaéram
is shown in Figure 2.7. Presentiy, the power factor is

zero. With a’'step increase in the loadfand no chande in

motor input frequency the motor operation is represented

by Figure 2.8. The following may be observed:

(i) The slip speed increaseg thereby building up
the rotor current: Since the stator is

supplied from a current source, the stateor
P . N i "
current remains constant. Hence the magnetiz-

ing current phasor is forced to part from its

4

original poéition.

b o 5 <A pa
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Figure 2.6 Simplified Equivalent Circuit
of Induction Motor .
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’ °

| (ii) - Magﬁetizing current phasor slows down decreasiné
the synchronous speed. The inﬁuced emf follows
o ' the magnetizing current phasor and tﬁe phase
angle between stator cﬁrrent phasor and in¢uced E
emf decreases. The power factor increases and
more powér is flowing into the stator.s‘
"(iii) Rotor current slowly builds up due to the
N increasing slip speed, even though there is

reduction in induced emf due £0 the decrease

in ‘synchronous speed of air-géﬁ'ﬁmf.

. : The cycle ofeévents with the initiation of freéuency‘
compensation is outlined now. The inverter output fre-
quency is transiently increased in order to keep the speed

of the magnetizing currént phasor constant. This involves

the following: ~

(i) The phasor of the stator current is transiently
speeded-up in order to assumes.a new positioq
defined by the ﬁotor input power factor.

, '

(ii) As the qptor air-gap flux is ﬁaintained at

the rated value, ‘to meet ‘the load, then, the

stator current magnitude  has to be increased

‘:@o éfoéide the necessary rotor‘cu:ren?.
(1ii) .The induced emf remains constant. The rotor
current and input powerufactor incr%ase as the
slip increases. The electromagnetic torque

increases approximately in proportion to the ‘

\
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. ) .
~ slip speed. -

Hence; as a result of effective frequency compensation, the
‘motor tqrque ‘increases in step with the load without any

oscillation giving a fast response stable drive. The fre-

' ., quency compensation to be applied is

vl

= 88 ' ‘
Sme St | (2.11)

where 6 1is the torgque angle. ‘ -

Alternately, from the equivalent circuit of Figure

2.6,rand making a further assumption‘of neglecting rotor

o

leakage inductance, the rotor current is given:

R ’s (2.12)
r Rr e
B o
“ oD . rd
lT_] _
1] = = , . (2.13)
o /1 + R—"')2 . -2—-2-1 | | |
L (Lm

s wy
Lbn applying a step load, rotor;current increases due toz/
increasing slip,‘ s. Along with gﬁat if the frequency is
‘changed, then the increase in rotor current is fast
giving an‘enhanced electromagneéic torque. A change in
invertef‘dﬁtput frééuency amounés to a. change in the

distribution of current in the magnetizing and rotor

branches and in favbur of meefing load transients. The .

4 L

L,

S

F g e N - RV U Q"




nagnitude of étaﬁor current'has to be simultaneously taken
\care.of to keep the air-gap flux constant through the cd;z
rent channel. The flux pfoduc}gg componerit of4stator cur-
rent will undoubtedly decrease if the stator current mag-

| r

nitude is held constant and the inverter outpuﬁ fréquency

_is increased. Further details are taken up in Chapter 6.
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CHAPTER 3

CONTROL CONSEQUENCES OF “TORQUE ANGLE FEEDBACK

3.1 Introduction L.

Torgue éngle is defined as the angle between the
stator current . phasor and the. magnetizing current phasor,
where the magnetizing current phasor is the resdltant of
the stator and roto£ current phasors. All thé fast res-
ponse drive strategies have within them a t;rque angle
loop is shown in Chapter 2. Understanding the effects of
the torque aﬂgle loop, through a steady-state equivalent
ci;cuit is qualifafive,‘and for precise utilisétion it
needs to be put on solid quantitative grounds. The section
is cé?cerned with the evaluation of torque angle as a
function of other machine variables and the assessment of
its impact oﬁ\the control configuration of the dri&e [691,
[70]. Together with the speéd loop, the torque angle
control loop provides a complete state feedback of all
machinelstates in the machine rotor equations. This‘aspect,
. in line with the development of other D.C. and A.C. motor
drives, provides a gene;alized control concept of the
electric motor drives.' The development ofvthe generalized
control concept is helpful in the evaluation of a control
scheme and its'scdge in relation to any other standard
~cheme, and ;eads to the realization of the optimal control

of the drives.
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3.2 Relationship of Torque Angle to Machine Variables

In order to appreciate the effect of torque angle, it

is necessary to find the constituents of the torque angle

itself,. The information is to be applied to Evaluate its

impact onr-small-signal stability of the CSIM drive. Hence

the* machine's small-signal equations are made use of .to

derive the relationship between the torque angle and other

\

machine variables. The following assumptions are made in

" the machine model:

(1) Distributed windings so as to pyroduce sinusoi-
dal mmf in stator.and rotor.

{ii) Saturation and core~looses are neglected.

(iii) Temperaéure and frquggéy effects on machine
éonstants are neglected, though they can be

incorporated in the developed model when it is

necessary.

The reference frames are synchronoﬁs]y rotating and’ the
equations are given in Appendix-I [71]. The derivation
of the incremental torque angle, 66 , in terms of the

machine variables is given below:

A subscript ending with an 'o' denotes the steady-
state vﬁlue of a variable. The fundamental of the input
cu;rénts are only considered and alignment is so made that
the d-axis stator current is zero. The stator and rotor

variables are denoted by the additional subscripts 's'




and 'r' along with the subscripts 'q' and 'd' for the quad-
rature and direcﬁiaxés,;espectively. The phasor diagram
of the induction motor is shown in Figure 3.1 imo is the

magnetizing current phasor and € 1is the torque angle.

From Figure 3.1, the following are obtained:

! -

. ', 7 ‘
lro © lqro t liro (3.1) .
i, |
tane, = 17252 (3.2)
laro
i sin®é
ro 1 . :
tané = — (3.3)
gso 1,0G080,

'

Perturbing all the variahles, equation (3.3) becomes

C o obad . +
tan (6+60) = 1{(11.25:1]:; .s.lr(lj(_el+z:l:cos(9 +66,)
- [s) as ro r 1 1

as
(3.4)

Expanding equation (3.4) and neglectinna second-order terms,

results in an equation with small-signal variables in f%g

a

form of:

66 = [a]qu—s + [bl6i _+ [clé8, (3.5)

where

hioasiakiboced
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. ' ' l
_ =tanse
. an_ h /
,IV
(sing, + cose,tans)
b = L
| h
. (3.6)
. .- (1]___0co$el - 1rdsz.neltane)
h " g
1 = 3 '/_ 3 + 3 3 K
) lgso’ 1rocosel 1r051neltane
/
¢ ~/ - )
§6; in equation (3.5) can be written in terms of other \ .

. machine states and is accomplished in the following steps:

) + 8L, = (i .
iiro Gldr (1r0+51r)sm(61+661)

(3.7)
iqro + qur = -(1ro+51r)cos(el+del)
from which \
S . . ' B
Gl!dr = [1rocosel]6Ql + [51n91]61r (3.8)
" i
‘Siqr = [1ms1nelles‘el - [coselldlr (3.9)

Lﬂ.

Combining equatipns (3.8) and (3.9), it is seen that

1 . . :
T e 5]
661 i [cos lhdr + 51n6161 ] (%.10)




g

i

On substitution of equation (3.10) in (3.5), the expression

for 66. is obtained as

56 = [a]dlqs + [bl]n‘;lqr + [c1]61dr (3.11)
where
= [- L. g =
bl = [ bcosel + 3 51n61] a (3.12)
r0
_ \ c _ -a
cy = [bsmel + I;; co§61] . Yan® (3.13)

In a similar manner, the incremental torque ahgle
of a VSIM drive can be obtained. Even in this case, the
incremental torque angleé is a function of only the electri-

N ,
cal states, i.e., the stator and. rotor currentéxglong the

quadrature and direct axes. h

It is important to note that the incremental torgue
angle is dependent only.on electrical states and not on the
mechaniéal rotor speed.‘ The use of torque angle for
electromagnetic torque control is attractive in the sense
that the generation of electromagnetic torque can be freed
from the dépendence on the slip speed signal generated from
a reference and the rotor speed. At very low speeds, the
slip signal that is generated by the above means would be
inaccurate and hence the dynamic control of drives/around
such speeds is very difficult. Regulating torque angle

and in turn electromagnetic torque would precisely control

the dynamic response of the drive.




: &
3.3 Control Consequences of Torgque 2Angle Fec®back

The CSIM drive equations on open loop can be arranged

in state-space form of:

(3.14)

[
i
>
%4
+
o]
ja

+
el

(3.15)

<
H]
0
[
+
=)
K

e

where A,B,C,D are 4x4, 4x2, 1x4, 1lx2 matrices, respectively,

and g” is the disturbance vector.

o ras . . t
X = (84 Sigy, 8ig. Sul | (3.16)
U= [6V, 6w ]° ' ‘ (3.17)

d e .

- t ’

d=1[000 6r] Q (3.18)

The matrices A and B are given in Appendix-II. Depending

- upon the required output, matrices C and D can be derived.

The two independent inputs of the drive, the control-

led rectifier voltage, &V and inverter freguency 6w

a’ e

are normally decided by the_ feedback controllers. For

L

.illustration, a simple drive configuration shown g\ Figure

3.2 is considered. The slip speed determines the 1ink

voltage and the sum of angle error and the reference speed
determines the stator frequency of the drive. THe dypamic
small-signal equations of the 'drive inputs are given below:

Y
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§V4 =‘K1[6wref - Gwm] / (3.19)

Sw_ = Kz[ﬁ‘w

e - Gmm] + Gmm + &9 ‘ (?.20)

ref
Substituting equation (3.1l1) in (3.20),

Vi

¢ '

dwe = [a]hqs + [bl]m.qr + [cl]‘éldr ‘
. - ~ (3.21)
+ [1-K2]6wm + [K2]6wre'f )
= la by ¢ (1-K,)] slqs‘i + [Ky180 0 (3.22)
“ Sy
“‘dr ’
Sw
_ '
= [a bl g (1-Ky)1 X +,[K2]6“’ref (3.23)
Vg = [—Kl]amm + [Kyl6u_ ¢ (3.24)
_ - - Y TR -
,cvd‘ 00 O Kl‘{ Glrrs[ B
| ~ .
U = = _ \ L
- GweJ ab c; (1 Kz._l qur + I'K2 Swoof
L ]
' Gidr
‘ S0m \
. ' (3.25)




hY

l_K .
1 _ \
= [K] X + Su. (3.26)

where xlnatrix K is observable from equation (3.25). From
equation (3.26) it is seen that the torque '‘angle with rotor
speed feedback con(stitutes a complete state feedb?.ck,. i.e.,
with two signals alone a net effect of' feeding four signals

is obtained. Substituting equation (3.26) in (3.14) gives

1

X = [A+BK]X + 4 +

|®

(3.27)

- 3] Fﬂ,su . |  (3.28)

| re
%]

|®
(!

The relative gains of the electrical states assigned by the
torque angle feedback are fixed and cannot be changed at
will. 1In spite of this rigidity of relationship of the

¢ L

torque angle with drive electrical "states, it is shown sub-

sequently that this does not affect the pole-zero assignment.

3.4 Differences Due to Tox"que Angle Feedback and Sbeed and

Current Feedback Schemes

To fully understand the significance of torgque angle
~ feedback from the pole-zero assignment point of vi:aw, it
is necessary to go ovér the simple schemes using speed
feedback only as well as ‘schemes'us_j.ng both speed and c¢ur-—

rent feedbacks. The differences due to the influenée of .



these types of feedback is explained' with regard to thé\ir
ability to place poles and zeros in the drive system. For
purposes of conceptual clar:-ity, ‘the controllers are con--
strained to béa proportional in nature so that the system

order is maintained at the minimum. -

3.4.1 Speed feedback scheme

The CSIM drive including D.C. link filter with speed

e

feedback, shown in Figure 3.3, is considered here. The

closed—-loop matrix is given by !

(A, ] = [A+B K] -

— .
a1 12 213 234

a1 %2 %23 %24 . ‘
.= (3.29)

az; 333 233 334

/ *

Ag) 342 943
— v

The determinant of the clo?edj-loop matrix is given by

[r1-a,| = A4+apx3' + 022 +ch kA (3.30)

’

" where a - (sum of the poles)

, (3.31)
S -(a;; + as, *a34)
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from egquation (3.31), it is seen that the cbefficiegt ap
is a constant and is unaffected by the feedback. The only
eleme;ts modified by the feedback are denotéd by the
asterisk in equation (3.;;?? Thergfore, the placemenﬁ of
the poles of the system are constrained in that their sum
shbqlh always be equal to that defined by equation é%.Bl)

and this, in turn, is decided by the machine and D.C. link

filter constants. For a given drive whose details are

£

given in the Appendix—%II,
. ! '

2 = 20.567 (3.32)

This demonstfa£es that the poles are situated near the
imaginary axis, and it is not pqssible to mové two poles
fartber away, so that the remaining poles determige the ;r%
system damp%ﬁg.

For -the speed-gbrque transfer function, vwhe zeros ave
Eomputed by deleting thé mechanical equation and also the
sgeéd controller, which amounts to de}eting the féurth;rowA
and column in equation (3.29) using the direct method [57]. .-
Then it is seen that the zeros arelnot’affected by the feed-

back at all. Hence the positioning of poles and zeros for

"good transient regsponse is limited when only speed feed-

back is used. j i

e - . u L . . - e ome PR, -~




(2

- as shown below:

3.4.2 Current and speed feedback- scheme

Althougﬁ(the feedback of both current and speed gives[
much more freedom in the assignment of poles and zeros than

in the case of speed feedback only, there are constraints

2
s

The closed—ldép matrix of the dfive system can bg.

denoted by A, .and is given by .~

- o
ay) 212 213 314

a3) as; azf a3y
[A] = : (3.33)
c aj; a3y 233 2§, .

a4) 242 243 244

4

where the elements with the asterisk are those that are

modified by'‘the feedback. From the characteristic equatibn,

the sum of the poles is

. *
ag = _(all +’a22 + a33) . ‘(3.34X
Equation (3.34) indicates that the poles can be varied by
only one of the coefficients ail whereas the other two
coefficients are fixed. Within this constraint of the sum
-’
of the poles, some pole assignment is possible. The coef-

ficient 'ap' for tge drive model can be written in terms

of machine and feedback parameters from the Figure 3.4 and

1]
.
.
.
s
%

&
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the system matrices.

4

Link Voltage GVd‘= Ka[Kl{Gmref—Gmm} - szlqs]
_ (3.35)
“Robr  Ip LRy Ry
a_ = -[ + =6V, - ——— = —] (3.36)
p b, "D, °'d D, L
Substituting equation (3.35) in (3.36),
R.Dy
(l‘ioLr + LORr + I + K3H2Lr) ,
a = - ' : (3.37)
P a
For a particular value of current feedback gain H, and

current controller gain K3 the “poles placement is inflex-
ible. lThe zeros of the speed-load torque transfer function
as computed by the direct method show thaﬁ the zeros are

changed by the feedbacks and only the current feedback gain
H

and current controller gain X, have an influence.

2 3,

3.4.3_ _Tordue angle feedback with current and speed

feerLack scheme

{ -
Fingfiy, the case of torque angle with current and
speed feedbacks, shown in Figure 3.5, is . considered. In

this case, the closed-loop matrjx becomes

h ] ! R
4 -

[

K 35
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*
22 723 724

(a,l = (3.38)

*
a3 ajj

241 “42

where an asterisk denotes that the particular element has

¢

been modified by feedback. The sum of the poles is

a = —(a¥*, + a*_, + a*.) (3.39)

All the coefficients in 'ap' are subject to change and
~depending upon the feedback gains and controller gains, a
great amount of flexibility is obtaired in p;ie $piacement.
From the zeros of the speed-load torque transfer function,
it can.be seen Ehat the zeroé are assignable with enormous
amount Jk‘freedom as the constituents of all the coefficié%ts
of the polynomial can be changed with feedback.

From the A matrix, it is seen that the élemeﬁts of
second and tﬁird column differ from each other and added
. with the different multiplier gains of each chrent in |

torque angle equation, the elements of‘the closed-loop mat-

rix [A+BK] are uniquely determined. -

~
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3.5 Generalized Control Concept of Electric Motor Drives

Any drive system can be represented by

X=AX+BU+d : '(3.40)

y=cX+DU | ~ (3.41)

and if the system is completely controllable then there
exists an optimal input (- N

U =KX o | (3.42)

satisfying  a given system performance inaexn This is tﬁe
well known result of optimal control theory. Note-that the
input becomes a linear combination of all system states.
T"ith this type of control, the closed-loop s;stem eiéén—
valugs are determined b& the characteristic equatién of éie
matrix [A+BK], and it is possible to assign ;he poles
arbitrarily anywhere‘in the negative half of the complex
élane and subseqﬁently the zeros are also moved. This typé
‘of control not only assures the sttem stability requirement
but also fulfils the system respoﬁse requirement. Hence
any system which has a complete state feedback yill be
superior to the qné with incomplete state feedback in the
above respects.

Applying this to simple D.C. drive system shown in

¥ ]

Figure 3.6 and writing the relevant équations of the system,

[ .
¢

Fn e 8 s a3 -~ - - T e aens SRRy R e S Tt A o R Wk S Sadean
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phe following is obtained:

e dia
— ==
R la + L At wa Vd
dwm
Fo + J T Ktla = —TL

A

&

' alternatively, in the state-space form,

daig] [T - "~
—_ / - 3

dt Ra’La Kb/La L

dw; '

-a——t—_ —I\t/.T ~-F/J _! _wff_d

" (3.43)

< (3.44)

/7

(3.45)

Controllability can be ascertained by finding the rank of

[BIAB] matrix and it is found that this matrix becomes

equal to
) —
/L. -R_/L°
a . a’ “a
[B|AaB] = (3.46)
0 Kt/JLa
/ -
and it is controllaﬁle. aking the closed—loop‘equatioq
for the D.C., output voltag
vd = Kz[Kl(“ref_“m) - HZla] (3197) ‘
= [-K,H, - KK, H ] X + [K1K2]“ref (3.48)
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It is seen that the poles and zeros can be shifted to any
desired position by the feedback. Also the input is a .
linear combination of the system states. This is precisely
one of the reasons that optimal control is in-built in
such a drive system and no further extensive studies are
warranted in this direction for this particulaf class of
drive systems.

% Similarly many research papers have proved befond
doubt that a complete state feedback is superior to inéom—

-

plete state feedback control in synchronous machine control
and in case of inaccessible states, it is necessary to
\‘; - . -

~ reconstruct them for feedback purposes f72}. ——— —

Each controlling input to the'induction‘motor is pro-
grammed tobe a function of one qQr more states of the drive
system. Cert;in feedback signals contain most of the
states and ir comhinatiQn with those missing, will con-
stitute an all state feedback as far as an input is-
considered. For example, the casé of speed-and torque

-
angle feedback constitutes all.the drive system states.

2

Then it would be advantageous to classify the drive systems
0 .

on the basis of the nature of state feedback, i.e., whether

complete state feedback or incomplete state feedback.

"Identification of drive systems into one of the categories

and along with appliéation of modern control theory gives
a general appraisal of the drive in terms of its response,

i.e., whether the scheme is optimal ‘in a certain sense or

s *



"

not. TN
, ;9 . ®

To proceed, the controllability test is performed on

the open leop induction motor system. It is found to be .

controllabl For the drive strategy given in Figufe 3.5,

it can be shown ¥hat the. frequency input is a linedr com-

- bination of all stat®s whereas the link voltage is a func-

tion of only rotér eed and stator quadrature axis current,

Eence with regafd to link voltage‘ihput, the system has an

incomplete state Yfeedback. For a fast response and high

~

performance dri system, it becomes obvious that the link

This is
. ¢
‘achieved only in the synchronous and field-oriented schemes,

* voltage should also be decided bv'all the .states.
as shown later. Then in such a case, all the elements in
the closed-loop matrix Ac excepting the elements 2,1
and a3 are modified by state feedback. This affords a
great deal of flexibility in the choice of combinations of
states to place the zeros and poles of the system at the

:

“desirable locations.
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. CHAPTER 4 ' > .

4

COMPARISON OF THE CONTROL SCHEMES.

4.1 Introduction

The three fast response drive schemes have as their

- basis the aspect of frequency compensation. Their unity

in frequency compensation and diversity in the following

- aspects make the schemes distinct in their own right and

ingenious in engineering design: .

»

(1) ~Sensing the torgue angle and the method of
‘ frequency cbmpeqsaéion
(ii) Referenceé frames used for computation of
machine variables
(tiii) Overcoming machine parameters® %eqﬁitivity

~—

(iv) Flux magnitude contrcl

This chapter deals with the interrelationship of the

” .
schemes and their differences from the engineering imple-
mentation point of view, and their control characteristics
as evaluated by the generalized control concept of the

-« —

electric motor drives. A comparison of the schemes com-

pletes the chapter.
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4.2 Interrelationship of the Drive Schemes

The theory of the control of an inverter-fed ihduction

/
/ motor is developed in the field-oriented control scheme with

the machine model in stator reference frames. Based on
this analysis and an understanding of frequency compensa-

£ion, the three control schemes are considered in detail.

L

4.2.1 Angle control scheme

£l .
Lo

The angle control loop, the most crucial of the loops

of the angle control scheme, shown in Figure 2.2 is con-

sidered first. The loop consists of G12' Gll’ Hz, Gl'

G., G, and G,- The output of the angle controller is

6’ 7

H
Y3 and its input is Y- An analysis of this output for

an input is given below:

The céntrollers have theqtransfer functions:

Gy (s) K1(1+Tls)/s” (4.1)

GG(S) = K6S/(l+T65) (4.2)

+ Gg (s) is essentially a differentiator and the denominator

‘term is to attenuate the noise at high frequencies. For

the range of frequency of interest, '1‘6 is négligible;

Therefore the cascade transfer function of the two blocks

Gy and G6 is a'proporiional and differential controller.

The output Y5 is then,
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< =
¥y = Ky *Kgo (147,8/d8) [u_cmo_] V (4.3)
= :Kl-K6~(l+T1d/dt)-mm + Kl-K6(1+Tld/dt)mref‘ , v
(4.4)

From the electromechanical equation, -

Jeduep/dt = T, - Tp . . . | (4.5) ) o

Es

¢

and integrating equation (4.5),

Jew = J (T -T, )dt . | . (4.6)

Adding equations (4.5) and (4.6) and rearranging,:

(l+Tld/dt)-mm = [Te-TL+TlJ(Te—TL)dt]/J (4.7) =

Substituting equation (4.7) in (4.4), ~ . e

, K.K ’
- — -—1-:——§- - - g ©
. ¥y T 5 f(T, TL)+T1J(Te TL)dt] + KK (1+T16t) cef .

’ ' T
" . (4.8) °

From equation (4.8}, :l is'eeen that the frequency com- |
~ ,pensation is influ;;oed by both load torque distrubance :
- and reference frequency change. The component of freluency .
v compensation due to a load torque dlsturbance is directly
proportional to-the difference between the electromegnetié S

'_torque and load torque and its integrel. "Simjlarly, the

[+




3.y

¢
t & & o .
.

s K
component of frequency compensation due to reference fre-

1}

guency changeé is determined by the reference frequency

. .. o v - ’A . . o ,
change and its derivative. The action of the frequency

compensator in coping with both 'load disturbance and fre-

”

.. + ) )
.quency reference ghange is briefly described here.

’ [ N P -
(i) Load torque disturbance: The machine is

opefating in steady-state and a load torgque increase is
. [

NN . N s o

initiated. Then accordingly equation (h.8)‘1n terms of

small-g%gnal variables becomes

g o
s - t , :
= R,K {- (6T -6 )+1, [ (s7_-5T )dt]+(1+7, Eo) 6w
Y3 = RXfetT FloteTON T e L Th1dE *Yref
. . (4.9)

Let‘ - ' h“ -

. “ s } S
D bu_gp = 00 B ‘ (4.10)

v

!

'Hénce,'the_frequgncff ompensation added is sum of .the

' . P - . '(
negative of acceleratjion torque and the integral of the
N - - ;
sathe. Bothk these components are positive and hence the
. o

eﬁEegt, the'magﬁetizing current phasor is lefit undisturbed

1

ih its po;ition. Note that for a decrease in lgad torque

the stator current phasor is slowed down thereby adjusting

- L3

3the torque angle td correspond to load conditions:

(ii) Reference speed change: When keeping‘the load .

'torque constant, an increasé in reference frequency is

fdllowed by an increasing_stétor‘current phasor speed

~

4

4

. frequency of the stator cu?fents i% increaébd:~'Dug to this

L'

\ X
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having two components.’ That directly due to reﬁeqence
frequency change is giden by the term

Al

- ¢

d i
1 EE)Gmref . :
" ) 5

K1K6(1+T

At the same time any change in electromagdegic torque

beyond its steady-state level correspondin% Eo_load tor-
Av

que is countered by subtracting SHE “stator frequency -
equivalent to a proportional change and-its integral in

-\‘

the electromagnetic torque given by the term )
2 ,

- +T -

K1K6[6Te 1 J(éTe)dt]/J
This balances the problem of reference speed changes in
that the torque angle is maintained constant while the
srator currenf phasor is speeded-up. Even during dynamic ‘

~ , . » N ™

conditions, the constancy of electromagnetic togque is
preserved for the reference speed change. For a negative
reference change, the too fast slowxng down of the stator

1

current phasor if itqgffects the torque angle is instan-

htaneously countered by the p051t1ve frequency compensatlon.«

This is explalned by notlng that 1if the torque angle is

smaller than the requlred steaQy—state level, GTef becomes WQ
negetlvgkend ehe ireqcency compensation termhcerrespohdrng ¥
to' this becomee.positiyeﬂ.F - | y

-.:

~




1 4.2.2 'Synchroqous control schéme. : wv_A

-

A3

Herein lies the ingenuity of the angle contrbl'scheme.

AN .
Without measuring the torque angle and electromagnetic
R .

torgue of the induction motor, the stator current phasor

is positioned dynamically with the torque reference signal, ‘

and ii this case it is generated by the slip ;peed. While

the torque angle is dynamically corregted,gthe magnitude |

of the current phasor also undergoes change. tThe cowponents -

of the current phasors are assumed to be in perfect quadra-

ture to each other and';re‘vectorially added. Dynamically,

the torque and flux producing components ;rq\fixed by the

stator current phasor and the torque angle controller.
But in this scheme, the transient po;itioning of a'rlgap
ﬁmf is done without reference to the actual.toréuekﬁﬂgle.
There is glso no feedback to help to control transientiy o
the air-gap flux.

\ Another“drawpack is that'éince the excitééioq current
is fixed, the air-gap flux is affectéd due to the magnetizing
inductance's dependence on sfatqr current value. There
is no'w;y to check this condition as long as ther% is no
feedback of‘air-gap flux itself. In spite of the drawbagks
mentioned, the angle control scheme is the gimplest one I
inherently having frequenby'compensat18<l

-

The air-gap flhxllinkagés are measured with the stator -

N v “
currents.and.vbltages from which electromagentic torgue and torque
0 'l' * '

-5
>

-’
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angle are computed. The machine parqmeters do not enter

4

-

into such a computation in a direct férm. ynlige in the.
angle control scheme, the reference torque is compared to
éhe actual value of the torque angle in the machine and
then frequency correction is initiatéd. In turn, the
refere?ce torque angle is obtained from the‘difference of
torque‘reference and actual elsctromagnegic_torque. ‘The
changes in the‘macé;ne parameters are fully accounted into

the drive scheme in this<manner., Note that all the éompu-

R \
tasions are carried out in the stator reference frame and

y +

hence no transformations are required. Air-gap flux is

seqaat the desired level due to its comparison with the

r

measured air-gap flux. The drive needs air-gap flux sedsoré

and also a minimum complexity computational circuit for

torque and torgue angle.

i

.

4.2.3 Field-oriented control scheme

- 3

This incorporates perfect decoupling of the machine

[}

and each output is controlled through a non-interactive -

channel. The resolution of the .stator current phasor into

’

two compgnents along the air;g'ap flux axis (known as field

.axis) and the computation of these through the measured

air-gap flux-linakges and stator currents providéds the

basis fbr‘comparison with the respectivé rjferehce values.

3 .

" The machine magnetizing inducﬁance,éhanges depénding upon
/ Q

the stator current, and for a case of constant direct;

L)

{

I

e

~ 5
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field axis stator current reference iSD' shown in Figure
2.4, will alter the air-gap flux. Therefore, the addition
of another loop to compare the actual air-gap flux with the

desired value corrects the situation. Noting that,

‘el ‘o o1 .4
Modified air-gap flux = L 1m/(lfgr) (4.11)
and
” . ’ 1 4 - L 1 \ y *
ign = (T -d/dt + 1)-i = (4:12)

P ’ SQ
R

b

"It is seen from the equations (4.11) and (4.12) the air-gap

flux is proportional to magnetizing current phasor magni-
Y

tude im . But im is not a simple proportion of  i__’ §

5Q
as it is related through the<iime‘&eiay: This!necessitates

the flux éohtrolling %oop mentioned above.

Similarly a contrdi loop to force the deneféted torque
to demanded value is” accomplished comparing the acyual with
the requested values of the electrémagnetic‘torque. The

error of this sets the reference i " which in turn;is

5Q’
compargd £0rthe computed value. The machine parameter
sensitivity is'completely eliminated in this scheme. This
scheme needs air-gap flux sensors and co—ord?nate conzsrters
and hence results in cémplex contri} and computational

circuiﬁfy. -

» . ' b4

h'g

oo
Aot A

[}
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!

4.3 Evaluation of the Control Schemes by the Generalized *

Control Concept - IR "

The fineness of the control achieved by each .scheme

- can be evaiuated by a gene}alized control concept of. the
electric motor drives. To 6btain‘£hat, £he drivircontrol
inputs-have to be expressed in terms of their controlling

functions. Results obtained are general in nature.

'4.3.1 Angle control scheme
/

From the Figure 2.2, the control inputs of the drive’

can be simﬁlified as shown in Figure 4.1. Assuming K2,
Ky and KS to be simple proportional controller gains, the

inputs can be written after drawing the state diagram of

~

~ i
the speed controller. The\§£ate diagram of the speed

controller i's shown in Figure 4.2. From this state diagram,
. .

the following ecuation’is obtained:

/

/

yg = K Ty (60, c-6u ] + Xg © (4.13)

From Figure 4.1, the following are obtained: f;
dy6 .
Y = KG Tl . (4.15)
v =k, L (KT, (60 “Mm]+x‘~‘} ‘ - (4.16)
6 dt ""171" ref " m 5 TR




Ty

&

(0 gm0p)

K1(1+Tls)
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A
(6T -6T.)
— d_ _ e L
= K¢ 3% {K}Tllamref b 1
’ ‘ ' GK (6w ref -*Gmm) . (4.17)
. -T, 8T, ‘
. ’ = KGKl(———E—— - Gwm) + K6Kl(l+T1 dt)Gm of
K_K.T
611
+-—ﬁf——-6TL (4.18)

And substituting for 6T, from the electromechanical

Ay

equation,
1 ' - YO
3 1 {3 = KK (a4161qs'+ ay308%4, Gmm)
? 1
¢ K. K. T
. d 611
+ Ky (1+T) gp) S o + —5— 6T, (4.19)

A
The stator incremental frequency is

2

swe =Y, + Y3 + Gwm ) = ,f(4.u20)
* =[K,y) 0Ky3 Kyy KpglX
+ [KgK) + KiRg + K6K1T1 dt”“’ ef
: (4.21)
_ K _K.T R
AT G

o J L ?
‘The link voltage, on -the other hand, is

\
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§V_ = K3(y6K2 - qus)’ K : . (4.22)

K3digs = K3KpKyTyduy + KKKy

-+

KyRoK Ty 8urer - [

‘ 4.23
3R K T 0w o (4.23)

i

(Kyy 00 Kyy KyglX + K

'I"he‘ stétor frequency and link voltage ar.e not linear com-
binationsof all £he system states and particu}arly'they are
totally independght of the rotor g-axis current. This
control scheme belongs to the categ;er of incomplete state
feedback’. Th;a control consequence c;f\thi's is clearly shown
in inadequate freedom“of the péle—zero assignment .explain-

ed in the following:

‘The closed-loop matrix A, is of the form -«

afy ay; 213 3y afg

ax

*
a 25

24
33 23 235 (4.24)

0 0

o 0 o0 af O |~ ‘

The asterisk denotes that the elements are modified by

A

the feedback. The sum of the closed-loop poles. is,

-~

+

<%
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*
22. % ayy)

+a (4.25)

where only two elements are modified by the feedback.

'Similarly the zeros of the speed-load torque transfer func-

tion are computed using [57] and the sum is given by:

3z = 7@y * 3y +oag,) : .26
where only the element ah is under control. From equa-
tions (4. 25) and (4.26) , the curtailment of freedom of
assu;nment of poles and zeros is evident.

If the disturbance matrix, g, is examined, it is of

(3

+ the form:
dll 0
A (14T 9—) d T Suw
21 dat 22 l ref
a . ‘ ' (4.27)
LN
951 .

The stator. equationu is not directly influenced by load

rtorque and the elect#omechanical equatién is not coupled
. ) :
directly to the reference speed. The former situation is

© effectively countered by adding the differentiated output

of torque reference signal, Ygr .into the current
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‘reference. This brings in the element d12’ is shown by

the equation (4.18).

4.3.2 Synchronous control scheme

Figure 4.3 shows the control input generation for the
synchronous contxrol scheme. Utilizing Figure 4.3 and the

simplification,. that for small torque angles;
sind8 = §9 . (4.28)

the following can be deduced:

@

Vg = KK,y + K3(5wm-6|'¢;|) - siqs} - (4.29)

shvl =mei__ +myei__ +m,6i (4.30)

as 2 gr 3" Tdr

<

and substituting for Ye from equation (4.13),
Vg = [K)y Kyp Ky3 Kyg KX 4 dyg 00, (4.31)

The stator incremental frequency is

Sug = [(y6~6Te)K4-66]K5 e, (4.32)

]

Obﬁaining incremental electromagnetic torque from the

machine equation,

—h s X F . . ow r N N T



+
wref ( _) . )

‘Kl(l+T1§)
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/
= 5 3 6 ] 4 L :
6Te a4l 1qs * a43 ldr (4‘@_3)
’ L] * . N
58 = adlqs + blﬁlqr + clsldr (4.34)

Subst:ituting for §Tq from equation (4.33) and 6§68 from

_equation (4.34) into equation (4.32),

Sug = [Ky) Kyp Ky3 Kyy KpglX + a og00pp (4.35)

From equations (4.31) and (4.35), it"is seen that the

inputs are linear combinationsof all the systeim states and
the synch}:onous control scheme c'orlstitut';es a complete

m,\), state feedback. Hence the poles and zeros are arbitrarily
assignable and the: freedom is unrestricted in such an "en-

. deavour. /

The disturbance matrix is similar to that for the
angle control schemedexcepting that no time derivatives
of reference speed are included.

. +
4.3.3 Field-oriented control scheme . %

By the same procedure adopteﬁ for the synchronous

control scheme, it is found that the field-oriented scheme,

is a cbmple'te state feedback system. Also the state feed-

\

back gain matrix K is o§ .the form

a >
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— ’ »
‘Kll f12 %13 Fug K151 ‘ ‘

y > , (4.36)
Ky1 %22 Ka3 K, v Kos

.

»

+ 1

and the individugl gains can be independently changed by
such variables as controller gains. The rigidity of their

inter-relationship in simple angle feedback scheme is

-

overcome in this way.

)
i

4.4 Comparison of the Schemes ,
3 .
The comparison of the schemes can be obtained using

the generalized Eontrolxgoncept of the drives. ,Ism}s'noted

that the angle control segzﬁs is one of the incomplete

_state feedback category whereas the synchronous and field-

\

oriented control schemes are of the complete state feed-

back category. Optimal control can be achieved .in the
synchronous ahd field-oriented control schemes because of
this structuralwpropertyﬂ But only sub-obﬁimal control is
possible %nvthe’angle control.scheme. Hence the superior-
ity of the two scheme;‘over the angle control scheme. '

. éuﬁming up from the physical'point of view, the fol;a

‘o ‘ . -
lowing comments are in order:

0f the three schemes analyzed, the angle control "

scheme is conceptually simple and intuitively appealing.
Instead of'meag?ring the torque angle for dynamic position~

ing of the air-gap flux, the angle is constructed from the

7
'}i
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. —_— g ~

torque refeféﬁte\signgl. In this way, the complexity of

- —— O t

3 N - ) -
. _ processing a large number of signals is eliminated. How-
nv ¢ ’ ) o R4
exerﬂ by ug§ing only the motor slip\gpeed to reconstruct

- the torgque angle, Eﬁe\gontrol=circuit has ng_information o

about the actual value of the air-gap fluk nor about its
. precise position. - Since all these variables are obtained-"
indiréctly and ‘also thé drive controlleré\depend on machine
. , ° ~. ' /

- ,

gohst%nts, the drive performance normally deteriorates due
\ - . " N . '
to magnetic saturation, change in operating frequency/and

change in winding temperature.

The synchronous control scheme avoids these difficul- |

'

ties by providing almost complete information about” the key

motor variables. Aifhough the torque and its argle are cal-,

~

culated, motor.currents, air-gap flux and speed are measured

.
N
.

' S
Furthermore, this schenie is less sensitive to variation in
motor  parameters than the'aqgle control scheme. The air-gap
flux can be programmed and preéisely controlled during cop-‘

o

stant” power operation. The unity gaidﬂfrequency loop can

v also be obtained by using the flux linkages signal and the .

. p i
c ) Lngle loop provides.the slip and the Fum of the two sets the

stator frequency. Consequently the mdtor output- speed may

be controlled indirectly.
" The field-oriented*control_iS‘histo;}cally;the oldest

-~

\\ Ve N 4 ]
.of the three schemes considered. Th}S,lS the most complex

N

\\\\< scheme and has all the features of synchronous control in -

v

". addition to. a measurement of the flux producing component

~ ' .

: _ .. of the stator current. This enables a fast and accurate

- »

-

- - o o~
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/
positioning of the air-gap mmf phasor.

Fé@ﬁready reference, the compari

tabuiar form and given in Table 4.1.__
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. . Table 4.1 s
) . Comparison~of The Drive Schemes
Item for Angle Control _|Synchronous [Field oriented
Comparison Scheme Control Control
1. Feedback Fotor speed Rotor spéed, link Rotor speed ‘s
Signals and link ° current’ Flux link-. {Link current-
S~ current ages ‘- Flux linkages
T~ . ' *Electromagnetic *Electromagnetic,
o toraque torque,
.| *Torque angle - * .*torgque angle
' .| *Field-oriented
' stator current
i N .| components
*CAILCULATED *CALCULATED
2. Angle Constructed Tnstantaneous Instantanecus
‘ from steady . Calculation
state charac- ,
T teristics ‘ '
3. Flux . |Neither mea~ Uses either mea- Same as synchro-
N . sured nor cal- sured or a cal- nous control
culated culated one fram '
terminal voltages
: ! 4 and currents
*4. Programming |Possible but Precisely imple- Precisely
, the flux with no feed- mented ' implemented -
C back
5. .Control Current loop Inner current loop, |[Inner current
loops unity gain unity gain speed loop -
speed loop loop Unity gain speed
N An outer speed Flux loop loop
L Jloop.Angle com— |Torque loop Flux loop
pensating loop . |Angle loop Torque loop
(4 loops) 'Outer speed loop Angle loop
(6 loops) Field-oriented
: ' | stator
X ) current component
loop
Cuter speed loop
(8
6. Speed Ioop |Fssential for  [Optional But FTux ot o FTw|
. ‘ operation programming would programming would
suffer suffer
7. Parameter Large an extent.Affects [To an extent. Af-
dependence - angle and electro- |fécts electromag-
. ' magnetic tormue.cal- |netic torque and
culation. magnetizing current
¢ phasor calculation | .
8. Desim of Camplicated due |Sirple Simple R .
Frequency to dependence on
compensator |machine para- -/

meters and oper-
ting conditions




) ] Table 4.1
\\‘ N : N
Item for Angle Control Synchronous Field Oriented
Comparison " |Scheme Control '|Control
9. Nature of Conceptually M:)re ccnblex schene The msé camplex '
the Scheme Simple ) scheme .
10. Others - ' - Fast positioning
' . of flux space
. phasor is made
-~ ) possible due to
, ) x the comparison
y ) ot . with the neces-
' " |sary stator cur-
. rent oofponent ¢
* Y . ~ -
L h y
, e - - V
of » .
\\. - ° . > 3.
"
. - t
~ . ! ’ .
\ .




CHAPTER 5 |

- . . »

TORQUE ANGLE AND ITS EFFECT' ON DRIVE CHARACTERISTICS

» ' - & ’ .
‘ _ v » .
~

*

. 5.1 Introduction : - o

b

The cepntral ‘role played by the torque angle.in the . R
R )

performance and: stabilization of the drives has been
L] Iy . N ©
£ , ’

" covered in the previous chapters. An analysis of the

various torque angle transfer functions and the time
responses’ of the torque angle for variousg drive inputs is

made. From the drive ef;uations and the time response of

the torque angle, it is shown that the change in the tor-.

Tque angle is associated with a change in speed of the

magnetizing current phasor. 1In spit_é of the fact that
torgue angle is a linear combination of all electrical
states, it is proved that it has a strong limitatien in

- - i, . .
that its feedback alone-cannot. stabilize the drive system.

5.2 Torque Angle Transfer Functions R

1
‘ )

. T .
, The transfer functions of torque angle for stator % . .

current magnitude; stator current frequency and load*tor-

. e ' L
que inputs are evaluated. The purpose for the evaluation r
of such transfer functions is: - \
(i) To-find whether the tra\hsfer functions ag

! \

minimum phase or non-minimum phase. This’
particular property of the transfer function

- indicatés the limitations placed on the
- . .



.
B . . , .
» : ‘ :

magnitude of the gain of the compensator. \ .
(ii) To compute the time responses. ° '
S . * s . q

The prqcedure for the computation of transfer functions and

<

time rksponses is gi\{er} in Appendix~IV. The link filter.

is neglected in this study. Note that even this e'x@:remé‘

-

. +

assumption is justifiable in fhe' light of .gvéilabj:l’ity of
converters with switching frequencies usually in the order

of 5KHz for the front-end Current source in a.CSIM drive.

~

"Similar assumption is justified in the case of a fast

acting PWM power converters for VSIM drives. The drive':

-

details pertain to Appendix-III. Stable operatigg pdints

.

are -chosen and torque angle transfer functdions for both

+ : : . _ "
. CsIM and VSIM drives are given im Table 5.1. This table .

is for a machine model neglecting sthtor dynamics in the

[}

case of CSIM drivej. C ‘

~All the transfer functions’ relating to, torque angle ¢

,_‘are minimum phase in both the drives excepting for voltage

inpﬁ-t fdase in the VSIM drive. For frequency input, the
e

£SIM drive has no steacii(-s,tate gain‘ in torque angle

because the slip—speed—isthe-same-and-hence the relative

angular positions of the stator an rotor fluxes--remain-- . .

the same. Buy'. in the VSIM drive, the frequency increase
weakeng the) stator x\fltix and‘ to generate the sam; torque as
in steady;state; éh‘e torgque angle J':ncreases thereby showing
a certain amount of s.teady-:state ‘gairn.

In the case oﬁ.a CSIM drive, there is no pole-zero

\

..

2

P |




. ‘Table 5.1 . .

‘Torque angle transfer functions

4 . -

g ~ CSIM Drive

A
e

'Operétj‘.r‘lg pointislip=0.005, i__ =1. 68 p.u.,

q
freéuengy=377 rad/sec,Electromagnetik: torgque=1.335 p.u,

INPUT - )
) p \ 7 -
Stator current (Magnitude) Frequency * Ioad Torque._ ) .,
o 1
SsG ZER0S * . SSG - .| 3EROS SsG ZEROS
©| -7 -0.49E-12/° -l.9a -
-1.69 , 0.0 . | 4.844 3
.- -20.04j221.1 | -1.938
POLES: —0.264, —1.39+33.8 :

VSIM DRIVE - . s

Operating ppint‘::-slip-—-o.ofzs, v__=1.414,
t . qSO [

frequency=377 rad/sec, Electromagnetic torque=0.97 p.uf

| 2

\ INPUT - T
Voltage (Magnitixde) frequency | Load Torque
: SSG ZEROS - SsG | IEROS | SSG ZET0S
‘ -1 -19.3 o ~3.78 -23.76
S _-0.514 | =32.14365.7 10,71 -24.82 |. 0.374 (-26.93+j385.3
. 138.2 .| -1197.3 .
-0.29E+17
r ‘ ' .
POLES: —12.44+j63.6, 746.99+1374.1, -24.4 ,




-

' have a stable operation.

.

_corresponds to the escription. Consideration of the

link filter has affectfy otl’} the nature of zeros and the

4

location of hoth zeros and poles.

-

-0 . - 3y ‘

4 -
® .t ‘ ~

5.3 Relationship Between  Torque Angle Change and Speed : ‘

of Magnetizing Current Phasor

.

: . : \
It has been stated in the second chapter thdt a 5

gha!nge in-i:orque angle is associated with a chaﬁc}e in. the
sl;e-ed of the magnetizing cgr’rent"phasor. The mechanism of
’ t-:orque angle cﬁange and its consequence is ndt'expllcit in
the synchronously rotating reference frame model of the

drive. But in space phasor modeiliﬁg, the effect is

«

discernible di’re.ctly (60] . Néglecting the stator equations

leads to the conclusion that iSQ and iSD are inputs at

command, the remaining equations are then:

13

.

-

¢ s _ .
lSQ (a-t— mm) lmTr ' (5.1) ,
N S k ‘

¢
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Table 5,

3.2

CSIM'drive torgue angle transfer functions with stator

!

dynamics

o

L. q;eratmg pomt Slip=0.0125,

Stator current (Quadrature axis) = 1.68 p.u.

' Frequency=377 rad/sec, Electro. Torque=0.97 p,u.
] ' INPUT
& o - :
' |Link Voltage Frequency Icad Torque
SSG [ ZEROS SSG | zERCS S5G° 2EROS
With no - 72.89 -1.51, - 5.07,
‘|link filter| -0.097| _ _ 0.186 . 0.0988
- -20.4+381.5 1 -12.29, | =-40.2
o -45.53 ’
. = . }
POLES: -‘\7.05,‘—28.5, -36.8+3300.3
Witk ‘Link -2.9, -1.52, |- ' 5.43,
i Lter -0.98 | ' 0.186 0.099 .
-20.44+181.5 13.46, -+ | -85.9
y -62.9

POLES: -7.09, -28.2, -9.92+j136.7
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igp = (1 + T, 391, . (5.2)
where e T

dg is field angle-

and T_ is rotor time constant,

T =2 _m_ (5.3)

e 3 (T+o) 'm'sg .
dw =~ oy .
J 3 = Te - TL . (5.4)

Taking the small-signal increments of the variables ,

equations becomé: e

~

.
i

‘O
-
)

T + (w__=-w
r .

d .
[H‘E(‘”s) —éwm]lmo eo. “mo’ "r

d_
r dt

(r + 1)51m

)

v ' L

(T+o,) (inodis

‘q. . .
: lsﬂ_é‘dlmo]

ST

—
(=23
£
~—
]

%-[«s're' - 8Ty ]

3 | ‘l ' ‘
The phasor diagram is shown 1n Figure 5.1 for
ste:tor current maghitude and requency Note
delor]

)T 81

the

L4

o (5.5)
(5.6) -
(5.7)

(5.8)

coan-ant

that

is the incremental speed of the magnetizing cur-

re

laxge

hasor. With the following approximation, due to a

Otor time consant




i
< mo

L 461
lmo 1

Stator Reference
Frame

gl

Figure ¥.1 Phasor Diagram for Perturbation Around an Operating
Point with Constant Stator Current and Frequency

N
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L g7 - : ‘
/ | 0
y Glm (5.9)
‘ N
. i , ’/ .t
sigy = [—p&ts-awmhmo'r'r// ‘ (5.10)
/ S
I T | -
PSon = 513 T¥o 7 'mo®tse! = 7 1 (5.11)
: r .
and integrating equation (5.11),
L
_ 12 _Inm - . _
Swy = T3 FE= i J (uso)dt‘: 7 | (cTL)dt
- (5.12)
And combining eguation (5.10) and (5.12),
L i
1 . 12" mmo [ ..
péd, = [ ]18ig0 ¥ = 7 (6i_n)dt
s 1T Ctse T T3 o) | S0
. - L [ (s, )at (5.13)
J L. )
‘ .
4 ) . ‘ '
It can be seen that 6isQ changes directly the torque
angle and is shown in the following:
iS
tans = 220 (5.14)
.SDO . '
i 6l
tan(8+88) = —S-QQ-:G—{—S-Q-
o SDO  "SD
-, | 4
§ - .
3 tang + tanéo : *
- - ® I-tanstanse . N (5.15)
-
And treating tandd = §9 (5.16)

&

hY

»

-
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. . . . .
v - N . ., .
: - 1,
: N i . . . . -
. . . . -
. 6 .

1. +8i . , ,
e e SQ0 SQ__ - tane+69 < (5 17) .
‘ o i 1-taness, A3 -
» ' ‘ B SDO fﬂ"l . Ve . . K
- I‘ \ . * -
66[i5D0+1SQOta§e],= 518Q ‘ ) '(5.l§)’ TN _)
. . T8 . .
. ' 21500 - ) . _
- 5ISQ.= [535%3166 ) | (5.19)
) | 1 D
:-—-‘ 2166 ) . . 'g \(15-20) . .
1 ys - \
- 4 21 o « - ' - 2
- SQO .
wpere %y "52573_ - : (5.21)
L L i . -
1 12 “mmo f ¢ 2
péo_ = I3 lés + = = L. | (se)dt 4
. s 1moT; g3 (1+o )71 J , /
L[ groyar o - (5722)
. J L .- : .

N}

From equation (5.22), the depenéence of the incremental
EBpeed of the magpetizing current phasor on load ;orgue
penturbaiion and change in torqué angle is demonstrated.
- Note that the chagge in the incremental staéor frequency is
absorbed iﬁ the incremental tofqué angle change itself,
An increase in load torque lowers the speed of mtipetizing
current phasor if supply frequency is constant. An increase
inhstator frequency_causes an increase in torque'anglg'
< . and heAce increases the magnetizing current phasor speed.

. Thg, maintenance of magnetizing current‘phasof spéed }n the

face of load torque disturbance amounts to



¢ - 89 -
: .
- 4
: N
1 poog =0 - 7
. whic-'h in turn means,
| . .
: /
| Y 1 2 “nimo 1 1
“ {([—=] + = = L, '=}68 = Z==6T
L i T, 73 (I+s,) 1 p JP L.
N .
where . S
- . ( -d_
> \ . p = dt , .
Q -
' Hence,. ' S )
»~
. ' .‘& ”
2 ’whex:e
Jey » . .
') = = .
2 lmoTr i < ¢
) \ L i . '
¢ = 22 m mo
3 3%1 (1+0 )
r
L
“ bl
Note that,

in stator fregquency and hence

péo = Suw

Substituting equation (5.28) .into equation (5.26),

- .

&
: - . 22p+23) o
SR e : ! (——p— Gwe = CSTL '
.. . _
71 -

»
¢

change in torque angle is introduced by change

s

(5.28)

?

')4".

(5.29)

A}

o
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. L] ‘= ——-&—-—. ! B
‘6we Oy 5T, L (5.30) /(

r
-

_This G%e is the incremehtai frequency to be added to the
'fieqqengy of the stator currents to overcome the load tor-
que dis%urbanqe wi?houﬁ changing the speed of the air-gap
mﬁf. It ié interesting to observe that the frequency com-.
pensator in the angle control scheme described in Chépter
4 also has the form.given by equation (5.30).

. . ,

2 /

5M Time éesponses of Torque Angle and Incremental Speed

. of Magnetizing Current Phasor \

[

)

The tofque angle controls the m&gnitude d&&;he tor&ue‘
and the flux-produciné component of the stator current. In
a CSIM drive, the behaviour of the torque angle acguires
;n»importaﬁce during dynamic conditions as norﬁally, for a

few mfiliseconds, the magq}tude of current cannot pe
increased due to the time constants iqvolved both in cur-
rent reference contraller and current controller. Consi-
der a load being épplied to the rotor while the stator
frequency is constant: The positiom of the sfatof current
éhasor must also be fixed in position sin%e tﬁis is taken:
as thé reference axis. If the frequency{is not cﬂikged,
the only way that the machine can“adjust‘to increased
lo/atfing is by an increase in the torque angle, i.e., py \
/éhe magnetiiing cﬁrrent phasor losing its pbsition. This
crucial phenomehon i§ examined in detail for a CSIM drive



under dynamic conditions. Maturally this requires consi-
deration of the torgue angle responses for current, fre-
quency and load torque inputs. The incremental input-
magnitude is assumed to be 0.02 p.u.. Tﬂe operating point._

~

chosen is that given in Table 5.} and the \following .

discussion is with ‘reférence to this opérating point.

fes

5.4.1° Current input

1

An increase in stator current with constant load

decreases the torque angle so as to maintain the torque «
broducing combonent of stator current phasor the same,
before and after perturbation. ’The torque angle reaches .
;ts steady-state with oscillations inhe;ent for an open
loop CSIM drive And is shown in Figure 5:2. The initial
rate of change of incremental torque angle ;; small and .
for the first B0 msec, the plot of torque angie is al&ost
a straight line of negative slope. Thé rate of'change in
this region is —0.345‘rad/sec and the negative of this .
co:reponds to the incremental speed of the magnetizing c¥r-
. rent phasor. A point-by-point computation of incremental
ﬁagnetizing current phasor speed is shown in Figure 5.3.
Note that the timg considered has been reduéed to one
tenth of that in Figure 5.2 as the effect during the first
100 msec is ;ery critical and important. qIn addition, it
is within this interval that corrective action is nor@ally

LG N

initiated. The corrective action would in this case be

[
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. *

a slowing down of the stator current phasor transiently by

decreasing the fréquency of the stator current.

A

5.4.2 Frequency input '/

The incgeméntal torque angle énd‘incremental gain of
speed of magnetizing cur#ent pha;oruféi frequecy input
are shown in Figures 5.4 and 5.5, respectively. It is
obégrved that th%cincremeqtal torque angle changg may be
congidered linear for the first 40 msec. The magnetizing
cu%fent phasor is speeded up and is dbne.at 5 linear.rate
up to 100 msec with respect té.the pre-disturbance speed.
With respect to after disturbance speed, the magnétizing
current phasorntrieé to catch up‘xith‘the,stator'current
phasor. The rate pf change of incremental torque angle

is 6.334.rad/sec and the rise time of it is zero because

the steady-=state gain is zero. But the rise time of

frequency of magnetizing current phasor is around/ég msec

In a VSIM drive, the slope of the incremental torque
angle is 48.22 rad/sec and rise time is 1.75 msec. There

is a certain rise time for its torque angle because of

a steady-state gain. Note that the salient difference in
/ 3 ’ ; ‘ ‘

the ‘incremental speed of the magneti}ing current phasor

between the two types of drives. This factor contributes
(] -

7

“to the dynamic problems of the CSIM drive.

E]
LY

.

ot




» ¥

0.17 ‘”
% ‘
\ Fi) -1.2
R o]
o
. AR I \
, LioJie] _20'7-1
QD »
o oo
CAED B
~ N T
] N \
235 -
0c -5.6# . A
EDN »
. ga&o
I* R g :
Euo.g,g‘ -7.1 . . .
' 0 24.75 49.5 74.25 99

d

rad. -

Torque angle,

- 94 -

0 247.5 495 742.5

Time, msec -
1

990

¥y

Figure 5.4 Torque Angle Response for Frequency Input

.

" -

Time, msec -+
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4

magnetizing current phasor are shown in Figures 5.6 and 525

x

5.4.3 Load torque input

s
The incremental torque angle and incremental speed of
- \\

respectively for a load torque input. The rate of rise of
torque angle is 0.423 rad/sec and the rise .time is large

equalling the rotor time constant. This corresponds to the

% . ’ .
case| of current input where the same slow: response is

comparable. A notable factor is the line ;ity of change of
magnetizing current phasor speéd‘ovér a period of the first
~
50 msec. This linearity in change points to the ease of
compensation in a simple and direct manner. '
In a VSIM drive, thesslope of tﬁe incremental torquen
ancle is the same as for a CSIM drive and . the rise time is

only 18.75 msec. The improvement in response time is due

to the fact that there is no donstraint to the chénge in

~the magnitude of stator current phasor in the form of con-

troller time constants in a VSIM drive. The time constant
agsociated with‘the torgque angle can be identified as the
rotor transient time constant. The difference iA time |
constants of the two types of drives is proved using the

w

drive equations as follows: -

ase (i) : CSIM drive -

«

Considering the rotor equations of the induction

machine given in Appendix~I. . ‘ a
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‘X : (v ~w_) X (0 _~w_) -
- r .- e “r - _m. r ;
(Rr+27'91qr * wp Xrlar = wblqs wy Xnlasg
¢ . :
(5.31)
-(w_-w_) X (wmu 5 . X
e 'r o b R e 'r . m .
—X i + (R+—p)i, =——_K i -— pi
. wy r qr' r wbp dr‘ Wy TMTGS wp Plgs .

- (5.32)

As ids=0 due to the alignment of the axes, and perturbing
the equations around an operating point, the equations

(5.31) and“(5.32) are arranged in the form given below:
é C

-erb , B
Pélgy X, “Yseo l qur
. = . -~R W v
‘ . ‘r b o
pdld T ’ §1
r 520 X dr
ar| | ) -
. . (5.33)
-Fxm , 1 ] \
er " ldaro qus
Ii + - ‘
‘ ' Xn X
“sio f;v (lqro+§;1qso) | SUsy

"~ 7 For the load torque input case, §i . is constrained to be

- zero and\treating the change in slip frequency Gws% as

an input, the roots of‘the characteristic equation for

. (5.33) become,

- -Rrwb

M,2 T X, ¥ Juge0 : . (3.34)
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- ' i '
and hence the time constant‘ff the rotor currents is equal

* \ 4 L

. R .
_r: o
'Lr

(5.35)
= Rotor timé constant

Note that the stator current magnitude and ffequency
’ e

are not disturbed\;ﬁa\hence the change-.in rotor

alone affects the torque angle. Therefore, the ~

stant associated with incremental rotor current can\be

equated to that of the incremental torque éngle;.

Case (ii): VSIM drive
Neglecting the stator resistance and stator leakage

inductances, the stator equations are given by:

+w L 1 L pi

elnlgs™® - lqr+w L i =V (5.38)

] Lppt e m dr gs

m - gs

-L w_ 1 ds‘weLmlqr

+ :
; m“elqstimP?

L pig = Vg (5.37)

s
N
Taking the corresponding small-signal equations and with

"the following constraints imposed:

V. = 0 (5.38)

gs-

(5.39)

.

~




Rearranging the equations gives:

51 W ‘—p -wé}-&

p we_/, as

| =
L_me l ' GldsJ Ye - 12 tidz
P

P

From equation (5.40),

§i = =8i , ) \ (5.41Y

gs qr .
§i,_ = -6i , \(5;42)

ds dr \

< |

Substitutiné equations (5.41) and (5.42) in the smail-sig—.
\l

nal rotor equations, with the assumption'that su

s \15 an
input, it is obtained: !
o -R_ . T 0T - \
pdi — -w 8i B
‘ qr Lor slo| , qr
= -R
r sS40 L r
L_ L ir l_
“Lyrtaro ' :
+ . 5.4
- 6wsz ( 3)
- rrTgqro .
[y

"and' hence rotor currents' time constant is given by

I."I'1

{(5.44)
|39 ¢
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As the change in rotor currents is reflected instan- \
taneously in stator currents, the torque angle change is ' :

associated with the °change in rotor currents. Hence the . <

time constant of rotor currents can be directly related to \
the time constant of torqhe angle. . \,
*
5.5 Stability Congiderations with Torque Angle Feedback
[ \ N Pl
The incremental torque angle is given as
. 1\‘

§0 = [a]61qs+[b1]61qr+[cl]61dr | (5.35).
where

b1 = a ) ) -%5:46) '

« _ -.a ' . » "

€1 = tane (5.47)
The values a and c, are calculated for various opera-
ting points and' are shown in the(%ablé 5.3. It is assumed
that only torque angle is used for. feedback and that too /////

for determining the stator frequency. It corresponds to,

-

-

Swg =¢6mref+lfl(68ref~66) s . )
[ . ) .
, = Gwref+xlseref-xzdlqr-Kzalqr : i (5.43)
m
K2 - \
+ % Tane Gidr
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Table 5.3 .

Coefficients of Incremental Torque Angle

Frequency = 377 rad/sec.,

Stator current (Magnitude) = 1.0 p.u.

-
~

Ser. i Torque ; Torque

No. Slip p.u. Angle,deq. a cy
1 0.002 0.309 19.4 ~0.354 | 1.006
2 0.004 | 0.453 34.6 -0.708 | 1.025
3 .0.006 | 0.469 45.1 -1.061 | 1.057
4 0.008 0.437 52.03 -1.411 |"1.018
5 0.010 0.393. 56.63 -1.175 | 1.158
6 0.012 | 0.352 59.7 -2.104 | 1.227
7 0.014 0.315 61.84 -2.444 | 1.308
8 0.016 | 0.284 ' 63.3 -2.780 | 1.401
9 0.018 | 0.258 64.1 -3.114 | 1.505
10 0.020 | 0.236 64.76 -3.436 | 1.619

\ .

o
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=
It

(5.49) - /

The A and B matrices for the open lbop CSIM drive are

numerically Fomputed in p-.u. values for the following

operating point and are given below:

The operating point: Stator frequehcy = 377 rad/sec, -

slip = 0.0125, electromagnetic torqué =

0.97 p.-u., stator

current (quadrature axis) = 1.6826 p.u. The base values are

defined in Appendix-III;

» I3 l ~ 3 & » .
Substituting (5.48) in (5.51) and obtaining the closed-

loopamatrix

" -10.88

10.35°

4.48

5.04 -927.9 -545.2 |

-6.81 878.3  737.6

471 -2.02  -93.87
0 3.53 0
. -
~218.75
93.87
0 | i

v
-

~
i ©
-

N . b
A

LS
I\}

T

»e



ficients of the characte

4

. & .
/ ‘ £ :
™ -10.88 5.04 -927.9 ~545.2 7]
' (10.35- 7, '(~6.81 (878.3+ :
' -218.75K® -218.75K 218.75K 737.6.
, 3 3 3,
. . tané
) A, = (4.48+ (4.71+ {-2.02~
S 93.87K.) 93.8TK.) K ~93.87
‘ 3 ' 3 29387} ‘
: 1 tang” "~
1.21 0" 3.53 0
Ly l . - i
) / ’ . , ' - -~
% - {5.52)
, .
. 1 3
o~ 3
The characteristic equation of matrix A, is
\ .
A4+apx3+a2A2+a3A+a4 =0, (5.53)
i ' y : .
¢ . '
Evaluating, '
4 -
‘ = - M ( . ' [
a, (all.+a22+a33) . (5.54)
X . . : |
a3 T 214%41%834%437211%22% 722233
¢\\) *833%317213%3172122217%23%32 " .
’ - (- ; 630
= { 9;7:88 78606K3+tanex3} (5.55)
» L |
.For stability, one essential condition is that the coef-

ristic equation must. be_positive.

For a CSIM . drive, the operating point must be on the

statically,g&stable portion of the torque-speed .

, -
PRy .
s . oy




" torque angle loop for stabilization. Note in that case,
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-~

.characteristic and thus the angle 6 cannot apbroach zero

.

and,must be greater than at'pull~out torque. For the

T | , .
.machine whose properties are given in Table 5.3 this angle

must then be greater than 45 dggfges. ‘Therefore there ig
no positive value of Ky for wﬁich ap can be positive.
Hence the sysieh cannot be stabilized Wi?h only torque
angle Eeeéback.u A siip speed current intef?ace and or

unity speed feedback loop .have to be introduced along with -

the first and fourth coluhns;of the clesed-loop matrix are

9

modified for such feedbacks and depending’ﬁbon the values

-~

~

of feedback controllers, stabilization®is achieved.
% N o,

* ® S
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=~ CHAPTER 6 -

CONTROL CHARACTERISTICS OF INVERIER-FED

¢

INDUCTION MOTOR DRIVES ' ’

6.1 Introduction

Efficient use éf an inverter-fed induction motor
drive\necessitates a knowledge of the characteristics of
the induction motor from a control point of view. The
characteristics of both tpe VSIM and;bSIM drives are ‘
investigated, neglecting the filter t§me‘constants in the
link and in .the feedback loops. Of particular interest °
is. the role Bf‘éhe voltage/current and frequency inputs
in the drive performance. Theﬁf effe%ts on variables that
are not oftgn discussea such as torque angle, stator real .
power, air-gap ﬁAux—linkages and.sﬁator and rotor voltages/
currents are studied. Tﬁey are useful in the independént
control of these variables and in the design of respisxive
feedback loops to control the same. A by-product of this
aspect of the study leads ﬁb the natuferof feedback sig-
nals aﬁd their suitability fo? épngrol purposes. Fhe link
filter is incorporated in CSIM drive study and it has
litfle effect on the relative suitabBility of signals for
feedback control. To enhance the value of the results
arrived at for open-lodp CSIM @rives, a closed—loop‘CSIM
drive with torque angle feedback and a slip speed current ‘_,\!5

.

*interface is included.,’

¥ -

oo,
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6.2 Transfer Functions of the Open-Loop Drives

The various transfer functions of the drives are com-
puted following the procedure outlined in Appendix-IV.
Table 6.1 lists the CSIM drive transfer functions and
Table 6.2 contains the VSIM drive transfer functions. A
gl&nc_e at these transfer functions reveals a striking
difference between the CSIM and the VSIM drive in their
output speed behaviou;: for stator frequem;}‘( input; The
frequency input makes the CSIM drive's speed follow the
input frequency without an error whereas for the VSIM drive,
the roi;pr follows with an’lerror on open-loop. This is
explained in the following manner: |

Frequency input does not change the steady-state wvalue
of the roto® current magnitude in a CSIM drive for constant
load torgue and stator cur'rent, as seen from the computed
steady~state gain listed~in Table 6.1. The infereﬁce i:

that the’slip changes in a way that the magnetizi;mg and

rotor branch impedances maintain their relative magnitudes/

.
{

‘ ]
" and hence the division of current amongst themselves is not

”

changed. Therefore/ the slope of “the speed-to%que charac-
teristic for the new frequency will be ;he ’same ;as that

of. the  previous operating frequency. Moreover, to generate
the saxt{e electroq\agnetic torque, the slip speed has to
remain the same and for increasing stator freqx\i‘a(\cy the.

. -

slip will decrease. Let subscri_pts; 1l and 2 dgnote the '
variables before and after a frequency éerturbation. If

i

@
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w 1s the

~ ®

W, is the
s, is the

the equal slip

-
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electrical stator frequency in rad/sec
electrical rotor speed in rad/sec

slip- ’ 3
speed condition is given by

.

v

S01%el T Sp2%e2 -- (6.1)
1
then,
o
W = (l.O-Sol)mel (6.2)
Wt = (1.0-soz)we2 {6.3)
Change ir:x rotor speed = Swr - . o
- = (1.0-505) wgp=(1.0-5)u
= Ye27Ye1%S01%17S02%:2 \
’ = (6.4)

(,It méy be seen

= We2 %

‘= change in stator frequency
)

that the rotor follows the stator frequency

without an erJ,.:or in the CSIM drive.

In a VSIM drive, frequency input decreases the flux

and hence the slope of the/ speed—torque charac¥eristic

decreases. To

generate-the same electromagnétic torque,

wthe slip is bound to increase ovex. the previous value.

Hence there is

a tracking error in rotor speed in the

steady-state for stator frequency changes.
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S

6.3 Time Responses of the CSIM Drive

8
An input of magnitude 0.02 p.u. is applied. The tran-

sient responses of the variables aré normalized for plofting.
The rise time of the vafiable is the time taken to risé to
90% of the new steady-—state value and the rate of change of
variable is the time derivative of the variable in the

first 100 msec. The transient zi:espohses due to current/
voltage (magnitude) are not consﬁidered in detail due to the

fact that they are not independent inputs in a drive scheme

o

~and are related to frequency'f and load torque inputs.
Frequency input produces similar responses of electro-
magnet ic torque, torque angle and stator quadrature- axis
voltage as shown in Figure 6. 1. As the steady-statg gains
of tr;e electro;nagnetic torque and torque angle are zero,
rise time has no meaning wﬁereas the rise time for stator~
voltage (magnitude) is in the order of 2 to 3 msec. The
responses for load torque input are similar for electromag-
netic torque and stator voltage (magnitude) and in the
case of torque angle, the response is identical only for
firét 100 msec, as shown in Figure 6.2. The rise time for
stator voltage (magnitude) and electromagf\etic torgue are
nearly, equal, whereas the rise time of torque angle is very
1ar.:ge and exc_:eeds thrgee seconds. In contrast is the 8
msec rise time of mechanical rotor speed. It is to be
_ noted that there is no linear relationship between the
electromagnetic torqueée and incremental rotor speed beyond

c



y-gis different scales

0.0 0.2475 0.495 0.7425 0.
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--- Electromagnetic torque
-x- Stator voltage
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Figure 6.1 CSIM Responses for Frequency Input.
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100 msec, and hence one cannot be substituted for the other
in the feedback. The rise times and rate of change of

variable.? are given in. Table 6.3.

6.4 Time Responses of VSIM Drive

The .slteady-state operating point is that cjiven in
Table 6.2. Figures 6.3 and 6.4 show the time responses of
the variables in a VSIM drive for frequency and load torque’
inputs, respectively. For the first 99 msec, the responses
of stator power, real component of statér cur.rent, magni-
tudé of rotor current and elect;romahgnetic torque for the )
frequency input ére,almost identical with the torque angle
leading iq response by 3 to 5 msec. _This trend is repeated
by these variables for load to?qué input, shown in E‘iguré
6.4. The change in rotor spe:ad, the negative of v.\*hich is
the instantaneous slip, is plotted in Figure 6.4 and on
comparison with &lectromagnetic torque, it is observed
that there is no linear relationship between them. The

»

rise'times and their initial rates of change are given in

Table 6.4.

6.5 Superiority of Frebuency Input Over Current/Voltage

Input’ ’ .

L]

The stator dynamics were neglected in the CSIM drive

and therefore no time delay was involved in the change of
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N o

"3

0.0 0.2475  0.495 e 0.99
’ Time, secxl0 ~--

-— Stator 'power, stator real current
—- Torque. angle,

--- Rotor current (mag)
-+~ Electromagnetic torque A

Fggure 6.3 VSIM Responses for Frequency Input
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Y
{

current magnitude. It is to betzbser§ed that their input
magnitudes'are tﬁe same, i.e., 0.02 p.uf In spite of all
these, the frequency input prodﬁces greater rate of change
of v&riables than the current ﬁagnitude input is clearly-
demonstrated from the Tables 6.3 and 6.4. It is true for
both the VSIM and CSIM drives. To evaluate in full the
superiority of frequency input over the current/voltage
(magnitude) input, tgeusteady-state gains and the rate of
change of %ariables aré normalized in terms of the cor-
respondiné load torque produced steady—staté gain and rate
\of cﬁange of variables. These arw, given in Tables 6.5 and
6.6. In both't§pes of drives, a lower p.u. frequengy'

input than current/voltage (magnitude) iqgut will produce

a specified level of response of majof\output variables

-

, such as rotor speed.

-

6.6 Control Characteristics of Drive Signals and Their

Suitability for Feedback Control

»

; - @ . L . . .
The control charactgrlst;c of a drive signal is asses-

'sed from its risé time. It indicates the speed with which

the particular drive signal is capable of Aortraying the

true atate of the drive under all conditions. From Tables
N , -

¢
6.3 and @.4 it is seen that load torque change is identi-
. ,

fied in the shortegt-time by rotor mechanical speed. Torgue

‘angle gives the quickest indicaéion of frequency change,

This applies to both CSIM and VSIM drives. Hence for both

i \ oo

/

. I
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load torgque disturbance and reference change, there is no
“single drive variable that could indicate them in the mini-
mum time possible. For instance, if rotor mechanical speed
Uis used to meet the two types of changes, it would be bene-

ficial ih the case of load torque change.. But for a fre-

Aquency input change, this is the least desirable signal for.

feedback. The second best signal to indicate load torque
change is torque angle in the case of VSIM drive and elec-
tromagnetic torque in the CSIM drive. Similarly, for the

4

reference frequency change, the second Pest signal is rotor
current magnitude or stator.B?wer. "

From the transient responses shown in Figures 6.1, 6.2,
6.3 and 6.4, it is obser;ea that magnitude of rotor cur-

)

of rotBr current can be substituted for torque angle in
feedback. This simplifies the measuring and orf calculating
circuit iﬁ comparison to the torque angle measuring and
c;lculating circuit.

. . In all the fast response drive schemes such as syn-

chronous control scheme and field-orierited control schemé;
© it is noticed that both rotor meéchanical speed and torque

angle are utilized for controi. Thereforef?zae load tor-

! »
que and reference frequency changes are fastly detected and

accordingly good dyhamiqugﬁgtrol is exercised.

/.

et e .| ’

rent follows closely the térque angle. Hence the magnitude °

S N D RAL ok e . i
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6.7 Closed-Loop CSIM Drive

‘ <,
An open-loop CSIM drive is unstable forydesired opera-

ting points and hence all CSIM drives have closed-loop
operation. Therefore;it becomes necessary to vefify the
results of the above seétions for a closed-loop CSIM drive.
For this’purpd%g a cfosed-loob scheméfgiven in Fiqure 6.5

is chosen. The torque angle reference 6 .., may be either
generated by slip speed sign%l or any other suitable §ig—
nal. The model considered for this studyQis simple and a\
change of slip speed will alter the curfent reference
instantaneously: " Stator dynamics and‘gink filter are nég—
lected.

For a controller gain of K=0.l1l, the transfer functions
are given in Table 6.7. Their time responses are shown in
Figures 6.6 and 6.7 for referénce frequency change and
load torque disturbance,respeétively. The improvement in
reséonses and stabilizing effect is obvious. From these
transient responses of .the variables, it is seen that the
results of the section 6.6 is in agreement for the closed-
loop drive too. HNote the close similarity bethen the
torque angle and rotor current magnitude responses, re-
gérdless of the input. It is very important to realise

that torque angle and electromagnetic torque cannot be

substituted for one another in a feedback scheme as they

have different control characteristics. - /////////f
: : °



- 123 -
o .0‘,," .
Link
Filter
- ‘ . Naaa"
. 2 gh Contr. Invert=-
’ , Rect. er
. ‘ 5
K,
+ %
Q
Yref.

&

v

Induction
Motor

« TG

7/

6actual




e

- 124

8L9°9TL¥6p-

P

‘Gep ¢~ 53104
\ A )
v1°¢- : Mmo.vml apnjtubeu
vl z- ZST 0 17-0T¥87 0+ 0 'S8 EV-'ST 2~ |669°0 FuaIIND 10304
6°0LTT 9 11- . e apnajubeuw
z9° b~ 86Z°0 - ‘1172~ ZST°1 - - 8bejroa 103e3g
i N 8T 2~ 6€°z8L¥8" 05~ ) .
8z "¢- 9¢¥C° 0 HHlOme.o 0 11z 6- €82°0- a1bue anbiaog
- 4
SE°LE- T°vo- v 6879t~ poads
‘I1°2- 2€800°0- ] A4S 13 3 ) ~mm.v.~. mm.oo.o TedTueydau I0310Y
9z v- €0°19 anbxoj
9Z° " %- 8LZ"0 .Hﬁ|oaxmm.o 0 ~mm.Mm|.mm.vﬂ Z€E8°0 o139ubewoalooTa
.mommn RIS So4aZ D8S soydz | ~ 9ss
FNOY0OL dAv0Tl XONINOTIA (ZANLINOYW) ﬁzmmmao L0400
LAJINI

Bl

. T

e \M

b
‘n-d 9z89°1 = °°°1 ‘160 = 1 ‘170 = Ty -~

Y

P0BJI93UT JUSIINO-paads dITS B pur oeqpesy ITBuUR 9YI Y3 TM SATIP WIS .

-

8 L9 oTY9elL

A i s




- 125 -
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Figure S.f Closed Loop CSIM Responses for Load Torque

-



- - 127 - ‘ ‘ \

6.8 Effect of Link Filter .

Conventional CSIM drives have a D.C. link filter and
hénce the validity of the results must be verified by a
hodel including the D.C. link fiiteri Along with the link
filter, stator dynamics are also included in the model.
The rise times of variables and the rate of change of
v§riébles with and without link filter are given in Tables

A

6.8 and 6.9 respectively.' They'adequately reinforce the
results of the previous sections. To illustrate the

results in the case<of a CSIM drive with D.C. link filter
included, the resuits are normalized with respect to cb;—

responding load torgque produced steady-state gains and

e

rate of change of variables. This is listed in Table 6.10

and it clearly demonstrates the ‘superiority of frequency

h

input over link voltage input. Hence the incorporation
of the link filter has little effect on the superiority of

frequéncy_input and.on the suitability of a feedback signal.

3

i
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Table 6.10

link filter

(Expressed in p.ﬁ. basis, with reference

to load torque produced changes)

A

1 %

STEADY-STATE GAIN

RATE OF CHANGE

o

ouTPUT INPUT

Link voltage Eremirmy Lﬁﬂcvohzge Frequency
Flectromagnetic 0.0 0.0 1.54 47.31
Torque y hd ‘
Rotor Mechanical | 0.983 65.32 2.27 96.78
Speed “ . .
Torque angle 0.983 1.87 1.04 22.97 -
—
Stator voltage 0.058 1.88 1237 95.40
(Magnitude) .
Fotor current 0.273 0.52 0.89 43,91

(Magnitude)
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CHAPTER 7

. ‘

ANALYSIS aND DESIGN OF ANGLE CONTROLLED CSIM DRIVE

¥

E
7.1 Introduction

‘Literature is available to designlboth the _dynchronous
control scheme [44] and the field-orien;eé conFrol scheme
[61],[63],!66]. The systematic design pf an angle control=~
ied CSIM has to be started from scz;tch d; thére is not
enough pubiished material on this scheme. A step-by-step
désign érocedure for the angle‘controlled CSIM drive is
given in this chapter. The deéign of the inner current
loop,-linear relationship between reference and output of
elébtromagnetic torque} maximum toréue‘per ampere, spgéd

controller and finally the frequency compensator constitﬁte

& a

the core of the angie control scheme. For desigrfing the .
frequency_compensator, the commutaéioﬂ delay encountered
in the inverter is modelled. Incorporation of this time
dé;a},into transfer function design techniques by a ration-
al transfer function of Pade second order approxiﬁation is

accurate. The effect of the commutation delay on drive

t

dynamics is assessed in terms of the drive bandwidth.

-

Experimental'results.of the drive are included to corro-

o

borate the design procedure.

¢
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\7.2 Design of Current Control Loop P

Synthesis of the current loop is made difficult due

»_/"‘\'\y. .
to: ! !
(i) ' The input impedance of the induction motor
varies with load condition. .,
(ii) The operating point is dependent .upon many

factors such as load torque, »stator frequency

and machine saturation.

- 3

The coperating equations, even for a small-signal distu--
bance, will become four and hence a straight forward ap-
broach is ruleé out. A simpie?aqg dir?ctudesién of the
current loop is possible by considé;ing the physical in-
sight provided by the steadyJState equivalent circuit.

_The following assumptions are made:

N -

(i) Airgap flux is constant

(ii) * Change in load conﬁﬁﬁ%on is reflected in the

r
¢

equivalent rotor resistance.

Then the load and D.C. link with the current loop is. of the
,form given in Figure 7.1. The D.C. iink filter and the
stator canbe represented by a block diagram and its trans-

fer function is given by:

R .

6\ () = e . o
1'% = Tg¥sD) .

where
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3-phase Cbptrolled 2Rr)/sO .
a'. .. xsupp——ly R?(:tlfler .
- “Lor
Figing
Circuit,
. Hl
{

. L
Figure 7.1 Current Control Loop with Load

/..,I
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R = RF+2Rs {7.2)
»
= + ‘ . '
L = Lg ZLLs (7.3)
§o slip

7
The delay in thé converter firing is represented by a trans-

fer function of first order Pade approximation given as:

_ l-bs !
G (8) = 1+bs (7.4)
where ¥‘,'
2b=T = statistical average of delay = 1/12 of the

period of a.c. input waveform

n

(1/2) *(1/60) seconds . (7.5)

The first order approximat}on has errors in phase less

than 4.7% upto 570 rad/sec and 7.8% upto 750 ?éd/sec.

Also the irrational e—Ts is replaced by aﬁ;ational trans-
fer function suited to linear deéign techniques. The over-

all block diagram of the current loop is given in Figure

7.2 and let,

Gdg(s) = Gl(s) Gdc(s) (7.6)



ref +

G, . K_G | o

Figure 7.2

Overall block diagram of the current control loop

, 1

- AM—{E— % = R.C,
R, C

ReCe

§,
V4

Figure 7.3

Current controller realization
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7.2,1 Design of" current controller

The current (i}Sntroller is chosen to be a proportional

and integral conﬂfioller of the form-

(l+sTc) R

Go(s) = K, ——= (7.7)

The transfer function of the link current and its

*

K (1+sT ) 1
K G o e ——
I s R de R(l+s%) -
(s) = - (7.8)
I - (1+sT )
ref c 1
1+H1KC ‘KRGdc —
’ R(1+sz)
R R
! N
Let =
. L | ‘ : |
T =R . ] \ (7.9)

1 Kc RGdc

d ! ,

(g} = p {7.10)
Iref HchKRG de
s+ .
R ’
: 1
. Ky .

= Co (7.11)
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where
K K
_ ¢R
Ka = R Gdc. . (7.12)
14 .
S
/ i ‘4
/ -
S | | (7.13)

N '

T:\,g';f o

3t

Depending on the value of the gain of the current.controll—
ler Kc,{ the rise time of the link current is controlled.'
The delay time in the converter can be ox}ercome by adding

a derivative of the current error singal to the control
siénal. The controller given in equation (7.7) is realized
as shown in the Figure 7.3. The zener clamps are to limit -
the control signal on the lower and higher levels. For
safe operation during inversion, the maximum triggering
angle of the~controlled rectifier is limited to 155°. A
linear rela‘tionship betwéén control signal and the output
link voltage in the-converter is obtained wit.h cosine

inverse -firing of the converter
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7.3 Strategy for Maximum Torgue per Ampere and the Design

of Current Reference Controller

For some applicati ons 6f the drive, it is mandatory
that maximum torque per ampere is extracted from the drive.
The implementation criterion for such a strategy 'is'dev’elop—
ed from the steady-state operation of the induction motor.

The electromagnetic torque of the induction motor is:

K W

1, =t — % . x2 ol (7.14)

r 1+(w_ T_) ' m

o \
where .

(L +L, )
T = Mg XX (7.15)
r R . .

r

bgg = sug (7.16) R

I =1 .“ | (7.17)

. /

In this case, then the drive has a variable air-gap flux
for varying load conditions. From a practicai point of
view, it is desirabLe to halve the motor operating with a

certain minimum level of flux even under no load condition.

wd

R4



rent reference is obtained as

-

This is to enable the fast generation of electromgnetic .
torqﬁe upto the value correspondingﬂ to the minimum level

of flux. Therefore, the minimum level of flux upto some
load is chosen on the basis of load and dynamic requirements
of. the drive. For the présent, this will be fixed at

0.25 p.u. Hence the magnetizing current vs rotor current

relationship is slightly modified from equation (7.17) and

is’ shown in Figure 7.4.° this figure, the stator cur-

¥

=Y 2 2 : :
Is,ref'™ (0.25% + 1) ; 0<I_<0.25 p.u.
= /-2_1 , 0.25<I _<1.00 QV(’].ls)
r — r_
‘ = 1+ 12 ' Ir_>1.00 p-u.

T

7.4 Design of Linear Relationship’' Between Reference

,

Input and OQutput of Electromagnetic Torque

Linearity in input-output relationship of electromag-
netic torque is a necessity for torque regulated drives.-

This relationship is enforced by co-ordinating the stator

current reference and slip frequency. Considering th,eg

outer speed loop and slip frequency loop of the angle

control scheme, shown in Figure 7.5, the blocks to be

" inter-related are G, and G- Writing the outputs, g g

[

I_ as functions of the torque reference,
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1.0

- I, p.u.

0.25]

Figure 7.4 Modified I vs I RelatiAixship

' \
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\ (7.19)

I = K.1=1 ’ ’ (7.20)

Substituting equations (7.19) and (7.20) in (7.14),

L3

K K_T1 ©
T, = IiE 5 3 2K§r2 (7.21)
\ r  1+(KgtT )
JFor T, Vs 1 linearity, let
2 _ 2 2 ) ’
1l + (KSTTr) = KSKZT 1 . (7.22)
. 2,2 2 : 2 2 _
i.e. Kg[T 17] - KgIKy1™] +1=0 (7.23)
K%T2 + /Kgr4 - 4Tf_12
K. = (7.24)
5 2,2 ,
Tty
L) l‘ -
wsl = KST '
[K2 1t + [——;K§12¥2 . (7.25)
272 212 Tf_

The flow—chart for the computation of slip frequency

is given in Figure 7-.6. Note that this could be imple-

mented with available analog components.

=

Sub_s{:ituting the value of (7.23) in (7.21),
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Gain=x<§/2r§

SQUARER \

l1./T

r - ADDER

SQUARE-
ROOTER

ADDER +

Figure 7.6. Flow-Chart for the Computation of
Frequency

Slip

’




Kt
Te = [ZR—-]T“ (7-26) ] *,
r .
Using equation (7.22) in (7.28), . . .
- ' vg v
2K I. 2K I ! .
Temax " F B TR K , (7.27)
e 2 S M2
.} i 5
=*Kt:aIJ: ) ‘
(7.28)
' = KtaIm .
/ N
;] 3 , \
where ’ ’
2K . )
K o =7 =< 9 : < (7.29) -
2'r .

VRN

The equation (7. 28) qorresponds to a D.C. motor drive with
either a constant field excitation or with constant arma-

ture ' current.

o

7.5 Design of Frequency Compensator and the Speed

Controller ' ’ 3

’

The frequency compensator supplies the incremental
staté; frequency to mo%eﬁthe stator éurreht phasor in' L
phase;#auring load torque disturbance and frequency ref-
erence changeé. The design of this*bIoék then needs. an
underétanding of the crucial phenomenon iq theacurrent
source inverter, i.e., of the commutation delay. A

« - L4
numerical quantification of commutation delay for an .
. p )
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operatix“\g point from the simple steady-state .equivalent
of the induction motor and%'incofporation in the design
-T.s

via a second-order Pade approximation of e is ac-

complished.

7.5.1 Commutation delay in the inverter

- Hitherto, it is aséﬂumeii that the inverter output fre-

quency follows the frequency inpqt command without a time
delay; 1In an actual motor drive sy:s'tem there is a delay
dependent on motor operating point. ‘

Thé current soufce inverter in Figure- 7.7 with thyris-
tdrs T5 and T6, cohducting is considered. The phase se-
qﬁeﬁ’xce,is assumed to be A-B-C. At t=t; a signal‘ is
given to increase motor frequency. qu't.his purpose, the.
current has.to be transferred from the conducti\pg phase

C to phase A. Firing of Tl at t__;t.l commutates T5. But

the current continues to flow into phase C, through Tl
and 155 charging the commutation capacitors. As far as the
motor is concerned, nothing has changed. .The current

starts to be transferred to phase A at t=t only after

21
the diode D1 is forward biasegl. The transfer of current

from phase C to phase A is complete when diode D5 is
, / . /

reverse biased, i.e‘.,, at 't=t3. In ‘the current source

~

lif:er:ature time [tz-tl] is known as charging time éxgd
interval "[t3-t2] is the transfer time(’. The sum of

/ ! -
charging and transfer. time constitutes thg_ commutation

—

1

¢
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time. This is the time delay involved between the frequency

change fequest and the actual change of‘frequenqy< The
- RN

1'4

transfer time is constant whereas the charging time is both
load and freqpency dependent [75). The simulation of the
drive modelris concerned with the idéal 120 degreeé rectan-
gular current waveforms and hence the transfer time is also
included in.the commutation elay time; Because of this,
the results of stgbiliéy studies will be conservative.
-Around a steady-state operating point, the commutation
“time is calulcated‘ﬁéther numerically, solving EEe system
' transcendental equations of the éSIM drive [7{?: [76], or
using the simplified expression given in [75]. The maxi-
mum error involved in using the simplified expression is
less than 2% in comparison with the rigorous solution.[75].
This expression.for commutation delay time is:given bélow:

\

v
L]

\ Ty = 5.73weLbC + /3L, C . (1+7/2) (7.30)
" where
Tq = commutation.delay time
R, 2 2 &
(;;;) (Lm“Lln) - Lgr(Lm+Lnr)
= ' (7.31)
" (Rr )"2 + (L_+L )2 o
st m Lr
= +

L Lis Lir

wy = stator frequency, rad/sec

ug, = slip frequency, rad/sec

C = commutation capacitance, | Farads




7.5.2 Modelling of commutation delay

4

Commutation effects have been incorporated ihto én
analog computer simulation of CSIM drives [36] and a sim-
plified representationof the drive in average values has
been formulated [37].. In the past it has been reported
that the commutation has no effect on drive dynamic per-~
formance. But in the light of [75]}, [76] this conclusion
seems‘to be highly improbable. A common aspect of these
studies is that they are useful 4n analysis. When it is
desired to include the commutation delay in the synthesis
of .CSIM drives via the frequency Qomain approach, no |
ready made model is available.

Delay time is modelled as a transfer functlon of the
form e—T ° where T, is the delay time in control
systems [77]. Since this transfer function is irrational,
it is not possible to incorporate this directlf into the
linearised sysfem equations. Hence a suitable lineafised‘

approxlmatlon as to be found for this transﬁer function.

It is own that wheri the commutation delay time cor-

responding to a commutation angle of 120 electrical degrees

is exceeded, then it is impossible to recover the inverter
4
to norpal operation. The{efore for a very good design,

the maximum commutatidn angle is assumed to be 120 elec-

trical degrees. Then the guiding factor in modelling of
| ;

commuﬁation delay is this constraint put on engineering

practice.

.ty



The closest approximation to the original transfer

-T.s
function e is the second order Pade approximation

[78] and is given Ry

2
-Tds\ 12—~ 6Tds+T

e = (7.32)
12+6T 5+T

2

QJNQJN

. |
It is found that the second-order Pade approximation fol-
\ t
lows the original transfer function in phase tll} 120

electrical degrees with a maximum of 2% error, aﬁd in gain
with no error at all. Table 7.1 shows the comparison’of
the first and second-order Pade approximations with the
original transfer function.

The commutatisn delay model with its limitation is

’

still the better alternative to the actual model in the

sense that:

i

(i) Minimum complexity is involved

(ii) Time-hallowed frequency domain techniques are

used when this@&&ﬁel is incorporated in the
] - ! )

design of CSIM drives. .

-

7.5.3 Design of frequency compensator

The frequency compensator supplies an ingremeﬁtéi
frequency at the time of load torque d&sturbance and re-
ference frequency chanée. Its output is proportional to
the rate of change of torque angle. In the angle coﬁtrol—

!
/ . . L~
led scheme, the torque angle is. not measured. Therefore,

"

-
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.
Table.7.l

1

Cohparison of first and second-order Pade

A , .. :
approximations with the original function

\ First | Second % error < % eryor
wTy,rad. | Original Order | Order (First-order | Second-order
. \ Phase,deg.| Pade Pade Pade Pade
1 -57.29 -53.13 | ~57.22 7.26 . 0.12
1.5 " -85.94 -73.73 | ~85.41 14.20 0.61
2.0- | -114.6 -90.00 |-112.6 21.45 1.72
T
2.0943! -120.0 -92.63 |{-117.5 22.80 3.02
| h T
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the torque angie change is to be reconstructed from oﬁher
available measﬁrements. One sﬁch variable normally avail-
able is the torque reference signal generated through the
slip speed. The torque angle change can be written in

terms of the other variables:

de _ ds

de S
at - (d—'s—s) . (a?") (7.?3)

c.

where

=

s slip speed, réd/sec

The relationship between the torque énglg and §lip speed
is fixed regardless 6f the magnitude of current for a par-
ticular value of rotor resistance. The value of the rotor
resistance used is that at the average operatiﬁg'tempefa—

ture. Writing,

ae ' dss ~
3t = K(SS) © T | (7.34)
where , ‘ \ s .
= 4o : -
K(Ss) \_ dss . ‘ . (7-35)

K(ss) vs s, can be prbgrammed in the’form of fuﬁction
generator or in the ;gad,dnly memory of the digital cir—
“cuit. For the drive'given in Appendik III, the value of
the ‘K(gs), varies bf 8 times within zer3eto full-load

torque region, as seen from the Table 7.2.
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Slip speed vs K(ss)
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Table 7.2

Slip-speed K(ss)
TPMm >
1.0 B8.399
3.0 7.297
4 5.0 5.551
7.0 3.982
9.0 2.819
11.0 2.006
13.0 1.440
15.0 1.040
17.0 0,752 .
19.0 0.539

. \

b
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‘To compute equation (7.34), the rest that is needed
is to compute the time derivative of slip speed. The real-

,ization of the rate of change of torque angle is given in

Figure 7.8. -,

The gain K, in the time derivative loop is used to

offset the effect of inve@ter commutation delay, TJ.

D
LY

Keeping,
K @ Ty - . (7.36)

gives a flexibility to assign the desired level of compen-
sation for the commutation delay. T4, 6 from equation (7.30) —
is seen to be the sum f a constant term and a variable

term. The variable term is proportional to the product of _

load dependent L, and the stator frequency wg+ The

realization of Ty is shown in Figure 7.9. L, vs s, can

be proérammed in a read only memory or obtained through a
function generator. The relevant information is shown ;n
Iﬁgb;e‘;iBL ‘Then‘the.fina}'gtep is to incorporate the
computed gain K, into Figure 7.8 to evaluate the rate of
change ofltorque angle. It is given in the Figure 7.10.
Botﬁ k(ss) and L, arg dependent upon the.fotor
reéitance, which is quite sensitive to temperature varia-
tion. To account for rotor réSistance sensitivity, para;
J

meter adaption schene [65] -may be used to estimaqp the

rétor time constant. Then the estimated value can be

.
4
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'K(ss) X da/dt -

“—-Ka-qédt

I3 w
s
* s
L, (s) - .y
F—& s.73¢c X S
s -»>
S +
o+ ™ /AT
gaqu (145) /3Llc

Figure 7.9 'Realization of Time Delay
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Table 7.3

L

b
) Lb , Henry
_ 0.047
“0:039
e .0.030
7.0 0.022
9.0 0.017
11.0 0.013
13.0 _ 0.010 .
15.0° 0.008
\
17.0 : 0.006
19.0 ' 0.005
r




»

'8 —=1 d/dt X

Figure 7.10

©

Incorporation of
Derivative Loop.

K. in the slip speed

~b
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{

employed to modify both K(s.) and L.

7.5.4 Design of speed controller

With the degién of current controller, current reference
controller, slip sééed controller and frequency compensator
completed, the.remaining things to be considered are the
design of the speed controller and the unity speed feedback
‘loop. In the upity %peed loop, the filter is to be care-

fully chosen with a view to minimise the time delay and as

well as to keep the ripple in the tacho-generator feedback

v
1

to an acceptable IEV?l.

The speed controller, Gy, is designed by obtaining
'the open-loop transfer function between Y1 and Ye aqd
using the Bode-plot, the.values of the controller gain and
time constants are evaluated. This apﬁroach takes into
account both the frequency control channel and current

channel effect, in contrast to simplified design method

o

.
v
T

7.5.5 Effect of commutation delay on drive dynamics

To assess the drive dynamics, the drive shown in
Figuie 2.2 is modglled on tﬁe lines of [52]. , The transfét
functions of the control blocks are given in Apéendixiv.
The drive equations are written in the state-sbace form of

”

14 R -
. I s O R PN
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X = AX + BU . (7.37)

where A +and /B are implied by context. If the desired
output is expressed as

N

y=CX+DU . T (7.38)

“then - ’

y(s) = [C(sI-A)nl

-

B+D] u(s) . . (7.39)

For a specific input and output, the Bode plot can be
generated by substituting

3

s = ju : | (7.40)

in equation (7.39) and varying o over theqrequired

range.

n 1

. * . ¢
\ For illustration, the operating point considered is
for rated current, 0.97 p.u. torque and_ré%ed stator fre-

quency. A lead-lag compensator is chosen with break f{g—

a

Wduencies of 0.175 and 100 rad/sec for the iero and polé.

The closed-loop, frequedcy refpdnise of speed-input refer-' _

ence witHout commutation delay in the drive model and with
* .
commutation delay is‘shown in Figures 7.11 and 7.12 res-

pectively. The model with commutation delay indicates the

/

occurrence of instability with increasing gain and also a

reduction in bandwidth of ten percent over that without
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commutation delay. This points out the necessity for ex-
' ‘

haustive modelling‘of the drive to assess dynamic perfor-

' mance both in terms of response and stability.

The? drive, data given in Appendix III, representing a

P

typical CSIM drive, is used to illustrate the design proce-

dure.

7.6 Experimental Results,

~

The data of the experlmental CSIM drive is given ln

4

Appendlx VI. It is noted that the experxmentaf‘machlnei
does not represent a typical CSIM drive. The machine's ’

flux is programmed as follows: :
\ R © .
i 3

j
I_ = 0.324 p.u.. 0<71<0.2 : ]

i

0.682 I_  0.21<0.4 - . | " (7.41)

=1 p.u. 0.4<71<1.5 . o

&

where 1t is the torque reference in p.u. For the experi- -
mental induction motor, it is found that linearization of
torque reference to électromagnetic torque output cannot

be implemented. It is because the value of the mutual

- inductance is large andhence magnetlzlng rrent is far

-

below the value of the torque produc1ng component of stator

current. . The experlmentai drive has the characterlstlcs

shown in Figure 7. 13. ' o -

L . n

, Time responses for a change in reference speed were

2

measured uslng a strip chart recoréer and have been .t

P
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transcribed \‘fo'r cll.arity in Fig. 7,14. The step input of
speéd reference is 240 rpm and the machine is in the steady-
state at 480 rpm. The load that is pﬁ:‘esently on tﬂhe machine
is proportional to speed. The link current reference and
slip frequency‘ coﬁand' change in'a very short time whereas

" the‘ link current follows its reference in 25 msec. This is
due to the fact tﬂat the value of liﬁk filter and tbe stgtor,
leakage inductance is- very high and amounts to 128 mH. ' Also
the voltage available to forée the current iﬁ the link fil-
ter is limited to ZB;J"V.‘ The slow response in speed is tfxe
consequence of large ipertia of the machine, its load,
variable flux operation of the x;achi’ne and .the limited
’ !

voltage available in the d.c. link. . S

The step responses for t}me load torque' input are shown
in Figure 7.15. The steady-state operating speed of the
machine is 720 rpm. The magnitude of step load torque -

applied is 0.4 p.u., over the steady-state operating

‘ y - .
"torque of 0.367 p.u. The drive operates in stable condi-

tion over its entire designed speed regioh of 0 to 2400 rpm.

The tuning of speed controller requires minimum effort.
.. “~ ' “
It is made.possible due to the presence of the angle look.\

B 2
Experimental results corroborate this aspect in the CSIM
> .
drive. ' .
’ 7

L




%,
The responses were uniform over the entire speed-

torque region. Oscillatory response was mnot present
for all possible loading conditions. < The dynamic™
p_erformancé improved by a factor of more than ;ix, in
comparison to uncontrolled deceleration of the machine

system. The removal of frequency compensator in the

-drive scheme led to sustained oscillations around no

load operating points 'agd oscillatory response for

v

other o’pe‘rating points.

B
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o

o 720 rpm ‘ ‘ 1
wref + 480 rpm ...__‘...._L.._"__ ___________L_'__ -
1 ﬂfh

1 sec

Ve

- o f— — = 720 rpm
“rotor 4801?_"‘[:_ A _.__-__---—&-——

- Jc - 149 rpm

’ ‘r ‘La.-‘————-
st 100 PM_|_ . _ o o o e e e e e e e o
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8.5A e —- - 11.5A
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‘\‘.
v b .
1, g.5a_ J———— {fm—— o 11-5A

Figure 7.14

Step responses for speed reference input with
. load proportional to speed
PN
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4+ p.u. 0.767:::[~_;—e?-
0.367___ e — e —— ,____;__,_.
o TL - .
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S5A ~ - \,r——'
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Figure 7.15

Step responses for load torgque

input -
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‘ CHAPTER 8

b CONCLUSION

8.1 Conclusions

Control and dynamics of inverter-fea induction motor
drives were investigated. The following concl \sions*result—

ed from the study:

(i) + The hearrt of all the three fast:response\drive
strategies is the simultaneous c?ntrol of torque
aﬁgle and the stator cuz:rent magnitude. This
principle is known as 'frequency compensation’'.
The inner relatioﬁship of one scheme to another

, is evident with the understanding of this

>

aspect.

-

(ii) Incremental torque angle is a linear combina-
.

tion of drive electrical states only.. Its
2 N e

. feedback alone .cannot stabilize a CSIM drive

¢

system. Arbitrary‘pole-zero assignment is
possibie in a drive scheme with torque angle,
stator c‘urrent and rotor s‘.peéd feedba-cks.
(iii) The speed of the magnetizing current phasor.
p] changes with ‘the onset of either a load torqt;e
disturbance or a change in reference frequency,

t

. even though the frequency of the stator cur-

'

rent is maintained constant.

-



(iv)

(v)

{vi)

%

{vii)

" tion motor drives.
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A generalized' control concept of electric motor

drive classifies the dArive schemes into either

one of complete or incomplete state feedback
categories. The imp_lications of ,each category
are obtained from modern control t‘heory. |
Further, the dgeneralized control concept rela-
tively evaluates the diffe‘rént drive schenmes.
The developed ‘concept is applicable to any
electric motor drive. |
The angle control scheme has an incomplete
state feedback whereas the synchrohous and -
field-~oriented contx:olv ‘schemes have complete
state feedback. The consequence of this is

that the angle control scheme is machine para-

meter dependent and the others are not. The

- comparison of the drive schemes has been given.

Frequency input is superior to voltage/current
(magnitude) input for both the steady-state
and dynamic control of the inverter-fed induc-

P

There is no single drive variable to identify

-

both the load torque disturbancé and reference
frequency jcl)ange in the shortes/t time. For
load torque disturbance , rotor speed is the
best feedback signal.. Torque angle is the

suitable signal for reference frequency éh&nge.

A
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For. load torque change, torque angle is the .~

\
second best signal for feedback. For the CSIM’

drive, rotor current magnitude can be substitu-

ted for the torque angle in a feedback without

. affecting the dynamics. The link filter has
little effect on the above conclusionls.- regard-
ing the wuitability.of feedback signals.

(viii) a step-\by-step design of the angle controlled
CSIM'drive is giver;. .The design consis‘;ts of
the ‘foilowing: ’ |
Imlxer curre;u; loop
Unit;( speed lc;op ,
Slip speed 1qop _
Outer speed loop and

. Frquency compensation loop

The frequency compénsation loop is designed taking into

accounlt the commutation delay of the current source inver-
ter. For the purpose of incorporating the commutation

delay in the design using frequency response methods, a

second order Pade apbroximation of the delay is used.

Congideration of the comutaéion delay indicates a 10%

reduction in bandwidth of the drive fox reference frequency

ch;nge. » . 0 S

Théﬁ«d'esign incorporates a linear relationship between

the reference input and output of electromagnetic torque

and a str'ategy to obtain maximum torque per ampere.

4 -

-

1
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. ’ 8.2 Recommendation for Future Work

There are two areas where further investigation may be
.of interest and value. The first is the application of

lineax multi-variable control design technigues for non-

N ’,

interactive control” in inverter-fed inguctioix motor drives.
The other is the implementation of ‘optimal control of

i

inverter-fed ‘drives.

e
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APPENDIX I
Induction Motor Equations in Synéhronouslx Rotating

. Reference Frames

The pertinent differential equations of the induction

motor in synchronously rotating reference and in p.u. are

given below:

oo - r—— - i~ -
! Xs Ve Xm me
R + — X -— —_— X i
Yas B s e
-we Xg ﬁ% Xﬁ
\Y — X R+~—p' —= X —=p i
ds wb [] ] Wy ™ m Wy ds
=l ox (w ~w ) (b -w )
0 ;—mp = xm R‘+-)f-r—p X xr 1
, b tp ) “b x
—(we-wr) Xin -(we-wr) Xr
0 m Xh — P —————-é-Xr Pr+-——p %k
b “b “p
(AI.1)
, i
| xm . L " .
Te = 3 (igsar 3 tasiqr! (AL.2)
Jpw_ =T - T (AI.3)

v
t

N )
Note that the base current and base voltage are the rms

¥

&

values.

’ t

- .
el bt s bt e . . R . "y p—— i
N N . M v



CSIM Drive Matrices

_APPENDIX II

B
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The elements of the matrjices )re in SI units
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APPENDIX III
N

CSIM Drive Parameters/,()
]
MACHINE DETAILS

S———

30 H.P., 460V, 3-ph, A-connected

Base .Quantities: 460V, 22.38 kW

SI Units -
»R, = 0.189 Ohm
R, = 0.106 Ohm
n =3
£ = 0.0145 N-m seé/rad
' J = 0.6709 Kgm.m ’
' ) L, = 0.05151 Henry .
L= 0.05155 Henry
pm = 0.04983 Henry )

" ° FILTER DATA

-
i

0.05218 Ohm

3

\\

KE‘.\U .

R_ = 0.0199 !
s
R_ = 0.0112
r ,
H .=.0.2367
X_ = 2.054,
X = 2.088
X = 1.987
m v
— 'W////
.
R, = 0.0055
Lp = 1.156

0.029 Henry —

A 2

.
v
¥
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APPENDIX IV
!

Computation of Transfer Functions and Time Responses
Computation of Transfer Functions

A

-

—

~~.__  The transfer function between an'output“an,d input of

voltage/current, stator ‘frequency or load torque can be 4
N \' . '

obtained on the lines of [73]. The steps involv.edbare

i briefly given below: . oo
\ ’ ‘ ' " ' Y )
- X=AX +BU - “ (AIV.1)
Yy = CX + DU. , (a1v.2) °

where y denotes the output, and A,B,C and D are matrices
4

i

/
‘of appropriate dimensions, then

? N ) ,

lBg— Dlu(s) (AIV.3)

y(s)' = [C(sI - &)
where I is the identity matrix of pertinent dimensions.

Computation of equation (AIV.3) is described in [73],[74] .

L3

Computation of Time Response , 1 L

Substituting X=PZ ﬁin equatior'\ (AIV.1), =

P2

-

[}

"APZ + BU ¢ | (AIV.4)

3 =p7t lay

APZ + P

MZ + HU ' " (AIV,5)



‘ R
. M=p lap ’
— .
H=rp1n

. \
,‘solving for . zl,zz,...,z

L m
2, (8) = (I H U,
.. . ]-l
. ST
- I

-]

q - from equation (AIV.

4

-l.+ex13)(An) VN

¢

(éI\&. 5)
r 4

s

(AIV.7)

where . is the nth eigenvalue and m is the number of

" , .
inputs. Once vector 2 is eva}ﬂ&%ed by equation (AIV.7),

the output y is obtained £fom equation (AIV.8).

A

. .y =CXx'+ Dy
\.
= CPZ + DU
i ~
L]
T
f
' ¢

Lo
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APPENDIX V i

Transfer Functions of the Controllers in the Angle
Controlled CS1IM Drive - .

)

N .. . ‘ &
K ,,, ;
G, (s) = =% (1+T.s)
- l . . S " l . .
- : 13 ' \ '}
. 68 =Ky o - ‘
: K. (1+T}8) . . . - -
G3‘(s) = __C_._.___Jf_ N
3 S .
Gg (‘S) )= KS
[ ) W
Gé(sf = Transfer function of frequency compensator ‘
' discussed in the section 7.5.3. -
G, (s) = K, ' .
- N ) >
12-6T s+'I'2 52 *
_ d d
GD(S) = 7 2
12+6Tds+T as- .
Grols) = Ky
AT . )
) @108 =Yy 5 :
N 11 —
ot _ ™~ _
| )
12(8) = Ky L ,
. . < F
H‘l(s) = Ky \ [
Hz(s) = KHZ, . / -
‘5\' -
3 , -
: M N
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L . ' \' - 17‘8&— ' . 'S {1\
- < , ) 7 " LY A .i
: . - » , -
;o . " APPENDIX VI \ 5
. ‘ T s ! 4 -
7 . N . f}
p FXPERIMENTAL CSIM DRIVE. PARAMETERS ¢ ) |
: , |
{ 240V, 4H.P.,  3-ph, A-connected semi~squirre£ cage rotor ..
. . ) - .
* 13 . q,»
) : i .- o
RS = 1.85 ohms K+ = 56.16 ‘ : \
R = 2,128 ohms K = 10
r c e
n, 6 =1 ) A Kl =1 | )
) Lir = Ly = 9.104 mH “K10;= ; )
, R, = 9569.38 ohms ) Kjp=1 .
J = 0.1546 kg.m2 D ST 0.004
a ! X ,
.RF = 0.4 ohm KHl = 0.7235 “ { ' ' _
. - . /
LF 120 mH KHZ =1
_ L, ~ 637.9 mH - Ty =1 )
C = 30yF T, = 0.0312
*
A Y : Tll = 0-023
' ¥
‘ N ——— S
Machine parameters weréﬂéasdred with 60Hz' sinusoidal
G A\l a ( v ’

supply.

3
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