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ABSTRACT' 

Severai strategies for controlling t e speed of a close.~ 

Ioop induction mot or drive, supplied from a variable frequency source 'w 

are dlscussed. Both static and dynamic characteristics are consid~re~( 

The speed response ta all drive inputs is analyz~ using bath time .and " 

frequencx domain techniques. The resùlts are reviewed to include practital 
~ , 

limitations 'such as inverter characteristics and motor ncn.Iineari ty. It 
\ . . 

is concludcd that the best dynamic performance is obtained by using a 

constant airgap flux control and supplying the motor ftom an inverter, 'of 

the pulse width modulated type. \ 

A ne. method for p~ediCting the structu,.. _""d the ,~ro 
location of the ·speed-torque. transfer ,functions is present

1
. The m'ethod 

is gene4al and applicable to any ~otor drive, operating 'in pen or . ~ 

c10sed Ioop 3.J1d described br Çl set of li.earized equations, 
1 

The experimental results support the'validitr of the motor 

'dynamic modèl as weIl as the predictio~s of ~he drive transfer functions 

and the extension of the stability result~ to the m~tor nonIinear 

behavfdur. 
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\ RESUME 

\ 

- Cette thèse présente une étude de plusieurs méthodes pour 

le contr~le de la vitèsse d'un moteur à induction à circuit"' bouclé ct 

dont la s~urce est à fréquence variable. 

ii 

Les caractéristiques statiques et dynamiques sont considér~sJ 

et la fonction réponse de la vitesse pour tous les signaux d'entrée. es~ 

analysée dans les domaines du t~mps et de la fréquence respectivement. 

Les résultats sont interprétés de manière à tenir compte 

de certaines limitations pratiques. telles que les caractéristiques de 

': llinverseur et la non-linéarité du moteur. On aboutit à la conclusion que 

la meilleure erformance dynamiq'ue est obtenue en utilisant un entreEer à 

flux constant. et en alimentant le moteur avec un invel'seür ,à modulation 

par impulsions e largeur variable. 

n presente une nouvelle méthode pour prédire la structure 
1 

. et l' emplàcement \ des zeros des fonet/ions de tz:ansfert vitess~-couple. 1.a 

méth'ode est g"é~lle et- peut être 4ppliquée à la commande de n'importe 

~uéI moteur, en c rcuit ouvert 

linéar:Ls,ées. 

Les 

dynamique du 

1 
ou f1rme et represent~ par des équ~tions 

- ! \ 

. , 

expérimentaux confirment ~a validité du,mode1 

que les pr,édictions des fon tions de transfert 

de commande et l'ext sion des résultats sur la stabil té du compartement 

non-linéaire du moteu . 
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CLAU1 OF ORIGINALlTY 

1 

Ta the best of the author's knowledge, the following contributlons 

a:re original.' 

> '" ) 

1) The formulation and proof of two theorems. 'Io'hich predict the 

structure of speed-torque transfer functions as weIl as. the nature and the 
, , . 

location of their zeros. The theorems are general, simple, and valid 'for 

an)' motor drive, operating in an open or c}esed control loop\and described 

by a set of linearized equations. 

2) The pres~ntation of the dynamic charac,teristics of a closed 

loop, variable frequenc)" induction motor 4,rive. operating with a constant 

volts per hertz control strategy. 

3) 
1 -

The statement of the dynamic characteristics of'a variable 

frequency induction motot drive, operating with constant slip speed 

roI strat-egY. 

4) The formulat,ion ôf the dynamic charatteristics of a variable 
. ,. 

~~ fr cy ind~ction matar drive, supp1ied/ by a ,cuirent source and op~rating 

"\\' wi t.h constant airgap flux \control strategy. 
\ ' 

" 
\ 5) The investigation Qf inverter effects' on the dynamic performance 

of induction motor drives. 
1 " \ 

~ 
.t. ,," 

6) The application of ma al analysis '. to the study of pract i cal 

!itability of induction motor drives. ~ , ...... 
, 

> " 

.. 
7) The proof _ 6f obl?er.irabi1:i.ty and controllabili ty .. -~ ... . - ~ -.... ;' 

are inadequat~ to deai 'wi c behavi.our of pracHcal linéar systems 
,,,~ ... 

and t~e definition of twa new terms, pseudo-observability and pseudo-

controllability, which are more relevant to engineering applications. 
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frame r~ ;. ~ , 

( 

Stator/rotor resistance 
1 

Stator/rotor leakage inductances, 3-phase abc 
frame. 

Stator/rotor Ieakage inductances J' synchronous 
reference .frame 

Input frequency in hz 

Instantaneous input frequency in electrical rad/sec 

Steady state input frequency in electrical rad/sec 

Instantaneous speed of a reference frame in 
electrical rad/sec 

St'eady state speed of a reference frame in 
elec~rical rad/sec 

Instantaneous slip speed ln electrical rad/sec 
o 

Steâdy. stat.~ slip spe~ in electrical rad/seé 
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'Total friction of a rotating system 

Total inertia of rotating masses -

Motor electrical torque in N m 

Motor load torque in N m 

Slope of a static torque-speed curve 

Number of motor pole-pairs 

Number of equations 
~ . 

k-th eigenvalue 

k-th zero, G2 (s) transfer function 

k-th modal state 
• 1 

k-th component bf a j-th eigenvecto~ 

l' 

J 
k~th component of a j-th input-mode ~oupling 
vector 

d/dt Qper~tor 

Operator denoting a perturbation of variable 
which follows., Also a subscript for o-axis 
variables. 
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Complex variable 
,{ 

Speed-input (speed) reference transfer function 

Speed-Ioad torque transfer function (motor 
mechanical output impedance) 

Numerator polynomial of a transfer function 
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Transier function. speed controller 
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CHAPTER 1 

lNTRODUCTION 

'. 

/ 
/ 

1.1' Applications of variable speed induction motar drives 

/ 

/ 
/ 

Sinc~ its inve~tion in 1888, the induction motor has been one of thè 

"'mos.t wideIytsed motors in industry. However, until recontly. its appli­

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

Whenever a process required a wide speed range, the historically older de 

motor was generally used. Over the last fifteen years; two main factors 

havè emerged which promise to change,this: 

1) The trend towards automation of manufacturlng processes which i~ 

placing more stringent requirements on the drive reliability and 

dynamic perforwance . 

. 2)' The development of thyristors with adequate power an~ switching 

capabilities whrch makes the use of variable frequency drives 

~variable 

interest 

" pract4!ical. ~~,11 the methods for changing the speed of an 

induction' mq~r. only control of the input fre~uency gi V:,es 
_'"_ '\ J continuous speed r~J;~lation and high starting torque:, while using 

l 

maintenance free squir.rel cage motors. 
. ",' 

Bot~~ctors have resulted in a gradually 'increasing use of 
,,' .., 1 

speed;induction motors. Consequ~ntly, there has been an increasing 

in their dynamic ~ehaviour.. 0 

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

a de motor in varlable speed drives. 

1) Maintenance. The squirrel cage induction 'motor is the simplest 

a~d most rugged of aIl electrical.machines, wh~le a dc motor has 

aIl the disadvantages of a commutator machine~ (Frequent 

maintenance, arcing. suscepÙbil i ty to" chemiballY aggress'i ve 

atmosphere and vibrations, flksh-over. etc.) 

2) Ve~ wide speed ranse. Oc motors are normal1y restricted to 4:1 

-;c, .. 
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e • 
speed range 1 -at most. An induction motor, supplied from an appro-
, . 
priaté v~riable frequency source can operate from zero up ta .. 
12,000 rpm. 1 Thus, practically any speed requirement can be satis-

fi.ed without ~he additional mechanical gearing. 
, -

3) Power to weight ratio (sp,ecific power). for a givGn torque output, 

• -- ---, - J - an -induct-16n· mo'tor we1-glfs only about -&nt-.1Jf1TS de cùtInterpart. 

Operation -at hi.gher sp.seds, for which the dc motor is i11 suited, 

May further increase the motor specific power: 

For the sa~e torque and, thus, si ze, the po\\"er output is higher 

With the higher input freq~encies, and the same power output 

the i ron in t he machine can be reduced, thereby reducing i ts -

weight. 

Liquid coaling is possible with induction mot ors and this further 

increases its power/weight ratio. Motors with more than -1 hp/l lb. 

at 12,000 rpm (power s~pply included) ·h~ve bee~ mam.rf-tl<:;t~r~d.l 
-- \ t 

4) Superlor transiellt(response. During fast speed changes, a~;: 
-- ' induction motor has a double adva~tage over its de counterpirt: 

'~ 

It has a lower rotor inertia 

It can better sustain large acceleratin.g torques. 

5) f2g. An induction.motor has a much lower first cost than an 
.,. 't' 

equi valent dc machine. However, the cÇ>st comparison for a 

complete drive, including a po~r.·supp<ly ,and controis depends on 

the power ll'8.9Se and motor a~plication. 18 

The following ~xamples illustrate appli~tions 01 variable frequency 

induction moi,or di'i ves over the past decade: 
1 .. 

-

Traction application l - 7 ~here the requirements for low mail')tenance,_ 

gaod power to weight ratio and general ruggedness will continue ta 

'favor the induction motor. 

Aerospace 10 - 11; the main reasons for using induct ion motors in this 
, - 'IIi"I 

case are the superior reliability and power to weight ratiQ. 
Il 

. , 
~ 

" 
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-------~ Mining:-U-Wht!re--m.Q!or compactness d- ~xplosion proof quality have 
-~ . ~ ~ 

been dominant factors in sorne- sp i~ic apP,lications. 

Steel industry,i3-1~ for timotor drives, where the induction 
l'J, ..-/ 

machine has not o~~~chnical but also~n. economic advaritâge over 
.----

its _~4c :Courrtêrpat't. 
, , 

• Nwcl ear reactor pump drives, 8, 9. wh~ch are requir
g
ed to opéra-te 

reliably, wi thout maintenance over prolonged periods -of time .. 
v , 

, Automatic tool machines, 15 \\'here the combinat ion of good power fweight 

1 rati~,J totàl enciosure, good pow~r factor and good speed control 

have favore$i the ipduction motor. 

Fan and pump drî ves" 17 where variable frequency induction motQrs . 

are becoming a viable al ternati ve as the price of thyristors is 
\'t~doc~d. 

One should not c911clude from these examples ·that induction motors 
~ 1 ~ & 

Wil,! entirely rèpl~c.i the ~~i machines_ in the fore~eeable 'future. The - main 

t:~~son is that the cost.of::1.,éompletè drive is u~ually 2-3 times higher when 

a1l\\-1.nduction. motor is used. i-9 ~2 0 A va;iable frequency induction motor will 

be selected > only when a partict.ilar a~plication makes i t more E:c'onomical) 18 

or, when'critical perf9rmance requirements make the dc mo~or unsuitable, 

- ? .~,., 
f- l.1'!. 

Lz Review of previous work 

"" . Induction m~tor dynamic studies have preceded the development of 
• 

varia~11 f~equency drj.v~s: Weygandt and Chàrp have investigated the motor 

transients in a servo sy'stem by'usin~ an analog computer. 21 Kovacs and Racz 

nave applied rotatiJlg reference frames and space vectors 'to the study of-
1 

motor transients. 22 . 
The âev.elopment of the. thyristor gave a great impetus to motor 

... 
dynamic studies. First., PfafH and then Rogers 25 pointed to motar stability ,'" , 

l, problèms at low input frequencies •. Th'ey both used the linearized motor 
~ . '" ' 

. equations; Pfaf giving the time and frequency domain analysis for different 
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values of the rotor Inert la; Rogers applylng the synchronous frame rcprc­

sentatlon and root-locus method to Investlgate the effects of motor para­

meters on the stabIllty. 

A stream of papers, proposlng varlOUS control strategIes and 

gtvlng motor steady state charactenstIcs follow<.'ù· Heumann presented 

several drIve confIguratIons and showed Ù1e advantage of the constant alrgap 

flux operatlOn;27 Heck and Meyer,26 West et al 23 and lIeumann and Jordan 28 

pOlnted out certaIn advantagès of current over voltage control Abraham et 

a1 29 and MokrytzkI 31 propose~f1stant slIp control wInch results ln a 

constant power factor operation
f 

tSlabiak and Law<ion dIscussed the torque 

controlled matar, suitable for l;ractlOn applicatIons. 3o The Brown Boven "­

engl~ers, Invo~ved ln Induçtlon motor rallway applIcations, have publlshed .,.--..... 

" 

1 
1 

a number of detalled papers, 32, 34 the mast Important being that by Slio'nung 

and Stemmler33 They were one of the flfst ta recognlze the superIoflty of 

the pulse wldth modulated Inverter and to investigate Its harmonlc content. 

Furthermore, they clearly formulated, If not analyzed, aIl control strategies 

fo~ speed regulatlon ln vanable frequency InductIOn motors, 

Although most of these studles gave drIve control schematlcs and 

outllned methods of operatIon, none has presented a detailed analysls of 

moto!" dynamlcs. 

One of the flrst comprehensIve stabllity studles, after the work 

of Rogers, was done by Fallside and Wortley ln. 1968 and published in 1969. 36 
( 

The root locus method was applied ta -predict the motor stabllity boundarles 

and two stabJllzlng feedbacks were used to im~rove the drive dynamlc perfor­

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

of papers followed. inspired by previous work of Krause and Lipo on 
> 

synchronous and reluctance variable frequency supplied motors. "rause and 

Woloszyk compared computer and actual test resu1ts 35 for an induction motar , , 

drive. Nelson et a1 38 and Lipo and Krause 39 Investigated the effects of 

di fferent drive parameters on the motor stabil i ty in great detaÙ. Krau?e 

and Lipo showed that the higher harmonics in the inverter output vOltàge 

may be neglected without significantly affecting matar stability. ~o Obi and 

Sarton identified motor modes and used sensitivity functions to investigate 

. i Si 
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the effect of motor parameters on the drive elgenvalues. 42 " 

By that 'tIme, the representation of the motor IlnearIzed cquations 

ln the synchronous referenee frame and the use of the state space method 

in the dynamiç analysls had become the most favoFed approach. A few studles 

of the motor nonlinear equations were made, wlth varylng degress of suceess. 

They proceeded e1ther by using.the equivalent ClrcUlt whIle IntroduClng 

substantial approximations,43 by directly soiving the motor equatlons on an 

analogljS or digitH lj6 'computer, or by àpplylng the LIapunov method. 47 

AlI these studles were done for constant V/hz"motor control. 

Although several authô~s26,31,29,5e,8b,B3 have proposed closed 100p 

speed "oPeration, and Landau" 9 prese~'ted the experimental ~esul ts for Qn~t 
"'. 

such drIve, there are no corresponding dynaml~ studles avaliabie. ThIS IS in 
" 

spit~ of the fact that there are a number of closed speed loop drives in 

;' 
The development of varIable frequency supplIes proceeded in parallel 

", 

with the st~dy of inductIon motors. The ba~lc theory.for bath line and force 

commutated Inverters was developed ln the era of mercury arc devices,50,Sl 
\ . 

and was ready for use when thyrIstors became avallable. , ~ "' 

One of the fUrt ,lnvert~r types to be applied in vanable' frequency 

induction motor drives was a line commutated cycloconverter, 30 which requires 

lower grade thyrIstors th an other types, Due to its restrlcted ouput 
.~ . 

frequency range~ It is belng gradually·Jeplaced by force commutated 

inverters. 

The ~ common inverter ~ircuit 

t McMurray and Shattuck 52 in 1961, Bra~l~y 
various commutation met~ods. ShHnung and 

Heumann,55 Veres 51 and many others recognized thè - . . 

-day W3S proposed .by 

e detailed a~alysis of 
32 Mokrytzki 5lj, .. .' 
dvantages of pulse width 

modulated inverter. ' Espelage et a1 56 prop cd an inverte~ with externally 

injected commutation pulses. PhillipS 58 pres~ed a vérÇ interes\ing current 

controlled inverter which generated further 1tUdy.63 As the pulse width 

modulated inver,ter is becomi~g an obvious choice for bet"ter drive' per"formance, 

a n~ber of recent studies 59 62 analyzed varjous aspects o~ it~ operation. 

It is evident from ,this review thst variable frequency supplied induction 

", mot or IlrItres are bec'bmin~ a viable alternative to "dc motors and 'that their" 
(of 

l' 

• 1 

1 
1 

~ 



t 
, 

6 

development is pro~eedlng rapidly. 

1.3 ~resent ~tudy 

_~lthough the literature shows that the~ has been considerable 

research,' on the dynamics of variable frequency induction motor dr-i ves, many 

important aspects have been neglected:' 

1) Only constant V/hz control has been an~y~ed. There have been, 

apparent ly, no dynamic studies of other (and pass~blr better) 

control strategies. 

2) A great effort has been made to identify combinat ions of ~tor 

parameters which en5ure stable drive operation and improve its 

dynamic response. Very often such combinat~ons lead to poor 

steady state performance. Only Fallside and Wortley36 have 

consldered a more logical approach: the motor parameters are 

selected ta optimize drive effi~~ency and process requirements, 

while stabllizlng feedback loops improve motor dyna~ic performance. 

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

are becoming increasingly important in automatic process cont~ol. 

4) Practically aIl previous studies have used motor lineari:ed 

equations, which has proved to be the mest fruitful approach. 

However, most conclusions about motor dynamics were made by 

eonsid~ring only the drive eigenvalues, which determine only the 

asymptotié s~ability. This is insufficient for practical motor 

applications, where relative damping and output rise times are 

much more relevant. Where the i~put-output couplin~s have been 

taken iDto account, the results STe pertinent only to constant 

V/hz drives. 

5) A'large number of studies have equated constant V/hz with constant 

airgap flux operation. The two are, however, entirely different, 

in both the static and dynamic p'erformance. 
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This discussion indicates the areas requiring further investigation 

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

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

fallowing are the main objectives of this thesis: 

\ 

\ 

1) Control stra~egies 

AlI the most important .control strategies are clearl}" formulated 

and exarnined. The merits of each with respect to the motor dynamic 

performance are critically evaluated. 

2) Closed loop operation 

For the first time the closed speed loop operation is analyzed for 

different control strategles. Br designing speed cantroUer for 

each drive configuration, i t is püssible to Improve the dynamic 

performance of a standard induction motor, wlthout plaçing uneco­

nomicnl constralnts on its parameters. 

3) Practical stability 

AIl resul ts are presented in both the time and the frequenc)' 

domain and include the effects of various drive inputs on the motor 

speed. In this way, the drive p~actical stability is ev~luated 

and ,presented in a forrnréadily undentood by practicing en'gineers. 

4) Realistic limitations 

Dynamic re9ulfs are first obtained for an ideal, sinusoidal po~er 

suppl)' and are then reviewed te asse$S the effect of pra.ctical 

inverters, tachogenerator and mot or nonlinearity. 

Thus, the final results consist of two parts~ the first is 
\ 

indepenoent of inverter technology and reflects the nature of 

'. induction machines, and the second. which take\ into account a11 

the l.irni tations caused by imperfect drive components and whi ch 

\ depends on the future developments of variable frequency supplies. 
\ 

5) Experimental verification 

\ The dynam~c model fot the induction machine and tlle theoretical 

~ \ 
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results are confirmed experimentally. Again, both time and 

frequency domain techniques are used. 

B 

l·n addition to these stated objecti v~s, a new method for predicting 
\ 

the structure and location of zeros in t~e speed-torque transfer 

function is developed. The method is general, applicable to any 

motor drive opera~ing in open or closed loop, and deseribed by a 

set of linearized equations. 

4, 
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CHA PTE R l l 

SPEED CONTROL--STATIC CHARACTERISTICS 

2.1 Introduction 

Thre\ strategies for controlling the torque and thus the speed of an 

induction molor are presented, together ",i th the corresponding static torque' 

curves. The effects of the saturation of the maIn flux path are included. 

Since most of these results are available in the literature, the static 

characteristics are presented here onl)' for the sake of completenes.s. 

\\'hile the speed control of de mot ors obeys a sImple law, the corres­

ponding relationship for induction machines is much more complex. Basically, 

there are two independent inputs which are used to control the motor speed. 

They are: 

Applied stator voltage 

Applied stator frequency 

In addition ta these two inputs the speed depends also on the motor load: ,A 
'1' 

control strate'gy may be now defined as the law which determines how éach of 
po -#~b. J 

these inputs. should be manipulated in order to obtain a desired motor- béha-':: --
viour. It will be seen that the same motor has significantly different static 

and dynamic characteristics with different control strategies. 

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

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

1) Constant volts/hz control 

2) Constant slip speed control 

3) Constant airgap flux control 

The drive configurations which implement these strategies are described in 

the study of the moto~ dynamic behaviour (Chapter IV). 

The motor static characteristics for each strategy are obtained br 
, " 

,using the standard equivalent circuit (Fig. 2.1) and are then modified to 

allow for magnetic nonl~nearity. All-results are exprissed in per unit (P.U.) 

. . 

f 

, 1. 
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1 
values, with the motor rated values used as the base. 

JwM 

Fig. 2.1: Standard per phase equiva1ent circuit of an 

inductioJf motor. 

'" 

10 

The parameters of the motor u~d in this study are given in Appendix A. It 

is usefu1 to restate~at this point the expression for the e1ectrical torque 

of a 3-phase induction motor. From the equiva1ent çircuit. it follows: 

(2-1) 

where Ws 1s the Slip speed: When the motor operates with~n rated load, the 

slip speed 1s small. Therefore: 

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

,,l,. ,. •.• 
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th en becomes: 

or 
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, • ,0.1 , '1-' .... ~ 
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2 '2 
3 M 1 w m 5 

where t is the airgap flux, while Ct l~ a constant given by: 

, '. 

11 

(2 - 2) 

(2-3) 

" ," '\ 
The last expression shows that the electrical torque can be controlled either 

by manipulating the slip speed or the airgap flux. 

2.2 Constant Volts/hz Control 

i 
1 

J 

This str~t~gy results in a fixed, linear relation~hip etween the 

applied vol tage a~d 'frequency (Fig. 2.2). The aim is to maint in the airgap 

flux density approximately constant as the applied frequency is changed 

while avoiding any feedbacks for'direct or indirect flux measu In 

order to prevent a pronounced decrease in the electrical ~orqu 

frequencies. a fixed component V is added to the applied o 
becomes: 

v = V + kf o 

at low input 

e. SÇ> that i t 

t {' 

(2-4) 

.... . The constant component Vois .usually chosen so' that ra ed stator 

~c;.urrent ~~ows atO hz. while -the proportionality c,on~tant k gives the rated 

mator line voltage at 60 hz (Fig. 2.Z). 

'" . 

'. 
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The constant V/h: control is the simplest to implement Slnce it does not 

requite any feedbacks. Consequently, it has received most of attention ln 
the literature. 33 ,39,42,64 

The static ~orque-speed curves fer this control strategy aré pre­

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

high due to the large rotor resistance. 

l\then aIl points of the positive and negatlve peak torques in Fig. 2.3 

are connécted, an envelope of the. static torque-speed curves is obtained (Fig. 

2.4). It has been shawn before 64 that the very larg~ negative peak torques . 
at low input frequencies are incompatible~th the nature of the'magnetic 

circuits in electrical" machines. Therefore, the saturation of the main flux 

path has to be taken into account. This is done by ~reating the magnetizing 
\ 

in-ductance i.p t~e equi valent circuit as a nonlinear function of tne----motor 

magnetizing current (Fig. 2.5). The computation of the peak torQue requires 

an iterative procedure which was found to co~verge.to the correct values of 

the terminal voltage and magnetizing current in three to five steps. The 

envelopes of the torque-speed curves so obtained, which allow for magnetic 

saturation, are presented in Fig. 2.4. 

.. 
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A) linear circui~ mode! 

B) with saturation of main flux path included. 
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Fig. 2': 5: Motar magnetizin~ inductance as a funct ian 

of the magnetizing curren t. The curve was 

obtained experirnentally. ~ 

A few camments can be made wi th respect to these resul ts: 
. 

The effects or-magnetic saturation ought ta be included when 

13 

considering the ~cinstant V/hz operatiaT;l <rf induction mo'tors in: 

Generating mode, when the motar acts as a brake. 

Motoring mode at very~ low input frequencies (belaw 5-6:,.hz) 
, 

The motoring targue is significantly decreased as the suppl~ 
;' F' 
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1. 

Fig. 2. 6a: The machine is' in the mqtoring mode. The' airgap 

vol t~ge E is smaller th an the input voltage V. 

lm 

~ig. 2. 6b:" The ,machine is in the braking mode. The airgap 

voltage E is hlrger than the input volt~ge V. 
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frequency is reduced. For example~ i t faUs to 1.46 P. U. at 5 hz 

as compared with 3.25 P.U. at 60 hz. Besides limiting, the motor 

loading capabili ties in this"":bequency range •. this de~rease 1-esul ts 

in a reduced s)ope of the torque-speed curves which is. detrimental 

-. ta the mo_tor dynamic behaviour. as will be seen in Chapter IV. 
j.' 

3) The. decrease in the peak motoring torques, is the resul t of a reduced 

airgap flux. which in turn is due to a relative increase of the 

stator resistive voltage drop at the Iower input frequencies;' Con-
... . sider the 

qUfèy' is 

motor voltage equation (Fig. 2.1) when the supply f"re­

reduced: 
',..; ..... ,-....,.'\~.~" 

1 

4) 

ïj + E = 
s 

" , 

lim {CR + jw L ) Ï + jw ~f. Ï } 
s s s m 

W +0 
1 

" .-

Obviously,. as th~ frequency is reduced. an increasing portion of th 

app'lied voltage is l'equired to caver the stator resistive voltage 

drop. 

The to~ue-speed curves are not symmetrical wi th respect to the 

synchronous speed point. The difference between the motoring and~- \. 

brakipg peak torques is most evid;nt at the lower suppl)' frequencies. \ 

T?e reason for this difference is best understood "by considering the \ 

correspon~ing phasor diagrams (Figs,. Z. 6a and 2. 6b). It is ev.ident \ 

from these diagrams that for the same applied voltage V. the airgap 
.' 0 

flux i's larger in the brakin'g than in the motoring "peration. For 

a gi ven input frequency the difference will' inèrease wi tll\ ,the 
, 

increase in' the magnitude of the rotor slip speed. For a gi ven 
4 • 

slip sp~ed this différence be.tomes more pronounced at ,lower supply 

frequencies. when the stator t-esistive voltage drop s-tarts to domi-

nate qhe machine voltage e9uation. , 

2.3 Constant slip speed control 

î~ This type of control has been proposed by several authors .29 ~ 31 

. t T If has the advantage of reducing the motor cor~ losses at light- loads by 
..... ,;,j , ~~ 

ç 

. "-...... ~ . 
'~ 

.. 
'\ 
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decreaslng the value of the ê.irgap flux. FlJrthermore, this control yields 

a ccnstant power factor oycr the whole speed range. In this strategy there 

lS no flxeè relatlonship between the i~put voltage and frequency. The input 

ftequen~y reference lS obtained as the SUffi of the actual m0tor speed and 

selected Sllp speed, which 15, therefoTe, malntalned constant. The input 

vol tage lS changed lndependently ta control the electncal torque by con­

trolllng t~airgap flux--Equatlon (2-3). 

Since the ~otor operates with the constant Sllp speed, the standard 

:o-\que-s~eed c:.Jrves are not weIl defbed for this type of control. Consl.der, 

:Eo,; eX:L"'lple, t.lt: :nOt.:lT ooeratlon at ?Olnt !', Fig. ., -

" 
• 

/ 
• 
~3 

-w, 

• 1 

Flg. 2.7: The trajectory,of t~e operating point with the 

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

motor torque curves while 3) is the load torque 

curve. 
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pa th, Hlcluded 

wlth Ilnear magnetlc circuit 
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\.0 2.0 
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Fig. "2. 8a: 5tatic torque~vol tage ChaT&cteristics 
at 60hz constant slip ,speed control." . 
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The selected slip speed is ws ' the airgap Iflux is ~l' resulting in motor 

torque curve 1). When a request for a speed increase is given, the motor 

terminal voltage increases, strengthening th'e airgap flux and transferring 

the motor operat ion ta point B on curve 2). Since the input frequeney has 
, 

not ehanged, the motor starts to accelerate along eurve 2) fr~m B to C, 

reduclng the slip speed w . 
s 

This trigg&rs an increase in the supply fre-

queney whleh moves to keep the slip speed constant. Due to this, the motor 

continues to accelerate, following this pattern, until the new electrlcal 

torque equals the load torque, point D. The motor dynamle behaviour is 

described ln greater detail in Section 4.3. 

Since the standard torque - speed ,curves are not weIl defined f6r 

this strategy, the torque - voltage curves are presented instead (FIg. 2.8a 

and 2.Sb). Ther correspond to EquatlOn (2-3) \\'ith four different slip speeds. 

Both Ilnear and nonllnear magnetic circuIts are considered. It is seen that 

magnetic saturation lowej the value of the output torque for a given slip 

speed and input voltage. In addition, the saturation greatly Increases the 

motor magnetizing curren , this ..cffeet being more pronounced at the higher 

input \'01 tages and the lower input and, s,bp frequencies. For example, at 
,/ 

100 r.p.m. slip speed, 60 h: input frequency and 3 P.U. applied volta-ge, the 

magnetizing current i5 3.03 P.U. for linear and 6.88 for the nonlinear magnetic 

circuit. The corresponding values at 10 hz input frequency are 3.18 P.U. and 

7.22 P.U. 

When calculating the torque eurves, the input voltage was changed 

from zero to 3 P. U. at 60 hz and from zero ~ three times the corresponcling 

constant V/hz voltage at 10 hz input frequency. Although such a voltage 

range is impra~tical for the steady sta~e motor operation, i t may be required 

Iduring transients in order to produce the large eleetrical torques nece5sary 

for fast speed changes. 

2.4 Constant airgap flux .control , 

If the flux i5 maintained constant in Equation (2-3), ~he electrieal 

torque varies linearly with the slip speed. While this arrange~ent requires 

-
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somewhat: complex feedback loops for flux measurement, it has man)' advantages 

and ha$ been the subject of numerous studies. 27 ,65,66 

In addithm to the linea'r relationsha.p between the slip speed and 

torque (which exists for suf'fiClent ly small values of the slip speed), the 

sallent characteristlcs of the c~nstant airgap flux operation are: 

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

the whole ~nput frequency range. This is a direct consequence of 

the constant airgap flux operation. The e1.ectrical torque is gi ven 

by: 

T e = 
R l 2 
11~ 

w 
5 

= 

The last expression has lt5 extrema at: 

R " 

W li: + _2 
5 

L r 

(2-5) 

(2-6) 

This indicates that the torque speed curves are symmetrical with 

respect1to the synchronous speed point. The maximum torque is 

obtained by substituting the positive value of Ws from (2-6) into 

(2-5) : 

3 4>2 
T = m 2 L 

r 
(2-7) 

With constant flux ~ the last expression is inpependent of the 

applied frequency .. It is interesting ta ob?erve the effect of the 

rotor l~aRage inductance on the value of the maximum motor torque. 

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

constant V 1hz cont1'ol. l,t was shown64 that for this particuiar 

motor, the respective values at 60 hz are 8.25 P.U. and 3.25 P.U. 

The difference becomes even greater at Jower input.frequencies. 

At 5 hz the values are·S.2S P.U. f~r the constant flux and 1.46 P.U. 
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for the constant V/hz control. Therefore, the constant flux 

control can produce much larger starting torques. 

3} The slip speed at which the peak torques oCcUr is constant and 

19 

1 arger than for ,the consta~t V /hz. control. For the constant flux 

operation, the maximum power transfer occurs when 

'15 = -"" max 

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

stator impedance must be included 50 that 

S 
max 2 

+ L ) r 

4) There is no magnetic saturation at lower input frequencies ~-in 

the case of QP~stant V/h: operation since the applied voltage is 

continuously adjusted to maintain the desired flux level. 

The torque-speed curves for the constant airgap flux control are 

presented in Fig. 2.9. The flux level is the same as for the 60 hz synchronous 

speed operating point. The input voltage must change çonsiderably to keep the 

flux constant as the load is increased. For example, at 60 hz th'e voltage 

reaches 1.75 P.U. at the maximum torq~ point. If the voltage increase is 

6 limited, the gemagnetization of the airgap will start as the load is increased 

and the motori'~il1 revert to the operation at a constant stator voltage (Fig. 

2.10). The slope of these curves 1S small because of the high'rotor resistance 
~ 

of this particular machine. Squirrel cage motors, generally used in vaTiable 

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

. 2.5 Summary 

The motor static characteristics for three different control strate­

gies were presented. Although these characte~isticsrare not of dire~ interest 
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ln the motor dynamic study, they pro'Vlde sorne ins1ght into the motor transient 

performance. Swce for fast speed response large electrical torques are re­

quired, the importance of the motor torque capab1lities in the dynamic beha­

viour 15 ObV10US. lVith this criterion ln Inlnd, the following conclusion can 

be made: 

1) \\'hile the early studies 30,32 of variable frequenc)' i~duction motors 

have equated the constant V/hz control with the constant airgap flux 

operat1on, thesc two strategies result in slgniflcantly different 

rive characteristlCS. The constant V/hz control results ln a reduc­

tion of the peak -motor torques as the l11put frequency is reduced. 

This reductlon becomes even more pronounced when magnetlc saturation 

is taken into account. Thus, an Inferior dynamic performance at the 

lower input frequencies ma)' be expected. 

2) The constant sfip speed control is. capable of providing large torques 

at an)' supply frequency. However, if the se1ected slip speed 1S 

small, these large torques lead tcvmagnetic saturation, and very 

high magnetizing currents. Thus, the motor static and dynamic 

operatIons have contradictory requirements in the chOlce of the slip 

speed: it should be smal1 for high steady state efficiency and pre­

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

A compromise between these two requlrements leads to suboptima1 motor 
• performance in both the steady state and the transient moto! 0Her~ 

ation. 

~) The constant airgap fl~x control can give large torques while . 

avoiding magnetic saturation. Therefore, this coptro1 is potentially 

superior than any other considered, for both dynamic and steady state 

motor operation. The main disadvantage is the relatively c~mplex 

drive configuration necessary for implementing the constant flux 

strategy. Furthermore. the associated power source must be able to 

operate over a considerably wider voltage range than in the case of 

the constant V/hz control. 

The efficiency curves for each control strategy and changing supply 

freq~ncy are presented in Fig. 2.11. the cuives were obtained for the rated 

J r 7 =2': 
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mator torque. The values of the airgap flux at 60 hz, synchronous speed and 

the rated s,1ip speed were used for the correspo_nding control strategles. 

~1agnetic saturation i5 inc1uded but the motor mechanical losses are neglected. 

\ Note that belo\v 4 hz, the motor efficleJ1cy becomes meamngles5 since the 

rated torque can be obt~ined only for the negative machine speeds. 

These resui ts should be considered only as· a guideline since the 

actual motor efficiency depends largely on the voltage waveforms of the par­

ticula~ power source. 

• 
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CHAPTER l 1 1 

; 

DYNAMIC STUDY--METHODS OF ANALYSIS 

3.1 Introduction 

Before considering the analysis of the motor dynam~c performance, 

one s~ulcl define the meth~s which will be used ln such a study. This 

approach offers several advantages: 

A umform basis is provided for the t eatment- of aIl three control 

strategies presented in the last chapter. 

A Justification for a particular met ho i5 given only once and does 

not have to be repeated in the study 0 . each drive structure. 
J \ >~" 

A sIngle framework is specified 50 that \dynamic characteristic5 of 

vanous drive configurations are easily ~ompared. 

For these. reasons, this chapter revi \\'5 the method's which 'will be later 

applied in the study of variable fre uency drives. 

The machine equatlons in th synchronous reference frame are first 

. present~d. In addition to reducing he number of motor equations, the treat­

ment .in this reference frame ydelds 'onstant, de, steady state motor curr~nts . . 
Therefore, when the motor equations are linearized, a constant state matrix is 

obtained 50 that the linear control theory can be appHed to the machine 

transient analysi<s. 

S'oth tirne and frequency domain techniques a~e briefly reviewed. The 

presentation of the state space method is included for the sake of com~lete-
, , ..... 

ness. A considerable pumber of previous studies has proceeded to conclnde 

about-the ,induction motor stability only on the basis of the motor eigenvalue 

location. This is used, then. as a reminder that the complete convolution 

integral has to be considered before any stat~ments on the drive transient 

response can be made. . 

.5ince the frequency domain 'technique proved to be superior in,tllé 
d!sign of speod controller, ·for the c,osed loop dr;vei. var;ous methods for 

1 
1 
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\ 
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the transfer ~unction derivation are aIse x:.eViewe,i'. In addition te the 

other wèU_.kn-oll'n techn1ques, a new metho.d for' the calculat,ion of the 

speed~torque t~~sfe~,:~~nction ls presented. This rnethod is given in 

,the ,ana~tica'l ~orm, :~ g!"neral~ ~and~s appllcable ta an)' motor drive' 

·_desc,,::.bed by a set of rinearized equatlons. 

3.2 'jotor eouftions 

\ r 
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Induction ~otor equations in the synchrono~sly rotating reference 
\ 

fraoe are used. These equatlons are then linearJ.Zed .and written io' 

standard s'tate 5pac~ for~, 30 that llnear con~=ol theory can be applled to 

:he mot:lr d.vnallllc s~udv. \ . , 

3.: . .1 ~lachlne rererence frames 

The t:-ansforllat:::::ls f:-orn an Jrig:'nal, ?hys:cal, ':la ch::. ne syste!r. ':c 

:~a-: a.escr:b~d ::1 3..'1 4:-::l: ~rar:v reference ::rame 15 .... el: explalned ~n ma.,y 
l, • 8 . 3 

tex-:books and -:JaDers.""o ,0 Withln the standar:i assUIllFt::.:ms oi: .. , 

neglipble core losses, hysteresis and satura-::ion 

~ op~ratlon wlth sinusoidal airgap flux, 

an electrical machine càn be rep-resented in a reference frame, WhlCh 

rotates with the speed of w rad/sec, by these equations: .c 
1 
1 

V = {CR] + n rmlG] + wc[F] + [LJ } i 
p 

1 

T
L

'= n iTCGJi - Lw - J P w 
1 m T, m 

, (3-1) 

(3-2) 

In the case of an induction motor, wi th unifor,m airgap and un­

grounded stator. (3-1) is a 4 X 4 matrix eq",a~, describing a machine 

electrical system. IThe machine mec~anic'al part H c~aracterized ,bY (3-2). 

For an induttion motor the matrices R, L, F and Gare: 

\ 
1 

\ 
\ 

\ 
\ 
\ 

II 

1 

JaL 
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RI 0 0 0 

0 RI 0 .. 0 

[R] 
'$ 

'(3~3a) = 
:J 0 0 R2 0 

>. 
'-', 

... 
0 0 0 R2 



, 

/ 

f , 

.'. " nr, 

• l , 

26 

where RI and R~ an! motoT stator and rotor re51stances, respectlvely, ~1 lS a 

mdgnetl.t:lng inductance in thé motor equlvalent c~rcUlt, while LI and L2 are 

gl ye:î 'as" 

L2 

== ~1 + L s 

= M + L r 

1 

1'" 
Ls and Lr betJ.ng respectl\'~ly the stato~ and rotor leakage Inductances. 

WIth tne 5tator w~nèl~g suppl~ed ana the rotor sho~t Clrculted, the 

voltage ~ec:or ln (3-1) IS' 

=:' /3[> 
y ~ Iw 

(3-4) 

ces cew --.ù )t'+ ~)l c 

S :<1 ((uJ - W ) t + a) 
c 1 

0 

\ 

1 

L 0 , -hnere" :.:' t:-'e' peaK voltage ai eaeh ;notor ?hase. 
m' 

1: tr.e sveed aÏ the :-eference !rar::e . ..J , lS c:'osen tQ be equal to 
c 

the raplan suppl)' ::-equeney w, machine repre~entation in the synchronous 

(y- ~) refér.ence ;::'ame 

deJlloüng the rrns motor 

the y-ô frame becomes: 

V 
.." 

V 
0 

;::: 
yô 

0 

0 

The current vector in 

synchronous reference 

lS tSlbta~ned. 

llne vo1ta~ 

-l'5 

(3-1) contains 

frame: 

}' 

,f, , 

Choos~ng a = 0 at t = 0 ln (3-4) and 

by V, the Steady state voltage vector ln 

stator and 

ç ; Xi 

rotor currents 

(3:'5) 

in the 

BI St 

, 
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RepresentatIon in the synchronous reference frame offers the followlng advan­

tages' 

1) The motor equations become Independent of a rotor P9s1tlon angle 

o . 
m 

2) AlI steady state voltages and currents become de. Th~refore, when 
, 

the motor equatlons are llnearlzed around an operatlng pOInt, the 

state matnx [A) ln x = [A] X + [B] U \\111 be constant. 

3) The n~~ber of equations 15' reduced ta 5 from the orIgInal 8 used 

ln the.3-phase motor representation. ( 
\'J}nle 3) 1S desirable, 1) and 2) 

co~puter application to the drive dynamic 

Since snaft specd translents are 

are IndIspensable for an efficIent .. 
analysls. 

of the greatest interest in this 
• <!! 

study, the speed is chosen as the motor output variable, and equation .(3-1) 

becomes nonlinear. Furthermore,' a nonlinear mechanical equatian (3-2) has 

to be included for a full description of motor dynanlics. 

3.2.2 LinearizatlOn of motor equations , 

Before the state space control theory can he applied to the analysis 

of motor dynamic behaviour, motor equations (3-1) and (3-2) have to be' linear­

ized. This i's, achieved by perturbing the supply frequency and the. magni tude 

of input voltage from their ·steady state (operating point) values. Such 

perturbations cause a corresponding change in motor curr~nts, ,speed and output 

torque. 

, 
'o. ,~ 

J ~'Y 

" ,: 

" 

., 
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The motor variables WIll be, 'after perturbatIon: 

; New Steady 
Variable ::: Statc + Pcrturbed 

Input frequency w ::::: n + 5 
w 

Motor speed w ::::: ri + OW 
m ID m 

Motor current vector . i ~ 1 + 01 yo y6 ye 
, 

Input 'voltage vector 
\6 

::::: 

\0 
+ cV yé-

Load torque T Ll 
::::: TL + é\ 

Reference frfilTle speed w = 'Q c c 

Note that the speed of the reference frame rémalns unperturbed and constant, 

By substitutlng expression for the new varIables Into cquatlons 

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

and 

{{R] + n ~ [G] + n [F]} I y" + 
m c ' u 

+ {IR] + n nm IG] + ne [P] + [L]p} êi.yô + 

t. 
+ n Q W [G] [1 ,,1 + n ow [GJ [6i J:] 

ID yu m yu 

T + <ST = n J + ôw fT + JT P ôw 
L L m ~ m m 

TI', 
+ n [Iya] [G) lI~Q] + Tt lIya] r ([G) + [G1 T) [oi)'5] + 

1 r 3 [&lat Q a , h1$st..,. ,4" 4i ;, 

(3-6b) 

1 • 

, 
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1 

Note that [L] p [1 0] = 0 ;:: J'r p ri S1nce at an operating point all , 
y, m 

currents are de and the speed is constant. If the steady state equatlon 

lS taken out from (3-6) and If the perturbations are smal1 enough, 50 that 
• 

cross products of pcrturbed variables can be neglccted, the motor linearized 

equations become: 

oV
yô = {[R] + n ri [G] + 

m 
!J [FJ + 

C 
[L] p} tiiyô + 

+ n owm[GJ [l'(Q] __ (3-7a) 

éT
L 

= [Iy~) T {(G] + [GJ T} ôi ya 
- f OW - J P 6 w (3- 7b) 

T m T m 

where .)llat ri ces R, F, Gand L .are gi ven by equ~on 3- ~. 

The voltage vector [c\YÔ1 requ1res specIal attentIon Slnee the speed 

of the reference frame, ri , lS constant, whi1e the input frequency 1S per-
.. c 

turbed. If corresponding new varIables, defined on the 1ast page are Inserted 

into equation (3-4), it becomes: 

= 

(V + cV) cos (n - li + 6w) t 
c 

(V + oV) sin (n - n + GU) t c 

o 

o 

Since li = n, the perturbed voltage vectO,+ is obtained when the steady state 
c 

solution, givenby equatfon (3-5), is takèn out from the last expression. Thus: 
~ 

V(cos owt - 1) + ôV cos owt 

= (3-8) 

V sin ôwt + ôV sin owt 

• o 

a 

.. 

s . oz: :;2 4'- I§I", '-_. #Jff11 1 aa _ • Tl Pl. --. 
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If the supply frequency perturbations, 6w, are small and of short duration, 

equation (3-8) can be linearized by approximating: 

CQswt ==- l sin ,owt == 6wt, 

ÔV sin awt ~ aV ôwt 

Furthermore, Sv awt ~ 0 as a second order effect. The perturbed voltage 

vector thus becomes: 

6V 

[aV 1 = vol/! (3-9) 
y~ 

0 

d 

where o~J =- ow t, The geometric inte,rpretation of input frequency pertur-

bations is 'gi ven in Fig, 3.l. At constant sup'ply frequency the' input vector 

V ccincides with the y-axis and only the'y-coil is energizéd while ô-coil 

is short circul ted, equation (3 - 5). When .the applied frequency is perturbed 

by ow, the vector V departs fram y-axis with the speed of aw el. rad./sec., 

while the whole reference frame contir.ues to rotate at constant speed of 

n = n el. rad./sec. Physically it'means thât any change in the input 
c . 

frequency will result in a change of speed of the rotating electromagnetic 

field (emf). In--the const'ant speed synchronous reference fràme this change 

can be produced only by another voltage component along the ô-axis--hence. 

V 6ljJ term. 
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Fig. 3.1 Input frequency perturbation ln the synchronously 

rotating reference fra~e. 

State sp~ce equations -., 

. ' 

The linearized equations (3-7a) and C3-7b) cào be written in a 
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form as: 

p 

. ] L 0 Ôiyô - CR + nnmG + ri F) nGI
Yé 

ôiyÔ ôV é c 
y (3-10) CI + 

0 J T ÔW 
T 

CG + GT) ôw -ôTL rn 
nIyé -fT rn 

-
where matrix notation fot R, G, _L, F, l ô' ôi ô and ÔVyô is understood. 

y . y 
If the motor state vector is' defined a.s 

., 
l , 



, 

, , 

X = 

and the input 

U = 

Xl 

X2 

X3 

X4 

Xs 

vector as: 

cV 

Vo1j; 

0 

o 

-oT 
L 

éiS 
y 

Oi~ 

= oir 
y 

o,r 
\5 

oUS 
m 

the equation (3-10) can be wri ten as 

p[X] = [Q]X + U 

or 

which then identifi~s the state A and input B matrices in 

x = [A]X + lBJU 

as 

J 
1 
/ 

32 

(3-11a) 

(3.11b) 

(3-12) 

(3-l3) 
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;( • [A] IP (IQ (3~14a) 

and 

lB] IP] 
-1 (3-14b) 

, '--

• 
If:". 

Matrix P be inverted by hand give: ,,~ can to 
li 
: 1. [ ,:r' l~JJ " 

[P r l (3-15a) 
.;, ." 

:;,', ~ 

.'f. 

i~ 
~''e" 

where 

."- L2 0 -M 0 

',' 
t~ 0 L2 0 -M 
}.t~ .... . -1 1 

[L) 
LI L2 M 

-M 0 LI 0 (3-1Sb) 
-

0 -M 0 LI 

while matrlx Q is given by: 

-R l rt LI 0 rt M 0 
c c 

-rt LI -RI -Q ~1 0 0 
c c 

[Q 1 = 0 
. rt M -R2 n L2 -n(MI 2 + L2 l i+) (3~16a) 

s s 

-n M 0 s 
-Q L2 s -R2 n(MIl + L2 I 3) 

-nMIi+ nMI; nMI 2 -nMI -f 
1 T 

where motor sl1p speed is n = n nn in el. rad./sec. while the vector of 
5 c m 1 

the steady state motor currents is: 

Il 

l = 12 (3-16b) 
yô 

13 \ 
I" 

-----------------------------------------~-""' .. 
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I~en supply frequency and load are specified the motor operating point is 

defined 50 that i ts steady state turrents and spe.ed can be computed. Equation 

(3-12) describ~ then fully motor dynamlcs behaviour at that point. The eigen­

v:llues of the sthe mat rI x A are the pol es of the system and are used to estab­

llsh moto!' uSymptotlC stabili ty. Together wi th corresponding elgenvectors. , 

they detennine the motor response ta the perturbatIon from a point of equili­

brium, caused by initIal conditions. If a response ta any drive input is 

desired, the Input matrIx B has to be taken Into account. 

Since Input frequency, slip speed and steady state motor currents aIl 

appear in the state matrix A (equation 3-14a), the resulting eigenvalues and 

elgenvectors (1. e. rnotor dynamIcs) will depend on both appl1ed frequency and 

motor load. As it wIll be seen later, thlS dependence complicates the analysis 

of the lnduet Ion motor dynamic behaviour. 

The rnethods used ln the analysls of local stabllity are dlscussed in 

the next sectio~. 

3.3 Methdds of analysis 

The methods used in the analysis and interpretation of dynamic 

behaviour of inductIon motor drives are outllned in this section. In this way, 

a necessary notation is established and a uniform basis for drive comparison 

is defined. 

The section starts by reviewing sorne of the basic concepts of the 

linear control theory. It continues the review by showing that a transient 

response of an autonomous system, determined by its eigenvalues and eigen­

vectorS, can~ot be directly correlated tp the system practical stability. In 

other words results of asymptotic stabilit)' alone are not suffi cent to provide 

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

an Input reference signal, or, how does it respond to a disturbance. 

Since these questions are sometimes better answered by a study of 

the corresponding transfer functions, the second-part of this section presents 

a short review of techniques for motor transfer function deri vation. In 

addition to weIl known methods of canonical controllable forms, Laplace 
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transform of state equatIons,partlal fraction expansIon and frequency response 

of state equations, a new approach to derivation of speed--tor'luc transfer 

functions IS presented. Termed the Direct Method, It pcrmits a bctter insight 

into speed--torque Interaction for a very large group of electric drIves. 

3.3.1 RCVIew of the state space techniques 

Any linear system can be descnbed by the following set of equations. 71 

X ::: [AIX + [B)U (3-17a) 

y [C]X + [0) U (3-17b) 

where U, X and Y are N x 1 Input, stat e and A and 

B are N x N state and Input mat~Ices, respectIve1 , C is an output and 0 an 

input-output matrix. If these matrIces are 

(3-17) is a fixed one. 

e invarIant, the system 

Since most physical systems (motor drIves inc1uded) do not have inputs 

directly coup1ed ta outputs, the matrix D lS zero.· Then, }n order to sImpllfy 

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

that the redefined system is: 

x [A] X + [B) U 

y = [I) X 

Characteristic values (or eigenv~lues) of this system, denoted'by 

are the roots of a characteristic polynomial: , 

DET Àl - A 1 o 

m~, are obtained from: SY~igenvector5' 

[ÀkI - A] m~ = 0, k = 1 ... N 

(3-18a) 

(3-18b) 
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The modal or e1genvector matrix 1S a matrix hav1ng for 1tS columns the 

corresponding e1genvectors: 

[M) [m~ mR .. (3-19) 

The system described by (3-18) 15 a"ymptotlcally stable If every 

one of' it;s €pgenvalues has a negative real part. Tins 1mpl1,es that all states 

will return to their respectIve points of equillbrlum, defined by X = 0, after 

the system has been perturbed Instantenously and then 1eft free. ThIS can be 

best understood if the state equatlons become decoupled: Deflne a new state 

va~iable vector q as: 

x [M) q and q (3-20) / 

Substituting (~20) into (3-l8a) and premultuplying by M- 1
, system uncouplfd 

equations in!c space of q states arc obtaincd:" 

q 1: [Mr lIA) (M) q + [M) [B( 1 U (3-21a) 

y (3-2lb) 

The first matrix equation can be written as: 

q fN q + [H} U (3-22a) 

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

~ssuming distinct eigenvalues, the last equatlon can be presented in the 

expanded form: 

11 



/ 

q l 1 À, 0 0 
J -

qz 0 À2 0 

::: 

o 0 0 

0 ql 

0 Q2' 

+ 

hl! 

h21 

1 

1 

h 12 

h 2 2 

1 

l' 

The response of each qk state to initial conditlon is: 

where: . 

37 

; hlN U 
l 

' h2N Uz (3-22b) 

hNN 

(3-23) 

Àkt 
Terrn e· is called a mode of a system,7z'while qkCt) lS it.s modal 

state,* In the spa ce of q variables, response of each state qk(t) is 

decoupled from responses of the remaining states, Obvious.ly, for ~ < 0 the 

k-th mode approaches zero as t ~ m, and the response of k-th modal state, 

qk Ct), is asymptotically stable. 
L 

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

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

given by a convolution 
t 

illtegral: 

qk(t) = J À k Ct-t}., N 
e l: 

j==l 
o 

~ 

1 
1 

, ( \ 

hk.U. (T)dT, 
J J 

k = l • • . N (3-24) 

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

in (3-22). If the system is excited by both initial conditions and its 

input?, the modal state response is given by the sum of '3-23) and (3-24). 

The system response in the space of the original states is given by 

(3-20) , Or, in scalar form: 

* Modal state, qk(t) is sometimes callèd a canonical state. 
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x, (t) :::;: 
J 

(3-25) N , )=1 

\ 

o" \ 

Thus, each original state x, (t) is obt~ned as a llnear combinatlon of al:l 

modal sta~es qk (t) and corr~spOnding ei~T!Yector components. The 1 ast 

equation ho/Ids regardless whether modes <\re excited by ~nitial conditions, 

by input signais or by both~ Normally, i~ real physital systems the modes 

are perturbed by input functions and equahon (3-24) would apply, The 

following discussion WIll be thus llmited to thlS, more gcneral, case, 

, Although the property of 'asymptotlc stabllity 1S a very Important 

one, It satlsfies only the first, most basH: dynamlc reqUlrcment, namely th~t 

each system mode is stable and that It will return to rest after being per­

turbed from Its equil1brium p<fint. This InformatIon i5, however, not suffl­

cient to determine the dynamic characteristlc of a practlcal system. For 

example, not aIl modes have to be present ln the system out'1Ut. specIfIe"ll), 

Il moue Inll not apnear in tl-te output X Ct) lf either 0::- these two condItions \\ 
73-75 J 

is satlsfIed: 

~ 
1) 

2) 

'Àkt 
The mode e is not excited by any of the system inputs, ThIS 

means that the corresponding k-th row of the input~lnode coupl"tng 

matrix H -has only zero elements (equations 3-22b and J-24). thIS 

is called uncontrollability. 

The modal state qk (t) is not coup,led ta the particular output \ . 
x. (t). This means that the corresponding element mJ'k of the modal 

J , • 
matrix M is zero, equation (3-25). Obviously, if the whole k-th . -
column of the matrix M'has only zero elements, the k-th,modal State 

(and thus the k-th mode) will npt nppear in any of the system 

outputs x, (t), j = 1 ... N. This is called unobservability. 
J . 

Al though very important, the definitions of controllability and 

observabil~y represent more a mathematical th an an engineering concept. For 

example one could have a system which satisfies the ob~ervabi li ty cri tedon, 

but where the coupling of ~e ~articu~ar modal state, ,.,qk (t) into the ~ystem 
outpùts is much weaker than the coupling of the remaining states. That modal 

l' 
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state ~'in be then prac~ical1Y' unobservable ln the ~ystem respons~i,milar 
argument can be made for the concept of controllability. For this reason, 

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

concepts are defined: \ 
1) Pseudo-observab~lity:. "Pseudo.:.observable modes are the modes which 

appear in the system output, but which can be neglect~d without 

noticeably affecting th'e output re:;ponse," 

2) Ps eudo-controllabili ty: "Pse~do-contro llable modes are the. modes 

which have sufficiently weak coupling to the input vector U ta be 

considered unexcited when the inputs are appli~d,1I 

To establish \ihether a gi ven system has any mode Wh1Ch 1S ei ther 

pseudo-observable or pseudo-controllab1e, one has ta look into relative mag~i­

tudes of elements on the corresponding row or column in the system i'nput:mode 

coupling or eigenvector matrices, 

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

From equation (3.11b), an open Ioop inductio~ motor drive has three' 

independent inputs: 

aV 
vol/! 

u = 0 

0 

_ÔT
L 

1 0 • 

.. NdrmÙly, one is interested in finding the drive respon'se when-"one single 

input is app~ied, Inspection of corresponding col_ iJl the input-mode 

coupling ,matrix H then gi~es information about the cÇlupHng between this 

input" and the drive modes. For exa~le. if the change in theload tor-que i~ 

applieç.. the excitation of the çlrive tt/des will b~ det~rmined by the e~emen~s 
on the 5-th column o.f the l{ matrix, as seen ~rom equation (3-22b), ~nce the 

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

--As stated ear.lier, the stability of a motor drive really means the stability 

of its speed· response, Thus, the speed ba!omes the only output of interest 

,) 

t' 
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ilnJ the matrlx C ln (3-17b) becomes a rOI. vector: 

y(t) = [C1X(t) = [00 0 ~ 1] 

Xs 

If every drive ~tate xk(t) were present ln the output y(t), an InductIon 

motor would quallfy as an observable sys'tem Slnce aIl i ts eigenvalues are 
" 

dlStlnct and', thus, HL modal matrlx M i5 nonslngular. However, wlth the 

speed as the on1y output, lt 15 sufflcient to have a single zero element.on 

the 5-th row ln the M matrix (l,~. msl = 0) to have a corresponding modal 

state, qk Ct) suppressed 

The terms "controllable" and "observable" mean usually deslrable 
... 

system propertles ln the context of the state 5pace technIques. 'The. same 

properties may be, under sorne condItions, undeslrable ln the case of an 

InductIon motor. Conslder, for example, the load torque. Ideally, it wIIJ 

not be coupled to any of the mcxles, 50 that the dnve i5 not senslt1 ve ta 

the loa.d VariatIons. ft5 weIl, 1 t 1S desl.rable that none of more osc11latory 

modes lS strongly present in the speed response. 

, 

At thlS pOInt a brief recapitulation can be m~ 

1) The dynamic behaviour of an induction motor drIve cannot be studled 

by looking at its eigénvalues and elgenvectors only. The whole 

system, together with its inputs has to be considered. 

2) The input-mode coupling matrix" [H] is crucial ln finding the effects 

of a given input on each motor mode. Specifically, elements of a 

j-th column in the matrix [H] determine how much will the corres­

pondlng ~nput'\uj Ct) exci te each of the modes. 

3) , The elements' on the 5-th row in the modal matrix M determine' the 

partlc~ation of each modal state qk(t) (and thus of each mode • 
. ~ t L~ 
e \ k ) In~the motor speed response. / 

.;;J' , ' . 
11118'1-1. 7 • f, '1 
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... , 
\'.lth thlS discuss1on, the framework for the drive ana1ys1s ln the 

tirne dom~iln is deflned. The speed response 'to the kno\\TI input funct~ can 

be obtaincd ln two steps: ~ , 

3.3.2 

1) Compute the excitation of each modal state, USlng equation (3-24). 

2) Wrlte the speed rcsponse as the llnear combination of modal states, 

using equatlOns (3-25) and (3-26). 

Renew of the transfer function methods 

Several steps have to be perforrned ln the study of the motor linear­

l:ed equatlons, before the motor dynamlc characteristics for any partlcular 

control strategy can he hrrnly stated. Roughly, the study can be broken into 

three main steps: 

1) DeSlgn of the dn ve controller for a gl ven cont roI strateg), \\'ith 
• sorne speclfied performance as the obJectIve. 

2) Theoretlcal analysls and Frediction of the dynamic behav10ur of the 

dn ve 50 obta~ . 

3) VenficatlOn of theoretical resul ts by an experirnent. 

The second 5tep, theo:€tl-cal analysis, is straight forward when the state 
'" space techmques, presented in the last subsection, are used. The first and 

third step need sorne discussion. 
. 

The first step, design of a drive controller could be per::eprmed •. 
J _ \ _ 

equally ""eU in the time domain, usrng the state feedback rnethod. 76 '(Briefly 1 

t~e rnethod consists of restructuting the state 'matrix to obtain the des ired 

eigenvalue location)'. Since the rotor currents are not avai1able for measure­

ments, state estimators would have to be used.7 B ~lthough it is mi\thernati­

caUy very elegant. this method is not the most sui table one for this prob1l!m. 

Its shortcomings have been discussed in ~ome detai 1 recent ly. 70 

For these reasons 1 the frequency domain technique is used in the 

drive controller design. The rnethod is weIl known and uses Bode plots, to 

represent the system open loop transfer functions. 

--- -.--

\ , 
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The thirJ step, exper..Imental venficatlOn of the thcorct1cal 

resul ~s 1 is fuI l'y discussed in Chapter VI. Slnce this step was performed • 

in the .frequency domain, It would be des1rable to have .the theorct1cal 

resul ts in the same form, for an easy compaTlson. For thi s reason, the motor 

drive analysls estep 2) lS done ln both tlMe and frequency'domains. 

The attention lS now turned to the derivation of the motor transfer 

functIons. Two expressions are needed: G!Cs) and G2(S), "representlng 

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

cw N ($) m 
G1(s) v 

cV = = D(s) 
r 

(3-27) 

and 

cw NT(s) m 
G2(S) c\ = = lJ(S) (3-28) 

where. generally 

N N . 
N (s) == E b. s' - J 

J=l 
] 

(3-29a) 

and 
N+l 

j~l = E s D (s) 3 N+l.j . -'lr 
k=l 

(3-29b) 

Solutions of N(s) = 0 represen.t transfer function zeros while D(s) = 0 gives 

the system poles (~i&eovalues). The transfer function G;(s) can be regarded 

~s the motor equivale~'~tput impedance, WhlCh relates the load torque to 

the speed: It will be seen that 1 in the analogy wi th electrical networks, this .. . 
impëdance' can be reduced by closing the speed feedback loop. 

There are many ways of finding system transfer functions. Four 6 

methods, pertinent ta the jnduction motor drives will be now discussed: 

1) Controllable canonical form " ,. 
This method is general and app'licable to any system. The ais and 

bIs coefficients in (3-29) are dirèctIy obtainable From the controI-
t 

lab.1e canonical farm of the motor state equations. 77,79 However, 

, 
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as Il: will be seen _lat er, one can better understand, and thus use, 

a transfer functlOn"'rerresented by a BoJe plot, rather than by a 

polynomIal. r t 15 true that once the numerator and denominator 

cl.effü:ienls arc found from the canonical fom. the corresponding 

Bode plot 1S obtained easl~~. However, if only the Bode dragram 

lS desired, there are more direct and more efficIent methods to 

flnd it than the canonlcal form. 

2) State equatlons 

ThIS method is the most effIcient one when the graphical (Bode plot) 

representatlon of the transfe~ function is sufficlent. The transfer 

function poles and zeros are not expl10tly calculateù. Instead, 

a fr~quency response of the system state equat..J.ons 15 comJ)uted. 

Conslder a llnear, time InvJtiant system, reprcsented br a matri:>­

equation: 

x = r A] X + (B] U 

After applying the Lapl ace transform, tIns eQUatIOn, ln the Slnu-

soidally 5 teady state, becomes: 

jwX(jw) [A] X (jw) + [B] U(jw) J or 

= ..- (3-30) 

It is e'\Sy to wri te a computer program which evalua.tes the phase and ma!iTlitude ,., -,. 

of X(jw) at each w and for a given input u.(w) with aIl other inputs set to 
, J ' 

zero. These resul ts can be used to ob tain a Booe plot for each state \. 

Every Bode plot represents th en a frequency re,sponse of the transfer function 

between an output ~ and an input u
J

: For in.duction motor drives '1c becomes 

Xs (the speed), while u. can be ei ther a speèd reference or a load torque.. . 
] 

Sinçe this rnethod is straight forw~rd, it will be used in the design 

of drive speed controllers and as a check 9f the partial fractlon method. 

-.. ~ _._---~--______________ " __________ M_r",,r_---
• ", .. J 

~ 
/ 
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3) PartIal fractlOn expans'lon 74 

Transfer functlOnS' G l(s) and G2(s) can be decomposed into terns 

corresponding to each elgenvalue. ThIS IS best illustrated by 

eonsldcnng the decoupled sta'te equatlOn (3-22a). Its sealat 

form, for any modal state qk(t) 15: 

N 
= \'1fCt) + L: hk u. (t) 

j =1 J J 
k ::: 1 ... N 

Whcn the Laplace transform lS applied, wi t-h zero im tial condltlons, this 

equatlon beeomes: 

N 
L \ U (5) 
1=1 J J 

s - ;\. 
(3-31) 

\-e~motor dn ves 
"-

the output speed is glven br equatlons (3-25) and (3-26). 

Or, ln s-domaln: 

y (s) = Xs (s) = 
1\ 

L: mskqk (5) 
K=l· 

By conslderlng only one Input u (5) in equation (3-31), with aIl others set 
p 

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

y(s) = 
N 
L: 
K=l 

u (s) 
p 

p = l .. N (3-32) 

This expression enables the evaluation of the transrer funation b~ween the 

motor speed y and any of the drive inputs u. When presented in the form of 
~ p 

a limulation diagram, it makes the input-mode-output coupling obvious, .Fig. 

3.2. This diagram deserves sorne comments. El~ments of the input-mode 

coupling matrix show how much will each.roodal state qk be excited by an input 

up' The 5-th component of each eigenve~orJ~k' gives the coupling of each 

modal stat1 qk into the motor speed, y(tr'~ ~ (t). The produet between these 

l'-
"'\ 

, 
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two couplings, 1.e' l hkpm Sk ' dlVlded b)' the eig6'nvalue À1 give~ the dc gain 

of each term in (3·32). The total sp-eed-1nput dc gaIn lS the sum of a11 term 

It 15 clear from FIg. 3. ~ Il1hl' the elgenvectors and Input -mode coupling 

vectors are both 50 Important ln evaluatlng the output response. Note that 

the equatlon (3-32) could have been obtained as weIl bl' taking the Laplace 

transform of the convolutIon integral (equation 3-24). 

Slnce botp modal, M, and coupling, H, matrices have to be computed to 
~ 

evaluate thi!convolution Integral, (3-24), no additional effort lS needed when 

calcuat1ng the motor transfer functlons by equation (3-32). ThIS method will 

then be used ta obtam both G. (5) and G~ (s) transfer functions at eaeh operating 

point. 

3.3.3 

4) Dl rect ~etllOd 

Slnce thlS 15 a ne\'. method for the calculatlon of the spced-torque 

tran5fe~ functlons, wInch lS not Ilmlted te InductIon motoTs, and 

WhlCh gives an analytlC expresslOn faT thlS transfer functlon, it 

will be treated separately. 

Direct Method 

The Dl rect Method wi 11 be formulated by us ing two theorems which 

correspond te open and closed loop machine operatlon. Slllce this metl;lOd 15 

applicable te any rotating electrical machine described by a set of linearized 

equations, the output -ipput transfer functlon is firs t presented. 

Consider a linear system de9cribed by equations (3-18). It5 tran~fer 

function matrix is obtained by performing the Laplace transform on ~3-l8a) 
~, 

with ~l initial conditions set to zero: 

or 

-1 
X(s) = [51 - Al lB] U(s) 

x (5) = 

.. 

Adj [sI - A] 
Det [sI A] 

'! 

) 
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Deflne no.." matrlces C and ~ as: 
o 0 

(3-34a) 

[~ 1 
o 

Ad j [5 l - A 1 [l3 ] [e ][BJ 
o 

(3-34b) 

The relatlonslnp bet .. een an input u]... (5) and an output X
J 

(5) is given 

then by a correspond;mg transfer functlon T] k (s)· 

x lS) , il. (5' " ) 
(3-35) 

~nere D(s) 15 tne sV 5:em cn3rac:erlstlc equa::on g:ven by' 

) (5) Det [51 Al 

wh11e "J J,. (s: 1S the ."- th TOv., ~-th colunn elenent 'Ji t;:e I:lat:T'C" Ln (3-34b). 
a 

Ife 
11 

lS a J -th rOI" 1-:::1 column element of the matTl \ C ln (3-34a), tho 
o r 71U.'llerato:- lS: 

'1 k(S) 
)' m::} 

C (5) Bmk Jm 

",here ~ 15 the arder of the state matrix A, in (3-18a). 

(3-36) 

From the defini tlon of an adj oint of a matrix, C. (5) 1S a minor of 
Jrn 

j-·th row, rn-th column of the matrix [sI - A). 

"'hile the roots of 0(5), which represent the pol~s of the system, 

are readlly obtained using one of the computer eigenvalue subroutines, roots 

of ~jk(s) are more difficult ta compute. If1 a general case equation (3-36) 

requires calculation of N detenninates of N-l order to find the corresponding ) . 
polynomals C. '(s). 

Jm 
Consider rlOw the case of a rotating electr~.al machlne. In most 

cases, su ch a machine wlll be represented in its c~r~sponding reference 

fr~'ll: by the following g;nerallzed equatlons: 69 ~ 



.. 

• 

v {(~] + nw (G] +w [F] + [Ljp}l 
m c (3-37a1 

r == 
L 

n Il [G] 1 - f 'w - J P w 
T m T m 

(3-37b) 

The matrices R, C, F, and L, as weIl as\.the colllmn vectors v and 1 assume 

dlfferent forms, dependlng o~ the machIne. The number of electrlcal 

equatlons ln (3-37a) 15 3 for a de compound machine,"4 for an lnductlon 

machIne, and 5 for a sahent rotor synchronous mathlne. 

The referenre frame rotates at the- rilùl;Il '>JW('ù Id wInch 1 <; l'(tuaI 
c 

to the machIne supply frequency. F,or a Je maclllne t lus results ln a stat 1 on-

ary, 'd-li reference frame and the term w [~j ln (3-37a) IS zero. 
c 

When equat10ns (3-37a) and (3-37b) arc l1near'l.Zed around an 

operatlng pOInt, as dcscnbed ln the su ... bsectlon 3,2.2, the result lS 

6v =' {(RI + nQ (G] + Q [F] + [Ljp}Ol + n[(~1 1 6w 
m c 0 m 

(3- 38a) 

(3-38b) 

where 1 and rl represent the machIne steady 5tate currents and speed, 
o m 

respectl vely. The speed of the referencc frame, ri 1 S unperturbed and 
, c 

equal to'the operating point supply frequency. 

t 
lS 

system 

6w =0. 
m 

\t is useful ta define at this point the macllllle decouplcd eIectrlcal 

as èhe one described by (3-38a) wlth the rotor spe1 constant, 1. e. , 

one .side: 

The last equat ion can be wri tten now wi th a Il sLtc de'h vat Ions on 

= 

[

_R_nn G-n F 
m c 

nI T{G+GT} 
o 

(3- 39) 
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* SlnCé spced and torque wi 11 appear always on the sie, J:,-th rD\-, ln the 

IDZ!ch1nc equat10ns, the specd-tra~sfer function lS, frorn (3-35): 

~ (5) 

U
k 

(5) 
(3-40) 

where 0(5) 1S the system characterIstlc equatIon, whlle Nkk(s) is glven br 
(3-36). 

• 
The Direct ~lcthod, as applled tD the open and closed loop operatlOn 

15 no,,' formulated. 

Open loop 

The relationshlp between speed w
m 

and torque TL 15 glven br the 

follo\\'ing thcorem. 

TIleorem 1: The speed-torque transfer funet Ion G2 (s) of any l'otating 

maehme, whlch 15 op€:rating ln open loop and WhlCh is described br a set of 

~
lnearized equations, wIll have N-l zeros, N being the number ofoomachlne 

ige~~es. Furthermore,. a~l zerOS of G2 (5) 1.'111 be identical wlth the 

~ig~hvalues of the machIne decoupled electrical system. 

f 
Proof: The op,en loop machine 1S fully descnbed by (.3-39), which can 

...... 
be WTl tten in a compact form as: 

[p Il X = ~ (Qd X + U 
.. 

(3.41a) 

thus defmlng the state CA) and Input (B) matrices in (3-18) as: 

(3.4lb) 

) 

... -1;--.- - -
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where 

!Pd -1 (3-42) 

The specd "torque transfer functlOn 1 s glven by (~-40) l'tote that for the 

open-loop system k = N. From 3-36 and 3-41 the t rans fer functlo .. n numerator, 

N
kk 

(5) , 1S: 

N W 

Nkk(s) L CkJ(s)BJk 
2: C~ (s) P - 1 

J=l J = l 
,j )Jk 

/Iowever, From (3-42)/all elements on the k-th column ln !Pd-
I 

are zero except k-th one, wlllch 15 equal ta lOT' . Thus, the numerator 15: 

(3-43) 

where C
kk 

(5) represents the k-th row k"th column element of the matnx Co' 

1 From equations (3-34a) and (3-41) th1s matnx 15' 

... le 1 o 

_ l 

Adj [51 - Pl Qll (3-44) 

The zeros of the speed-torque transfer funct10n \k (s) are the roots Qf 

FroÏ\! the , 

the k-th 

deflni tian of an adj Ol'\t of • Cu (5) a mat ri x, 

k-th column element ,of the (s 1 
-1 

row, - Pl QI) 
1 

ThIS matr1x 

-1 
[51-P l Qd 

is given by 

[

l+[LJ _1 {(RJ+nll (C) + Il [F)} 
m c 

-loT { [G] + [G) T} n/Jr 
, ~ 

15 the mnor, 

mat rix. 

i 
[L] -1 n [G] 1 

o 
, > 

----- ----------

M
kk

, of 

(3-46) 

• 
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Th us ) the k-th row J k-th column element 15 5 + fr/Jr" 

To hnd the minor :'\k ==C
kk 

(s) one ha5 to delete k-th row and k-'th 

column ln (3-46) and then to flnd the determ111ant of 50 obta1ned matrlX: 

.. 
Il [F]} 

c 
(3-47) 

Slnce thlS determlnant represents the characteri5tic equation of the machine 

decoupled elect>rical system, the Tocts of CJ..k (s) "0 are the elgenvalues (poles) 

of 'that system. From (3-40), (3-43) and (3-~7) the speed-rorQue transfer 

functlon of an open loap electrl<;,al ::Jachlne is: 

\<onere 

wn:.le 

\1-1 

\ '"T (s-!,) ':w ,1 

m '=1 ] 

è3-~8) ~TL - G:Cs) == . 
~ 

JT :1 ls -) ) " j< 

;=1 J 

- 's are the e 1genval ues of the :nachl~e decoupled electx;,cal svs :em J -J 
À '5 are ~he poles of 
J 

tne total sy s 'tem, desc-::-tbed by (3-39) , 

Q.E .D" 

Dlscusslon 

1) Theorem-1 15 equally vaild for motors and generators. For motors, 

equation (3-48) gives the machine equivalent output impedance. F~r 

generators. (3-48) represents the ~nput Impedance which will an 

external device, such as a diesel engine, en,cpunter while ma~ntaining " 

the gep~rator speed. 
y 

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

lts electrical and mechanical parts becomes usually very weak. This 

means that the electrical elgenvalues ar~' little afrected when the 

mechanical equation is added. '<2 Because of this, the N-l values of 
1 

z.'s are almost identical with the first N-t values of À,'s in (3-48). 
J ' J 

'" 
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Consequ'cnt 1)", pole- ::cro caflcellatlOn occurs" sa that the speed­, 
torque transfer functl0n 15 reduced to first arder and can he 

""-

3pproxlm.J.tecl by: 
la-

1 
G2ls) == 

.._---..... JT(s-"J..m) 
(3-49) 

where À 15 the mechanical, non-cancelled, elgenvalue of the 
m 

complete system (3-39). 

It 15 lnstructlve ta flncl ~m uSlng an ~ppTaXlmate, analytical 

method. The machIne mechanlcal system, Wl th posi tlVe slgns for motor 

operation 15 described br: 

oT c 
, . ' 

Perforffilng Laplace transform wi th aIl inlt laI candI tians set to zero and 

lntroduclng oT = aT e -oT L the last equatlon gi ves: 

l, 
m 

s 
, aT 
(aw 

m 
- f ) 

T 

SUlce for mast load characteristics 

" 
oT 

e 
êWm 

» oTL 
aw 

m 

1t fo 110ws that: 

= aT/6w "'" 
m 1 oT /ow c ID 

(3-50) 

/ 

( 

This means that p cart be ap~oXimated With' the slope of the machine torque­

speed curve at the operating point. If friction fT in (3-50) is neglected 

the speed-torque transfer function becomes: 

\ , \ 

\' 
\ 

./&. :') , .' 
T Iii' .rna, 11.. E' 1 •••• n" nr ~ 
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(3- 5 l ) 

An Increase ln the "tatlc slope resu1ts ln a lowC'r lnotOT o!'ltput JJ1lpeuJllce 

G2(S) and, therefore, makes speed less Senqtlve ta the Joad VaTlatlon,,--a 

weIl known fact- 'Çhe Increase in the total Inert13 produces the'sarnç effect 

by reduc~g the break frequency of the mcch,ll1lcal C'IgCnvaluC')-m' In givlng 

dynamlc InterpretatIons to equation (3-51) 'one should, however, keep ln'mind 

the approXImatIons under WhlCh thiS equatlon was obtained 

Closed loop 

Consldcr a general, muitifeedback motor drIve, rcprescntcd in FIg, , 

In th1S drIve, the output ve~tor YI of contrdller 1 can depcnd on 

any number of drIve varIables, Input referen-ces VI and V2 or their combinatlon, 

Typ1cally, the feedback vector x,can cont;lll1 rn,otor currents, angap flux, 

torquei voltages, temperature, or any other controlled motor varIable except 

the speed. The.~ut reference vector, VI, speCIfIes the dcsned values for, 

aIl ~tates çontalned ln the feedback vector x
f

' 

The outputs Y21 and Y22 of contraller 2 contaln spced.and speed 

re fcrence, V 2 ' ..... , 
In tl11s way;-fhere IS no restrIctIon on the number of controllcd 

vanables ln th1S dnve structure (Flg. 3.3). 
",' 

~ 
The foilowing two deflnltlOns are now needey 

Il 

1:'\ 

e controllcr WhlCh has the' 
<1 

DefInitIon l' A speed control le, 

outputs depend~nt on mator speed and speed r 

Controller 2 1S obtIously the spee 

ln hg. 3.2. 

DefInitIon 2: The ~rlve reduced 
v 

/' 

i 

for the drlve presented 

lS obtaineu by rcmov1ng the -. speed con troller an~ the motll'T""'mecoamc 
f 

.~ 

system from the drIve tructure . 
r1 

" 
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Most power sources have tllr.e constants which arc much shorter than 

those of rotatlng maclllnes. Therefore, the power source ln FIg. 3.3 wIll be ... 
represented by,a SImple gaIn, K . 
~ - s 

" 
Denote bl' NI and N2 the number of e'lgenvalues ln the dn ve reduced 

system and speed controller, respectIVel)'. Then, If both controllers are 

llnear and tlme InvarIant, the speed-Ioad relatlonshlp IS glven by the 

followlng theorem: 

'li, 
Theorem 2: The s~ed-torque transfer fun Ctl Orl' of any closed loop 

electrlc drive, descrlbed by a set of linearlzed equations and havlng N 

elgenvalues, WIll have N-I zeros. NI of these zeros wIll be the eigenvalues 
_ v 

of the drive reduced system, while the rernalning N2 will be the elgenvalues 

of the drIve speed control 1er. 
~ 

of this 

flU1CtlOn 

The proof of thlS theorern IS given ln Appendix B As a consequence 
-.i' 

theorem and frorn the resu1 ts in Appendix B the speed-torque transfer 

of a c10sed loop drIve can be wrltten ~s: 

NI N2 
n (5 - Z ) TI (s - z ) 

J 1 

G2 (s) ,: .1= 1 FI 
No 

....,. (3-52) 

JT r. (S-À
k

) 
k=l 

where : 's and z 's are respectlve!y the elgenvalues of the reduced system and 
J 1 

speed controller, w!ule Àk '5 are the eigenvalues of the complete dnve. It is 

ObVIOUS that Theorem 1 represents a special case of Theorern 2, when bath 

controllers are removed frorn the drive structure. 

Discussion 

1) Within stated linearity co~straints. Theorem 2 is applicable ta any 

closed loop motor drive encountered in practice. 

For example, H is valid for the c1ass of multifeedback'drives, such 

as dc drives, which normally have·an inner current loop, in addition 

....... I.lq.7~f'Z .. ' .. 7 .. +~ •• '*--I., .... ~ ...... ~tt~~a __________________ ~ _______________________ . ~.-----_ .. 
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to the outer speed loop. tJ" InductIon motor dnves, wlth dlrectly 

controlled alrgap fluÀ, belong ta the same class. 

Another group for \\'hl~h ,the Theorem 2 1S valld conslsts of drIves 

where the motor clectrlcal torque, rather than speed, ls~the 

controlled ou~put varIable. Note that ln this case, the speed 

controller vanlshes from the drive structure 50 that aIl transfer 
, 
function :eros becorne the elgenvalues of the reduced system .. 

., 

(equation 3-52). Representatives of this group a~e aIl automotive 

drIves, steel and paper mill COller drives, etc. 

2) Theorem 2 can be directly extended to rnultlmachine groups su ch as 

Ward- Leonard or gene/tor-InductIon motot groups. \\i th closed loops 

actIng on a generator, lt can be treated as a combinatlon of con­

trol~er and a power source. ObVlously, ln this case, l ts tlme 

constants have to be taken Into nccount. 

~ 3) The pole-zero cancellation, encountered ln open loop drIve transfer, 

functwns 1s generally not expected here. The re~sons are folloV.1ng: 

., 

: I\"hen the speed feedback 100p lS close~, the elect ro-mechamcal 

coupllng becomes usually much 'stronger, depending on the iocation 

of the elgenvalues of the speed controller. The stronger coupling 

is necessary, If better speed regulatIon, associated wlth closed > 
loop drIves, i~ to be realized. Dui to this, the eigenvalues of a 

reduced system are slgniflcantly moved when speed equatlons are 
... 

added. Consequcntly, NI zeros and NI poles in equatlbn (3-52) 

associated wlth a reduced system WIll differ and will not cancel 

each other. 

If, however, ~Il poles of the speed 

constants than the eigenvalues of a 

cancellation will take place. Note 

controller haVe~arger time 

reduced system, the pole-z~ro 

that ln this case the speed 

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

After this discussion, a brief sununary of the Direct ~lethod can be 

given: 

1) It is ". the general method for finding a sp~ed-torque transfer 

'~----.... 
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1 

of motor type: supply frequeney, load 

" 
Its prIme merlt lies ln produclng conceptually clear results WhlCh 

glve a dlrect physlcal Insight Int~ 5peed-load InteractIon. Since 

1 t predlcts the form of the transfer functlon .as well as' the nature 

of l ts zeros, the tvfethod can be use fuI ;'0 the system designer ln 

selceting a drive structure. 

3) In' addItion to thlS, the Method offers a computatl~nally attractJ.ve 

alternatIve since the caieuiation of sp~ed-torque transfer functions 

15 redueed to an elgenvalue problem . 

• 3.4 Swrunary 

In thlS chapter a ~iform basis for the dynamie analysls of InductIon 

motors \',as outlined. Both time and f;requency domain techniques were reviewed, 

Slnce the paraI leI presentation ln both domains glves the best Inslght lnto the 

drIve transient behaviour. The frequency technIques are a150 applied to the 

design of drIve speed eontrollers. 

As a considerable number of studi.es. used only elgenvalue5 to dra" 

con:: 1 usions about the motor dynamic behaviour, I t was fel t necessary to 

emphasize the importance of the Input-output couplings, when "the practlcal mator 

performance 15 analyzed. 

Two ne\-" concepts of pseudo'-obse~vabili ty and pseudo-controllablli ty 
~ 

were laosely defined. They are more pertinent to engineering appli~ations 

th an the classical notions of observability and controllability. 

, I~i le seatching for a mo~e conveDlent model of the induction motor. 

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

dlscovered. It is applicable to any motor drive, operating in an open or 

closed loap and described by a set of linearized equatio~. In transcending 

the class of inductIon motars, the method underlines the basic similarity of 

aIl rotating machihery. 
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T V 

CHARACTvkrsTIcs 
r' 

/ 
Thre~conttol stra~gles were introduced in Chapter II, together 

wi th the correspondmg static dn ve char.acteristics. However, III the study 

of vanable speed dnves. the dynaffilc per.ionnance lS of much greater Interest. 

'SpeClfIcally, the following questIons h,e to be ans~ered before the merits 

of a par~icular con~Tol stratcgy can be evaluated: 

1) \\'hlCh control of the 8lrgap flux glves the best drive performance 

ln terms of stabIllty and speed of response? 

2) ~nIch drIve structure lS least sensItIve ta the load varIatIons? 

51nce for al l practlcal purposes the dd ve output of Intcrest 15 i ts shaft 

speed, the answers to these questIons requlre the study of the relatlonship 

'. ~etween motor speed and each of the two drIve inputs: 

speed reference 

load torque 

{' 

The methods for such study "ere outlined in the last chapter. 

thelr 

This 

WJ1l1e one coul d look into stator and rotor current sand dlSCUSS 

transient response a~ weIl, only the speed IS consldered in thls study. 

was done for the fo~lO\dng reaSOnS: ~ 

""" 1) The speed is the mos,t important output in drIve 'applIcations. The 
1 

currents represent ~nly an intermediary between drIve inputs and 
1 

the speed. 1 
1 

i) The dynamlc requir+mcnts are much more stringent for the speed than 

for the ctlrrents. ! Al though undesirable, an underdamped current 

response is tolera~ed. At the same time the speed should not 'contain 

any oscillations: 

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

". 
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In ta power supplIes'." Thus, one k.nows III advance that the current , 
sWIngs ~lll not exceed the preset level. There 15 no Slmllar 

devlce for speed changes, 

4) The scope of thlS study precludcs the detalled analysls' of both 

speed and cutrents. 

Although the current response 15 not computed exphCl tly, lt can be 

A determlned 'qua 11 tat! ve 1)' from the obtalhed resul t s by remembering that very 

fast speed response reqUlr~s large electrical torques and thus ~argc motor 
> 

currents. ThIs means that the specd rise tlme can be used to estlmate the 

magnitude of the current sWIng. 

~ote, however, that 1 f deSlred, a complete, exact current response 

can be obtalned from the calculated elgenvalue and elgenvector results, uSlng 

the same method as for the speed. 

Each vanable frequeney ac drive consists baslcall)' of two dlfferent 

segments: one 15 an Induction motor wlth ltS electromechanlcal coupllngs; 

the other belng a corresponding power source, l:e., an lnverter. Each segment 

has i ts own characterlStleS, WhlCh, when comblne~, derlne the overall dn ve 

performance. The problem of drIve dynamlc behaviour 15 then decomposed Into 

tlVO parts. 

1) The merIts of each control strategy are evaluated for a dnve 

connected to an InfInIte bus, slnusoldal voltage (current) supply. 

The results 50 obtalned are decoupled,from the effeut of Inverter 

structures and represent an upper, theoreticaL llroit of dr~~c 

performance for each control strategy . • 2) The limltation4 imposed by lnverter characteristlcs, tachogenerator 

noise and'motor nonlinearlty are examlned and results obtalned ln 

the flrst/part are reviewed to indlcate the capabilltles of reallstic 

ac drivef. 

The s~udy of the lirst part is given ln this chapter, that of'the second in 

Chapter V. In otder to study the drIve closed loop behaviour, a ~peed con­

troller is des~gned for each control strategy. As the drivf dynamics depend, 

in general, on the Input frequency, the optimal motor performance is possible 

--------~---,- -~~~-- _. -
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, 
TJlls IS, hOl'tcycr, rul cd (lut fD-:- gencral 

drIve appllcat1bns, Slnce the control for varIable speed induct~on motoTs 1S 

already more complcx than that of theiT compctltor, the de machIne Conc;e-

yuently. the fIxed structure controllcrs pre~enteJ ln thlS study are only a 

compromis@ between the cOGtradlctory requ1remcnts at th~ two ends of the 
-" 

operat1ng frequ~ncr range -Once the spced control 1er lS scle~ted and the drIve structure 15 

:hus detçrmlned, the study starts from the correspondlng Ilnearlz.ed equatlons. 

In order to present the materlal mcthodlcally, a few steps in the analysis, 

common ta aIl dnves, are outlincd. 

STEP 1: For a speclüc supply 'frequenc)' and the range of motor 
-

loads, calculate the drIve elgenvalues. If the operatlng pOInt lS nt the 

rated motor load, ln addItIon ta thls, compute the drIve courllng and modal 

matrIces. (TIle load changes from 20~ to 220% ln steps of 40~ of the motor 

rated load). 

STEP 2: Calc~late motor transfer functlons uSlng the results frorn 
,. 

step 1 for the rated load and e~uatlon (3-32). 

STEP 3: For the rated load calculate the speed responsc to the 

drl\e unIt step Inputs uSlng equatlon (3-24) and (3-25) and dlsplay the 

results graphlcall)'. In addItion to thIS, flnd and dlsplay the Bode plots 

of the drive transfer functlons. 

These steps \0,111 produce enoug~ information to draw conclt,tsions, 

wi thout uncertainty, about the motor dynamic response at that operat wg pOInt. 

DU~ to space 11 mltat.lon • only three operating points for each drIve 

are fully ana\,}(zed b)' using these three steps. These points correspond ta '\ 

the motor rated load at 60, 30 an~ 5 hz input frequency. However, the 

eigenvalues are computed for a total of seven input frequencles. In addItIOn 

to thlS, elgenvalues cor.esponding to SIX different loads are also obtalned 

at each input {requency . 

.... iM 1ft_ sr " nrr'r. 27 
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4.2 Constant \ih: control 

~s descrlbed carllcr, thlS control strategy maintains the ratlo of 

the stator voltage and frequency constant durlng evcry moment. of motar 

operatIon (FIg. 2.2). ,'" 

Slnce the constant Ii/hz strategy IS most commonly used and SlnCé' i t 

does not requite any speed measurement for ItS ImplementatIon bath open and 
• 

closcd loop drIves are considered. 

4 2. 1 Part r. Open 1000 drIve 

The constant \' 1hz contTol strateg) ~s real1 zed b)' the motor dn ve 

Presented Hi hg. 4.1. ~. ' . ...,...,.. 
As was explulned earlIer, aIl power supplIes and,control components 

a~e appronmated bl' unI ty transfer funct Ions. The hmi tlOg e lement conflnes 

the mator operatIon to the stable portIon of the speed-torque curve by 
,1-

restrlctIn~ the value of the motor slIp speed. It, thus, ylelds the optimal 

accelerating torques durlng large speed changes. 

The drive prescnted in Fig. 4.1 is ful~)' described at each operating 

pOlDt br the equation (3-10). The state equation lS (3-13). The state matrix 

is given by (3-14a), 

Note that for the constant V 1hz control th,e two electrical 

u1 = V and U2=\~~ in (3-1lb) are no longer mutually Independent, but 

Inputs 

are , 
relat~d through the equation (2-4). Thus, the Input sneed reference, V , " r 
dctermlnes bath the applied voltage and frequency. The constant V/hz relation-

Shlp is maintalned through the amplIfIer Al' From the drIve structure, Fig. 

4.1, It fo110\1\"5 that: 

w V 
r 

v = V + Al V o r 

When perturbed these equations gi ve: 
1, 

, 
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,;, . ' 

f' 
f • 

• 

-

Oc.., !Sv 
r 

Ho\Ycver, S1nce for 5mall perturbatlons: 

010 == ow t 

whcre a'.jJ 15 deflned ln FIg. 3.1, lt follow5 that: 

== cV t 
r 

\ 60 

combln1ng these equat10ns wlth the cq-t;.atlon (3-11b) one obtal.n5 the drIve 

Inputs for constant V/h: control' 

= aV 

u; Ct) 

A cV 
r 

v aV t r .. 
whcre ~ lS the steady state value of the stator line volta~e . 

Dri ve Analysls 

(4-1a) 

(4-1b) 

Wlth the drIve struc~~re and corresponding equatlons speeif1ed, 

the analysls of each operatfng point can proeeed using the three steps out­

Imed in the last section. R~sul ts for all three operating pOInts (60, 30 

and 5 hz) will be given simultaneously at~e~ch step. 

STEP 1: Elgenvalues, eigênvectors and input-mode coupling matrix 
\ 

~ 

The results are gi'ven in Tables 4.1,4.2 and 4.3 while the eigen-

value loci for changing supply frequency and changing load are presented in 

Fig. 4.2. The effeet of the change in load (from 20% to 220% of the rated 

~**.·wM~'.·~'~t~G~.~ ....... r_n.F ..... 7 __ .r .. n.' ....... I_-.I" ......... ~ .. --~ .. ----------~----•. ----, -
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TAI3LI~ 4.1 

_ClCR DRIVE ~ITH CONSTANT V/HZ CONTROL.OPEN LOOP 

OPEAATING POINT VALUES: FREOUENCVCHZI ~ VOLTAGfCVOLTSI 
------------------------ 60.00 1:17.0 

OPERATING POINT CuqREHTS: E-V4LUE S.IlEAL (-VALUES.I"AG. 
STATOR 1 15.61 1 -16.72. 0.00 
STATOA 2 -9.eS 2 -15l.J. -73.40 
AOJo,R 1 -15.96 J -15J.J4 7J •• 0 
AOJOR 2 1.72 4 - 97.24 -l~fI.l9 

5 -92.2< 378.19 

ZEROS OF SPffD-TCROUE TRA"'SFER 
F-rlON IIY DIRECT "ETHOO: ZEROS.REAL lEROS.I .... C. 

1 -89.91 -.32Q.67 
2 -~9. 91 3Zq. 6 7 
] -174.01 -611.Z6 
4 -17<.01 68.26 

E-VECJORS IN POLAR COOROI"'ATES: 

E-VECTOA 1 E-VECTOR 2 ,,-vEcrOR J 

0.116951; OC O.OOOOE 00 0.76111!! 00 -0.7127E OZ 0.7691E 00 0.7127E 02 
0.3126E 00 0.1800E 03 0.6660E 00 -0.1743E Ol 0.6660E 00 o.17.'E 03 
0.994ftE 0 .. o .IS00E Ol 0.7860E OC O.1079E Ol 0.7860E 00 -O.107ge Ol 
0.3l9ZE 00 0.000010 00 0.t>8.qE 00 0.4630f 01 0.61HQE 00 -0"630E 01 
0.57DCE 09 O.IIIOOE aJ 0.9767E-01 0.8Z00E oz 0.?762E-01 -0."200E oz 

INPur-~ODE COUrLlNG ~AT~I~ IN POLA~ COORDINATES: 
---------------__________________ A _____________ _ 

o .9911lE t 1 O.IIIOOE 03 0.'576QE 01 -O.116IE-10 0.7637E 02 -0.ee06E-I. 
0.101l7E 03 0.1617e 03 0.102ge 0,) -O.9516E 02 O.2496E 03 -0.~90IE IlZ 
0.1 telE al -0.1617E 03 a.1029E 0.1 0.9516E 02 00\ ;o_qSE OJ 0.e901E 02 
0.IV46E 1:3 O.ZNIE 02 0.1954E OJ c.. Il 7 JE 01 O.Ol.SE 02 O.ta_OE Dl 
0.1946E Ol -O.llOIE 02 0.195.E o J -a. II 7 lE 01 0.6HSE 02 -ct.la.llE: Ol 

--J 

SPEEO ( lU''''') 

1700.0 

BREAK .. IlEOUENCY(HZ' 
5.6-

27.C6 
.21.00 
5<.26 
5 •• 26 

AREAK FREOVENCV(Hll 

54.l8 

S4.J8 
Zq.15 
29.75 

E-VECTOA • 

0.7Z80E 00 -0.S876E oz 
O.7~\l6E 00 -0.1.9IlE Q3 
0.71 2bE 00 0.llq6E al 
0.611451; 00 0.Z9ZZE 02 
0,"26I1E-OI 0.SlC5E \.2 

0.18'>3E 02 O.3798E-ll 
O.ZOIl4E 03 -O.106qE 02 
0.2c.e.E Ol 00l06'>!: OZ 
0.6.6IE 02 -a.t6s1E Ol 
0.6081€. 02 a.1657E OJ 

.. 

TCQOUEI",'" 
11.<Z 

f 
• 

(\A""~I""G 

1.00 
_.Q.J 

C.qC 
0.27 

... '- .2 , 

O"""P'NG 

.• 26 
0.26 
~.93 

_ • Q:J 

E-VEC TOR 5 

O.PleOE 00 O.5870E 
r _ 7;: .. 61: LO J.149 ... E 
0.7126E 00 -O.llq~E 
O.6S4SE 00 -O.292ZE 
~ •• at>8E-lt -';.5.JJ5E 

O •• ..,73E 02 -O.leO~E 
O.3tZ6E C2 O. 6C 2 7E 
C.JI26E .2 - .... , Z 7E 
C •• 04ZE 01 -O.15bJE 
C •• ~.ZE CI ~.l~OJF 

-

. ~ 
~) 

") 

'7 

") 

~2 

'z 
'J 

-" 

(J\ ..... 

9 

" .:..... 
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TABLE 4.2 

"'OTOR DRIVE VITH CONSTANT V/HZ CONTROL.OPEN LOOP 

OPERAflNG POINT VALues: FREOUENCVIHZI 
JO.OO 

VOL '''GEl VOL TS 1 
66.5 

OPERAJING POINT CURRENTS: 
STATOR 1 16.03 

E-VALUES.REAL 
-33.51 

(-v .. LUES.' .... G. 

0.00 
STATOII 2 -9.70 
AOTOR 1 -16.23 
ROTOR 2 -1."" 

2 
3 
4 

5 

-Z7.011 
-27.0rl 

-2Z0.10 
-220.10 

ZEROS OF SPE~O-TORgUE TRANSFEA 
F-TION Dy DIRECT "'ETHOD: ZEROS.REAL 

1 

2 
3 
4 

-232.09 
-232.0" 
-31.lIl 

3&.83 

E-VEcr"s IH POLAII COORDINATES: 

-----~-------------------------,~~~ 
f-VECTOII • E-VECTOR 2 

O.9727E 00 O.OOOOE 00 0.7DB2E 00 -0.llD2E Ol 
C..J .. "bE J~ ù •• ecoe: 03 'l.629I1E ~O 0.I.S7E OJ 
C.911!19E co O.IIIOOE Dl O.7IUE 00 o •• a,)IE 02 
0.3"sl\E Co c; O.OOOOE 00 0.62JZ!! 00 -0.l975E 02 
0.e'59E ~I. ... IIIOCE 0] O.HiOIlE (.C -~ • .1]()2E 02 

I~pur-MOOE COU~IN(; "'ATRIX IN POL~R COORDINATES: 
------------------------------------------------

O.le_SE G2 -O.IIIOOE 03 0."42IE 01 0.S770E-I" 
O.1I603E .. 2 O. JJ')"E 02 0.')115E 02 O.IU4E 03 
0.86~3E 02 -0.JJ9.e 02 0.911SE C2 -~.122"E 03 
o.I010e 03 0.42"OE 02 0.1637E 03 0.ll26E 03 
0_11I70e 03 -c •• 2aOE 02 O.lb37E 03 -0.I)26E 03 

-IZ7.06 
IZ7.06 
-n6.QS 

66.98 

ZEAOs.rt4AC. 

-76.!I~ 

78.88 
IlO.5S 
1 3l .55 

CIl 

E-VECTOR ] 

D.70112E 00 Ool302E Dl 
.,.6Z9I1E 00 -C.1457E 03 
O.,.I"E ob -0.""9IE 02 
0.6Z.lZE 00 0.J975E 02 
O.IOOlIIE 0;) D.llOZE 02 

0.5866E 02 0.IDOIIE-12 
0.5/166E 02 0.611?€ 02 
O .... 1I68E 02 -0.6119E 02 
0.I?l8E 0.1 -0.17"QE Oj 
O.19J18E Cll, O.1749E 0.1 

SPEEOIRPM, 
800.0 

tlRE"K FREOuENCVIHZI 
'5.)J 

'f0 .611 
ZO.66 
37.b7 

J7.67 

, 
IIRE"K FREOVENCYfHZI 

J9.01 
J9.J 1 
ZI.39 
21.)9 

E-YECTOR " 

l).eD)IIE 00 -O.IIQIIE 02 
CI.7716E 00 -O .. III"E Dl 
0.6':'94" 00 O.t675E Ol 
0.779Se: 00 0.67116E oz 
0.7JII6E-OI D.I"6ZE Ol 

D.1727E 02 -0.3.79E-12 
0.SI09E 02 0.ISII7E Ol 
~.5109E 02 -D.1581E 03 
D.161Qe 03 -D.939I1E 02 
O.18IQE-- Ol 0.9398E OZ 

~ 

TQPOuEIN", 
1 7.95 

OA"'PIH(; 
1.0' 

""",- o. Z 1 
1 :. z 1 

.9) 
C.q.) 

O ...... PlNG 

0.95 
o.?!> 

.... 2· 
C.24 

• 

E-YECTOq 5 

.... 8 ... Jet; 00 _ .1I96E -Z 
O.7116E 00 Oolll"E 0) 

"'.6:"94E 00 -~.167~E -1 
u.7798E CO -_.678~E oz 
0.7J8~E-Ol -O.1.b2E ") 

'.3746E CZ -"Ie~.c "3 
C.loe.E C2 0.1589E "J 
... 1 (.".r 4.E 02 -O.I~"89E -.1 

:l.17e~e -2 

O.17~OE oz E -Z .. 

.. 

(J\ 
t..j 
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TABLE 4.3 

~TOR DRive .tl~ CONSTANT V,HZ CONT~OL.OPEN LOOP 

OP~RATING POINT VALUES: l'REOUI'NCYCHZ 1 VOLTAGECVOL.~SI 

5.00 16.0 

'" 
~-\lAt.U[S.RfAL 

{.j. -l'I.!D 
OPEAATING POINT CURAENTS: !-VAL\Jf:S.IMA<:. 
STA'OA le.IIO 
STATOR 2 -8.06 2 -f!.17 
ROTOR 1 -• ..,.e .. .3 -11.17 

ROTOR 2 -0.9" 4 -240;.!1'5 

'5 -24'5.85 

ZEROS OF SPEED-fCRouE ~AANSFER 
F-TION 8T_ DIREer "'ET.KOD: ZEROS.REAL 

1 -25'1.83 
2 -?59.8J 
3 -·.09 
4 -".oq 

E-YECTORS IN POLAR CCORDI~ATF5: 

E-VECTOR 1 !:-VECTOR 2 

O. ICC.'E t 1 o.le'lIe Dl O.99flf OC -O.165JE O~ 
0.eT48E-OZ 0.00001' 00 0.lQl1E 00 -0.1107E 0) 
~.9l74E Ov 0.00001' 00 0.6177E 00 0.163710 0::1 
0.1580E 00 0.18(OE 03 0.380"1' ou -(o.4ZZDE 01 
0.764lE 00 O.DOOOE 00 0.565910 00 -0.1720é 03 

INPUT-~OOE COUPLING _ATRIX ~N POLA~ COORDINATE~: 

0.56391: 02- -0.4193E-13 0.13"6E O? -0.2"80E-'" 
0.lS40e 02 0.J081E 01 OolI8.E 02 Oa6281f OZ 
O.154çe 1.01 -0.J\J8IE Ole 0.lle4E 0;> -0.62IHE Ol 
0.2698E 03 0.8658E 02 O .. Z715E O.J O.I"5~E 0.1 
O.26~8E 03 -O.8658E 02 o. 2]11:1 $~-..O.J -O.I.S .... E 03 

" 
~" " 

_h~" 

0.00 
-26.37 

Z6.3F .. -2J .,!l5 
:0..3.85 

ZEAos.rN"G. 

-24.91 
20,111 

-27." " 
2 7 .... 

E-VECTOR 3 

O.9971E OOJ O.165Jf 00 
0.J973E 00 O.lleTE 01 
0.6'711' 00 -0.16l7€ 03 
O ... Je.ftE 00 0.42Z;)E 01 
Q.56511E 00 0.17241' 01" 

0.2875E 02 0.1800E Ôl 
0.6977E 01 -0.68"3EI02 
0.6977E al 0.61t. ~ 02 
0.Z652E 03 \0."5"5~ 
0.Z6">2€ 03 O.qS,"SE 0 

S"EEO(RP", 
'50.0 

.. 

8REAK FREouENCy(HII 
3.16 
4.39 
4 .. 39 

J9. Ji 
~q.JI 

8REAK FREOUENCY(HZJ 

41.54 
41.54 
"'."2 
".41112 

E-\l'EC TnR .. 
o .5501lE 00 -0.55!1eE 
0."7HE 00 -0.1 759E 
O.5537E 00 O.IZ4IE 
0.481"e 00 O.4r,7"E 
0.5Q93e-01 0~11251' 

0.7.70E 01 0.1800E 
0.5120E 01 0.728"E 
0.5020E 01 -0.728010 
0.2Taoé. Ol -0.3607E 
O.ZTIUE 03 o. )6 ..... 7E 

~ 

'1 

OZ 
Dl 
03 
01 
Ol 

Ol 
02 
02 
02 
02 

!~ 
r \. 

e 

. 
TOI»CCEC.,"J 

21_'5.9 

O""'RING 
1.00 
C.::IO 
Co .,Cl 
1.00 
1.00 

O"'~PI....,r-. 

I~ 
I.e:> 
(o~ 1 S 

G. l '5 

E-VEcTon s 

0.5509E 00 0.55f\!'E ~2 

:I.477.E OJ G.I]59E '3 
0.55J71!: 00 -O.1241E ~J 

-=:I.4814E 00 -O •• C74E ~1 

(j.5J?JE-~1 -00112510 -.1 

!J.] .... \E 02 -0 .2'l15E-' J 
•• S92JE ~ 1 w:. 4. 12E ·z 
0.5<>2310 JI -() .... J2E '2 
O.2'667f,: 0;> ~.eI6"E ~2" 

~.2667E Cl' - .. _"ltt"E ;> 

" 

,. 

0-
V-! 

"1 
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60hz 

Fig.·,4.2: Eigellvalue loci for constant V/hz, open loop drive. 

The effects of changing load are presented at 

selected input frequencies . 
• 1 
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value) JS :,ccn ta be small. The motor elgcm'alue<; were prevlously Identifled 

b) 001 and Barton 42 as mcchan1cal (on the real aXlS anNssoClated wlth the 

motor mQchamcal parameters) (magnet1zing (comple\ conJugate, close ta the 

Imaglllar)' ax+s and assoClated wlth the motor magnet1zing 1nductance) and 

leakagc (comp10, con]ugate and related ta the motol' leakage Inductance). 

From these :'esults, th~ tll'O lcahagc modes are well damped. The 

mechaTllcnl mode has a sufflClently small pme constant for an acceptable 

response. liowever, the two magnct1zlng modes approach 1ns tabll1 ty as the 

1nput frcqucncy lS decre~ased. ' Note that only the mode response to an lnl tla1 

candI tlon call be analyzed from the Cl geI'M1a1uc resul ts (Fig. 4.2). The 

excltatlOn of each mode by a partlcular Input lS not known nor 15 the partI­

CIpatIon of each mode in the o.utput (speed) response. Thus, one has ta 

c~amlne the cIgen\ectors and the Input-mode coupllng matrIx (Tables 4.1, 4.2 

and 4.3). 

, fa lllustrate the InterpretatIon of these rcsults, an examp1e lS 

glven. Laok1ng at the resu1ts for 60 h: operatIon, one can conclude that the 

mode QorreSpondlng ta the real elgenval ue 15 much less .exCl ted b)' the change 
/ 

ln the Input voltage than the compleÀ-con]ugate modes. (From (4-1a) the Input 

vol tage change appears ln ul(t) and one has ta look lnto the fIrst colurnn 

'of the matri>.. H ta flnd the eXC1tatlOn of each qk(t)--equatlon (3-24)). The 

same conclUSIon about the mode excltation is valld for the change ln the 

suppl)' frequency (input U2(t) and the second column of the matnx H). 

Looklng now at the mode-state coupling, one can observe that these 

h1ghly excited modes, correspondlng to the complex conjugate eigenvalues 'are 

weakly coupled into the speed, as seen from the 5
th 

row of the elgenvector 

matr:ix. Thus one concludes that the input 1 reference V 
r 

(whi ch appears ln 

bath U 1 Ct) and U 2 (t)) better controis the motor currénts (in which the modes 

qk (t), k = 2 - 5 appear stronger) than the speed itself. 

Although this method of analysis is val1d and gives a detailed 

Insight into the mechanism of the motor response, it is obviously ill suited 

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

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

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

the results obtained in this step prov~de the explanation of the drive response 

found in step 3. 

,f 
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STE? 2: The dnve transfer functlons 

,-<-" 
The two transfer functlons of Intercst are the specd-input r"fercnce 

(G]Cs)) and spccd-load torque (G;>(s)). The latter one represents a dnve 

rncchanlcal output ~mpedance. 

When equatlon (3-32) l~ applied together wlth the results of the 

prevlous 5tep, Gl(S) and G2(S) can be obtaincd ut cacll opcratlng pOInt. 

1) Speed-1nput reference transfer funct1on. 

The 5peed reference signal" appears ln two drIve Inputs. When . r 
La~lace transform 15 appl1ed to equations (4-1), these two inputs 

become: 

U 1 (51 

= 

Al \' (5) 
r 

~ \. (5) 
5 r 

From equatlon (3-32), ~lth these two Inputs: 

Y{s) 
2 
E 

j=l 

5 

k=l 

Repl~cing ulCs) and uz(s) by thelr expressions and d1viding each 

side by V (5) 
r 

LM 
éV (s) 

r 

" 5 
=GICs)= ~ 

k=l 
V) ( 4-2) 

Since the four eigenvalues appear in t~e complex-conjugate pairs, the 

corresponding eigenvectors (mSk's) and coupling vectors (hkj 's) appear in the 

complex conjugate pairs, tao. Thus one can WI'ite: 

* '" m = m m ::;: m 
53 52 55 51! 
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USlng these equatlons, (4-2) can be rearranged 50 that each term denotes a 

physlcally reallzablc system: 

1.Ltl " aV (s) 
r 

+ 

+ 

4 

k=2 
k;b3 

2(s ReCmS}" h k1 ) - ReCm sk hl.;} Àk:)) A + 

5 (s - À
k

) (s· À k } 1 

2 (s Re (m 1 h
k 

) - Re (m khI >.:) 
5, -2 ' 5 ,,2 1\ 

\' 
S(S·À

k
) (s.),~) 

(4. 3) 

The last equatlon glves the speed-lnput referenee transfer funetlon / 
/ 

for the open-loop, constant \,/h: drIve. The presence of an integrator ln the 

second and fourth term in (4-3) reflects the change in the supply frequency. / 

It accounts for the monotonie lncrease ln t~e mmf phase angle ljJ with a ,hxed " 

change in the speed reference SIgnal V. This will be fully dlscussed in 
r 

the analysis of the mc1tor step response. 

If the numerical values from Tablè 4. l, 4.2 or 4.3 are l.nserted,/ 

into (4-2) or (4-3), the speed-mput refetence transfer 'function rat the' . 
corre~ponding operati!1g point is obtained. The transfer function Boçle plots 

are presented in Fig. 4.3b, 4.4b and 4'.5b. The same r.esults were D"btained 

by applying the Laplace transform to the drive state equations an~' using 

equation (3-30). 

2) Speed-torque transfer function 

From (3-11b), the load torque appears only in the 5th drive input. 

By straight application of the equation (3-32): 

5 
Y (s) = ~ 

k=l 

--- ~- / -, . 
~'oIf,,~~; ... ~ 
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or 

(4 -4) 

The last equat 10n gl ves the specd-torque transfer funetlon WhlCh 

] 5 an egui valent of the dn ve output impedance. 

It 15 possIble ta l'rite (4-4) ln the physlcally realizable form, 

uSlng the same method as for (4-~). 

If the re"sul ts from Table 4.1, 4.2 or 4.3 are inscrted into cquation 

(4-4), the drive output impedance is obtaineà for each corrcsponding operating 

pOInt.. These result S are presented as Bode plots in FIg. 4.6b, 4.7b and 4.8b. 

Agaln, the same results were obtalned frorn (3- 30) by applylng ~aplace transform 

to the drIve state equatlons. 

An addl tlonal Inslght Into the speed-Ioad InteractIon 1S obta1ned by 

exaffilning the analyt ical ex-pression for: the output Impedance. ApplYlng the 

Duect ~lethod (TIleorem 1) ta the dnve eguations (3-10) one obtains: 

(5-Z 1) (5-Z 2) (5-Z 3) (S-Z4) 
= 

J T (s - À 1) (s - À 2) (s - À 3) (s - À Il ) (s - ), 5 )~.t" . 
(4-5 ) 

The zeros of G2 (sJ, i.e., z. 's', are computed as the eigenvalues' of 
J . 

the motor decoupled electrical patt and are given in Tables 4.1, 4.2 and 4.3. 

It is evident from these results that the motor electrical eigenvalues are 

very little pertu~bed when the 5th , mechanical equation is added. This 
If 

lndicates weak electromechanical coupling. Note that the same conclusion was 

made implicitly in Step l, where i t was seen thatvthe changes in input voltage 

and frequency affect very little the motor speed. Since there will be pole­

zero cancellation in (4-5), evident from th~, computer results in S~ep 1, 

G2 {s) can be approximated by the equation (3-51). The validity o(th~s 

approximation is best percei ved trOm the- conesponding Bode plots r(Fig. 4. 6b, 
, 

4.7b and 4.8b). 

From the expres~ion for the motor output impedance (4-5) one can 

eaÙly find the speed steady-state error. If the load step of A units is 

applied ta the shaft whil~ the speed referenee V is constant, the steady 
" r 

state value of speed will be: 



, A 4 

() 

, 
which givcs 

A lim sG 2 (s) 
s 

5-+0 

68" 

y (00) ( 4-6) 

wlth good pole-zero cancellation the last expression becomes: 

USlng the approximate value of À given by the equatlon (3-50): 
5 

where p lS the slope of the statlc torque-speed curve at the operating point. 

Since t}1e speed reference V has not changed, the last expression denotes the 
r 

speed crror due to the load dlsturbance: At the same time lt sho\\'s which 

factors determine the speed sensi tivi t)' to .the load changes. 

\ 
STEP 3: Step and frequency response 

./ . 
The speed response is computed for a unit step change in: 

speed reference, V 
r 

load 'torque, TL 

The results are presenteq graphically. together with the drive frequency 

response. The speed step response is calculated in two stages: 

First, the response of aIl modal states q(t) is obtained from the 

convolution integral, equation (3-24). 

Second, modal states, c;illculated for each input are comb~ned, "using 
-II 
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(3-25) and (3-26), to ob~aln the speed response. 

Response ta a unit step in the specd reference 

The motor load i~ constant and equal ta the rated value. For the 

stcp change in V r' the input u} Ct) follows, while u2 Ct) . is a ramp (4-1). 

Thus, the modal states are: 
t t 

l Àk(t-r) ,} 
q, (t) ~ e h' A dT ~ 

" kIl 

o 0 

k=l . . . 5 

which glves: 

\ t - 1) ( 4-7) 

By ~slng the values for eac:h operating pOlnt from Tables 4.1,4.2 and 4.3, 

the correspondlng step response of eael\ modal state is obtained. 

Slnce th-e last equation contarrls a monotonicall)' increasin,g term, 

Àkt, it is appropiiate to dlSCUSS it briefly. 

The first part in the last expression is due to ~he step change in 

the applled stator vol tage. l ts time varying terrn will approach zero as the· 

time increases, for aIl eigenvglues with the negative reai part. 

Th'e second part of the equation (4-7) is the result of the unit step 

change in the motor ,input frequency. Although the input 1S finite, this part, 

and therefore a11 modal states, will increase monotonicaUy with time-. Before 

this respon~'~ is judged as u,J1stable, one should give it its physical inter-
" 

pretat fon. 

The modal solutions a.re obtained in the synchronous reference frame 
~ 

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

is in a steady s·tate, the ai.rgap mmf rotates wi th the same speed and therefore 

appears to 'be- stationary in this reference frame. \Consequently, at the 

operating point the motor eurrents appear as de. As soon/as the motor input 

frequency w is perturbéd, the mmf vector starts to move~ sweeping the 

reference frame (Fig. 3.1). Its ptoj ections on the y and 6 axis t)ecome time 

/ 

, ~ .. "'" 
'. '/,1':.,.",,.-':,: , / 

/ ., 
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varlünt and the motor eurrents bccome n.orrnully ae. lIowev('r, since the motor 

voltages were lincahzed, the y and 0 aXls.eurrents WIll not be sinui-oidaI, 

but WIll increasc llnearly wlth tlme - tk~ fact r~flected by the monotonically 

Incrcasing term i~ (4-7). In orJ.er ta rèereat'l' the rcvolvlng mmf and thus 

the <le cur:tf'!1ts,/onc should use, in the convolutIon r'ntcgral, the full 

expression for motor y and ô voltages, givcn by ('\-8). For tllis case, the 

(!IodaI state response to the unit step change in th,c spccd refcrcncc V Il;: 
r 

+ 

..... 
It is secn that the monotonlcally lncreaslng t~m ln (4-7) IS now,replaccd . . 
by the mOAotonically oscillat1ng tcrm - rcflcctlng the rotation of the nlotor,-, 

nunf vector. The moto.currents WIll now cI~ slnusoHlally, wlth the sume 

frequency with which the mmf vector sweeps the -~encc frame - which ln turn 

is equa.l to the frliquen\::y inerement over its operat] ng 

ted by the change ln the referencc input, ô,V . 
r 

pOint value, as reques-

From this discussion, it becomesobvious t,hat the apparently Unsjt<lble 

(or oscillatory) term In the modal response reflects only the choice of the 
l , 

reference frame. Slnce the motor speed 15 Invariant with the referéncelframe 

transferrnàtions, the oscillatory or monotonlcally increasing terms wlll!not) 

1 appear in the speed response. , , 

Recapitulating this discussion ln simple words, It rncans that ~he 
motor steady state currents WIll oscillate (i.e., be ae) whenever the ~peed 
of -the reference frame and the motor supply frequency are not the same;. This 

has nothlng te do with the rnotor spèed, which can be constant under these 

candi tions . 

One can now look at' the speed response whicb is obtained From {3-2§) 

and (3-26) as: . , 
y(t) 

J 
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Aner the modal state" have been calculated at, each operating pOl nt. the speed 

step response 1S obtalned and then plottedo (f.'lg. 4.3a. 4.4a amd 4.5a). It 

ObVlously does not contaln any of the monotonlcally lncreaslng terms which 

" are present ln the modal response. It 1S lntercsting to observe the raIe of 

the eigenvectoTs--they filter out from the spced t'xpresslon that part of the 

modal response which depends on the refcrence frame and which WIll appear ln 

the eXpreS5]On for motor currents: 

The attentlOn is now directed to the élnalysis of the speed rçsponse. l' 

In order to have more ~nformation, the frequency responsc of CI (s) is presented 
1 

in paralle-l wlth the speed step response (Fig. 4.3b. 4.4b, 4.5b). 

At 60 hz operating point, the speed response (hg. 4.3a) dcflnes the 

drive as a 'ieeond order, overdamped system. The rise ume ]S 62.5 msec. The 

speed reaches 95 9
0 of ltS steady state value wit/un 90 msec. Thus, the dynamlc 

response 1S 'iatlsfactory. The corrcsponding Bode plot (Fig. 4.3b) supports 

this conclusion. At hlgh frequeney, the gaIn drops at 40 db/deeade, indi catlng 

that ln this range the motor behaves as a second order system. KnowiT)g that 

there are fIve cIgenvaluc'i. this result 'lndIcat~5 the presence of thtec zeros 

in Gl(S). ThIS conclusion is ln agreement w1th the equatlOn (4-3). The / 

apparent gain peaking ln the Bode plot, at 70 hz, is not noticeable ln t,~' 
step response, as it 1S very attenuated. 

Thus, one concludes that the dynamic response of an inductIon mot0r 

at '60 hz, rated load operatlng point is en-lr"lrcly satisfactory.,'This fact has 

been weil establ1shed for the last 70 years. 1I0wever, the results at the 

conventional supply frequency establish the reference agalnst which one will .. 
measure dynamic response at other operating points and with different control 

, 
, strategies. 

At 30 hz (Fig.. 4.4a) the specd response bcgins to show the h1gh fre­

quency osciÙating component. However, the driv.c still bchaves basically as 
\ ' 

a second order system. Th'e rise and settling timés are 72 and 95 msec .• 

respectively. The study of the Bode plot (Fig. 4.4b) give~ the same conclu­

sions as for 60 hz.point. The onlY·difference is in the gain pcaking, which . . 
i5 now decreased but o"Csuts fit only 26 db !je 1 ow the de gain. As a resul t, an 

oscillatory componenVô'f approximately 20 hz 1S superimposed on the baslc, 
/ 

second order response (Fig. 4. 4a) . Due to th~ shape of the Bode plot, i t has 
,// 

/ 

/ 
'/ 

/ 
/ 

/' 
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a small amph tuùe and dies out qui ck ly. 
1 • 

~z is • As a conclusIon, the motor c1ynamic characteristic at 30 only 

slightly Infcrior to that at the"' industrial supply frequency and the drive 

can gi ve the stlme performance as beforc, provldlng that the precaution is 

taken to avoi d any mechanical resonancc. , 
At 5 hz operating point the dynami c performance has deteriorated 
1 

sigmficantly. Fig. 4.5a: 

1) The specd oscillations are now clearly visible. The response is 

'underdamped and much slo\\1er than before. Rise and set tling (± 59é) 

times are 210 and 235 msec., respectively. A look at the corres­

pondl.ng Bode plot (FIg. ~. Sb) shows a gain peak of 7 db at 5 h:. 

Since this, peak is almest at the de level, it is very Ilttle 

attenllated and reslII ts ln a slow 1)' osci llating component supenmposed 

on the second order step response. 

2) The de coupling betwcen the input and the output 15 reduced, as seen 

br the lower value of the s.s. speed. COnly 1. 84 rpm here against 
'" , 

2.4 rpm for the two previous points \\ith tbe same unit step change 

in \' ), The Bodr:; plot supports this by giving the de gain of -8.5 

db, ~Iüch is a dec;ease of 2,5 qb from the correspo~ding d,e gaIn 
'", 

at 60 hz. Note that the same conclusion çould have been anti~ipated 

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

As a c9!lclusion, the motQr dynamic performance at 5 hz is inferior ... . .' "---

to those at higher input frequencies. It can be shown that the most signific.ant 

decrease occurs for supply frequencies below 10 hz. Deperiding on the drive 

application, this may or may not be acr.ceptable. The most natl:1ral method for 

improving these resul ts is by operating the drive in the closed loop. ... 
Response to a uni t step in the load, torque 

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

the modal state response with uses) = \(s) = 1 is: 

Àkt 
= (e -l)hk /\ 

k :' 1 .•. 5 

. , ,. 

• 
~------------....:._--- ---- -
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The specd respon5c lS obtalned as the combInat Ion of modal states, 

equatlon (3-26)' 

y(t) 
5 m Sk hk 5 

-. ,-, ~ ), 
. k=l k 

(4- 8) 
À t 

Ce k -1) 

One should rcmembcr that any change ln the speed due to the torque dl sturbance, 

reprcsents the speed error sinee the speed ~eference has not changed. 

USlng cquation (4-8) and the results in Tables 4.1, 4.2, and 4.3, the· 

speed response ht each operatlng pOInt lS obtained, plotte~ and analysed . 
. ' 

At 60 h:, the speed step r~sponse (FIg. 4. 6a) corresponds to that of 

the flYst orcler sy5tem. The speed settllng tlme (±5%) lS 82 msec. The 20 db! 
. "-' 

decadc gaIn slope of the correspondlng Bode plot (rq:. 4 Gb) conflTms thlS 

conel USlon The break pOInt at 5.S hz deflnes the drIve tlme constant as 

T = 27 4 msec. ThIs result checks with the stop rcsponse as the speed reaches 

95% of lts fInal value ln 3T 

These results IndIca:.e a )Sood pole-ozero eancellatlon ln (4-5). Thus, 

the motor output Impedance can be rcpresented aecurately at 60 hz' b) the 

equation (3-51). The same conclusIon ",as reached ln step 2, whlle dlScus,sing 

the G
2 

(5). 

From the control pOInt of VICW thlS represent5 another example of 

pse4do-observablllty. Although the fifth component of each eigenvector is 

dlfferent from :ero (Table 4.1) only one mode 15 visible ln the speed output. 

In thlS case, it is a deslrable characterlstlc resultlng ln the first order 

response. 

t At 30 bz both the step and frequency response (FIg. 4.7a and b) are 

èssentially identical to those at 60 hz, 50 that the same eomments apply. Note 

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

From Table 4.2, this pair corresponds to the magnetizing" eigenvalues, However, 

they are still 5ufficiently neutralized by the corresponding zeros and do not 

appear in the step response., 

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

response the drive still ~ehaves as a first order system, but now with the 
• < 

second order, oscillating term superimposed. The speed settling time is 160 

mseé. The most signifieant dif.ferenee is, however, the magnitude of the speed 
... 
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change. 1\'1 th the unit step in the load. torque, the speed changed by 3.16 

rpm at 60 hz and by 5.44 rpm at 5 ht. ThIS represents an InCrea'ie of 63°" 

lndlcating much hlgher sensltivlty to the load dlsturbances. This rise ln 

the senSl tl VI ty could have bceI1 predl cted from a decre,~se ln the slopce of the 

corresponding static torque-5pe~d eurves, Fig. 2.3. Another hInt was provided ... '\\" 

by a decrease of the de gaIn ln the speed-lnput reference ~ran5fer functlon at . 
5 hz, Fig. 4.5. From the nctworh and control theory, such reduetlon auto-

rnatleally results ln an in.crease of the corresponding output Impedance, i.e., 

higher scnsltlvity to the disturbances. 

A few more CQJTUl1ent scan be made after examlning the dn ve frequency 

response (Fig. 4.8b). The G2 (s) de gain has increased by 3 db over that al 

60 h:, giving exactly 63~ larger steady state speed value. A second ~rd~r 

response, oscillating at approxlmately 6 h: and caused by the rna~neti3ing 

~odes lS superlm~osed on the basIc, flTSt order, drIve response. Although thlS 

oscillating componcnt is undeSlrable, It lS the magnltude of the speed response, 

i.e., the Increase ln the speed sensltlvlty, WhlCh IS of greatest concern ThIS 

agaln pOInts to the ncecl for a closed loop system WhlCh will rcsult ln a 

decreased output Impedance 

As an overa-ll conclusion, the constant \')h;:, open loop dnve has a 

rather po or speed rcgulation at any frequency, due to the weah clectrornechanlcal 

cOUplln!;. The rcgulatlOn" further deteriorates wh en' the' load lS Increased since 

the mechanlcal anè e lectrl cal elgenvalues move further apart. ThIS resul ts ln 

a considerable speed error, especially at the lower Input frequencies. The 

same conclusion 15 available frorn the static torque-speed curve5 presented in 

Chapter II. , 
Beside thlS disadvantage, the speed response is acceptable ~ntil the 

very low supply frequencies (below 10 hz) are reached. Even then, the motor 

behavlo~r may be t~lerable, depending on ltS application. 

Since the open loop operation is inherently simple, and least expensive 

to implement,it will always find its use. However, the drive dynamics can be 

irnproved while at the same time preserving the simplicity of the constant Vjhz . 
control If closed locp operation is considered. Thus, attention i5 turned to 

Part II. 
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Part II: Closed loop 

Drive DescriptIon 

"!"he dynamlc characteristics or the constant V Ih: drive, presented in 

FIg. 4.1, can be improved by closing the speed feedback loop. The new drive, 

hIth speed controller included, is presented in Fig. 4.9. 

The closed loop drive operates at a constant speed (\\'i thin load 

llr.iits) by con'::lnuously adjustlng the inverter output Jreq\:!Oncy and yoltage. -Any difference e, betl'leen the requested and actual speed, lS processeà through 

the speed cont~oller ~nd addei to the motor actual speed. The sl~al 50 

obt::'lned !'e?resents the Im'e!'ter rfe.guency ~efe!'ence, r:1e 
a constant speed and Var)'lng load 1S lllu5t:-ateci by ~slng 

drIve oneration at 

the l1otoi\5tator 
1 

O\'eT 1 oads OT 

~ .10. The 1:':11 te~ ~re\'~ts exce5S1\'€ \ alues 
... .r~- Il 

, , 1 

:2.:-ge speed changes lCh,:1p~er '.'. 
of 'Il? 'Jed dur:n, 

Te , 

w SPEED 

. . 
Fig. 4.10: Trajectory of an ope~~in~~point. Frequency and voltage 

ll-ri·bbth adjusted as 'the load i.s changed to keep the 

motor sp~èd constant, points A, Band C. 
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Control 1er Design 

Before this drive can be analyzèd, its speed con~ro,tî'cr has to be 

speClfied. This IS,done by consldering'the drive open-Ioop frequencr response . 

Note that a control 1er- 50 dcsIgned will have to be a compromise, \ince the 
C' ,0 

dri;ye dynamics change wlth the supply frequency and Ioad (equatlon -10). Thus, 

~)J1ly an adapti ve controller can rovipe optimal performance 

range. 

TIle drive open-Ioop res onse can be obtalned by breaking the 

loop at point ,A (FIg. 4.9). The sIgnal Y becomes the Input, while the 

i5 the output of the system 50 obtained. Ta establlsh i ts 

fi rst the e>..-presslons for the input frequency and voltage: 

w = 

r = V + Al u.; o 

or ln the pertu~bed form 

Ôw = A 3 ôY + n éw 
m 

aV = AJ ôw 

because A3=n/kt' 

"' .. 

(4-9a) 

, (4-9b) 

'. 

speed 

Due to the·feedb~ck acting o~ the motor input frequency, the nurnbe~ 

of drive eq~ations hal increased. Therefore, ~n additiqnal 5tate ha~ to be 

introduced. It represents a change in the phase angle, 61/1, between' the airgap. 

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

= CW ,(4-10) 

, 
'Combining (4-9) and (4-10) with the open-loop motor equatidn (3-10), and the 

4-

input equation (3-11b), the resu1t becomes: 

• 
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li> J X 1°0 1 x + u 1 (4-11) 

0 0 0 

where: Ll 0 M 0 0 0 

0 L 0 M 0 0 
1 

M 0 L ~o a 0 
2 

P 0 M 0 L 0 0 (4-12a) 
0 2 

l' 

a 0 0 0 J T 
0 

0 0 0 0 0 1 

, -R Q L 0 12 M n Â) 0 

'1 1 c 1 C 

~ 

1 
-l2 L -R -rl M 0 0 v 

c ) 1 C 

{ 0 12 M -R l2 L -n (MI +L l ) 0 
5 5 2 2 2 1+ 

{'. Qo = (4-12b) 

<,- -rl M 0 -l2 L -R n (MI +L 1 ) 0 
5 5 2 , 2 1 2 3 

-nMI nMI nMI -nMI -f 0 
It 3 2 1 T, 

0 0 0 0 n 0 
1 
l' 

i 

'ôi S 
y 

AIA 3 6'i 

oi~ 0 
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Iy 
(4-12c) and U = (4-12d) 
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FIg. 4.11a: Frequency response of the open loop system at 1700 rpm. 
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E-quatlon (4-11) descnbes the c10sed loor drive (Flg. 4.9) wlth the 

speed' loop open at point A and sJ.gna1 Y taken ~s the input. !ts frequency 

response at rated 16ad and three operatlng speeds (1700; 800 and 100 rpm) is 

presented ln Fig. 4.11a, band c. From these results th~operatlng point at 

1700 rpm (Fig. 4.l1a appears to be the most critical one: lf the speed loop 

is closed with the contro11er havlng a unIt Y gain, the resultlng drlve band­

width will be around 10 hz. ThIs is almost identlcal to the result obtained 

in Part land thus represents no improvement over the open loop operation. 

Any fur~her lncrease ln the controller gain 15 not possIble due to the ensulng 

rapid decrease in the phase margin. 

The shape of the open-Ioop frequency ,response pOInts ta the need for 

a lead compensation which would smooth out the dlp ln the phase curve. 

However, since this dip shifts wlth the change of the motor operatlng speed 

(Fig. 4.11b and c) it is ImpossIble ta aohieve wlth a fIxed controller an 

optimal compensatIon over the entire speed range. 
~ 

On the basls of the drive open loop frequency response (FIg. 4.11) 

the speed control 1er IS chosen as: 

T (5) 
C 

= ( 1 +a d s ) 
1 +d s 

(A 
c 

1 +s/k 
c 

s 

(4-13 ) 

lts frequency response is given in FIg. 4.12. The control 1er consists of 

two parts: the lead compensation and the standard proE~rtional-ln~egral' (PI) 
'" term (Fig. 4.13a). The numerical values in equation (4113) are selected to 

obtain the maximum phase lead at 50 hz, where it is mas needed (Fig, 4.11a). 

Furthermore; the controller gain,Ac is chas en sa that t~e total gain around 

the loop is la .. Thus: 

d = 1/(314.16 114) 

a = 14 

k = 6.2832 
c 

! 

1 

determines the upper ~reak 

the lead network. 1 
;-... J 1 

determines th~ separJtion 

in the lead network 

integrator gain 

. 1· 
~ ", . 

• ~:e. 

." 

frcquency of 

of break points 
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total control 1er gain 

The contro1Ier i5 presented ~n Fig. 4.13 which should be considered in the 

context of Fig. 4.9: 

Once the control 1er is specified, the equations for the complete closed 
loop drive (Fig. 4.9) can be established. Due to two cont-Toller integrators, 
there wi 11 be twO addi t ional equations in the drive description. Tho}' are 
obtained by choosing ~he ~wo new states in the standard way, a~ the outputs 

1 from the integrators: " .. ) 

X7 ,l 1 

:; (~V ~ 6w . x- ) 
d .. 

1 ~ m 

Xe :; A (1 - a)~~ + a A Cô V k 6w m) c c r t 

,,'hile the prevIOuS l.nput 1( bècomes now the controlle::- ot:~put: 

A Il G a A. 
a) X _ + _c (:;V - k 6w ) 

1 K r t m 
(4-11) 

c 5Y = As K: (~~ -

"~en the last three equat'ons a::,e combined with (~-~1), the equation ~f the 
complete c10sed loop, con tant 'lÎhz drive is obtained: 

1 [P]X = [Q]X +1 U 
(4-14) 

where 

[P 0] 0 0 

p , = 0 l' 0 (4-1Sa) 

0 0 l 

with P defined by the equation (4-12«) . 
0 

.' 

" 
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83 
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0 0 0 
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0 

k 
,. 
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C. 

0 -l/d, 0 

,. 

0 (l-a)A 0 c 
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where X vector-is defined by equa.tion (4-12c)/ The input ve'ctor U is: '0 o 

/ 

(4-1Sb1 

.f 

,. 

( 4-15-~) 
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The drive state 

X == 

where 

[A) ::: 

and 

[B) == 

u (t) 
2 

u Ct) 
3 

u Ct) 
4 

u Ct) 
5 

u Ct) 
6 

u Ct) 
7 

u Ct) 
6 

equatlon 

[A1 X + [B] 

[Pj-I [Q1 

[P1 -1 

= 

~s: 

,U 

rd .. "1 A A 
l 3 C 

k 
c 

o 

a 

-oT ", 
L 

il A. 'A \' 
3 c - r 

k 
c 

a\' Id , r 

a A 6\' c r 

The P matri x can be inverteq QY hand to gl ve: 

.~ 

84 

(4-16a) 

/ 
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.~ 
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Fig. 4.14: Eigenvalue loci for constant V/hz, closed loop drive. 

The effe'cts of changing load are presented for 

selected motor speeds. 
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LL 0 0 0 0 1 

, , 

0 l/JT 0 0 0 

P 
- 1 

0 0 1 0 0 (4-17) 

0 0 0 l 0 

0 0 0 0 l J 
6' 

-1 where L rnatrIx lS glven by equatlon (3-15). 

OrlVe analYSls 

Wlth the drive equatlons speclfied, the famillar steps ln the 

analysls of motor operating points can be undertaken . 

STEP 1: E1genvalues, eigenvectors and input-mode couphng matTix 

The dnve 1S analyzed for speeds of 1700, 800 and 100 rpm. Computer 

results for these three operating points, and rated 1bad are presented in 

Tables 4.4,4.5 and 4.6. The eigenvalue loci for larger number of operatlng' 

points, and rated load, are presented in FIg. 4.14. Note that the last 

complex con)ugate pair with the break frequency above 200 hz is not included 

in Fig. 4.14. The effects of the load change on tQe eigenvalues is given by 

a 5eparate locus at each operating point, Fig. 4.14. It is obvious from 

these results that the drive is stable. The eigenvalue loci give again only 

the modal response to the corresponding initial conditions. The excitation 

of each mode br the drive inputs is determined by the input-mode coupling 

matrix H, while i ts participation in th_e speed response depends on the drive 

eigenvectors. Take for example, the third mode which i5 defined by the eigen­

value at the 'origin and which therefore increases monotonically with time" 

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

~ MOTOR Daive .ITH CONSTANT Y'Hl CONTROL.CLD~D LOOP 

~.ATING POINT YAL~S: 

OPERAflNG POINT CVARENT!: 

STAYOR 
STATOR 2 
ROJOR 1 
ROtOR Z 

15.61 
-9.85 

-15.96 
1.12 

E-WECTORS IN POLAR CODAOIHATES: 

----------~------------~--~-----
E-VECTOR 1 

0.92116E 00 
O.SII93E 00 
'.989815 CO 
O.62Z9E CO 
I..Z7Z1E 00 
o •• \lIUSf:-O1 
O.1190E 00 
O.11I69E-OI 

O.OOOOE 00 
O.IIlClOE 03 
o.,aOOE Ol 
0.000015 00 
0.1800E .03 
O.UoOE O~ 
O.OOOOE 00 
o.lapaE 01 

E-VECTOR 5 

0.11-65E 00 
a.lIl.,E 00 
O • .JO illE 00 
C;.1I09715 00 
".IJ39E-CI 
0.65aIE-02 
O.6lI6E-02 
'.991H-02 

-0.3l96E al 
-0.1290E 02 

O.U7I1E Dl 
0.16118E Ol 

-O.121lE 01 
0.l5511; 02 
0.19alE 02 
0.2591E 02 

r 

1 
2 
1 

• 
5 
6 
7 

a 

l'REOUENC:YIHZ) 
60.00 

E-YALUt:S.REAL 

-77.01 
-1111.11 

0.00 
-6.15 

- J6. lI! 
-36.11'1 

-6113.06 
-681.06 

E-VECTOR 2 

0.61Zse-01 
a.locOI! 01 
0.612015-01 
0.IOZ6E 01 
O.1I035E-02 
0.2S.J!;-02 
O. 4~l5E-01 
0.l8llE-02 

0.1 eOO! al 
D.II'IOO! 03 
0.0<10015 00 
O.OOOOE 00 
C.OtoCOE ço 
o.reOOE Ol 
O.IIIOOE al 
C.1800!; Dl 

E-YECTOR 6 

0.1165E 00 
o.al.'E 00 
0.l093E 00 
0.80'J7E 00 
0.113ge-01 
0.658IE-02 
0.6316E-02 
0.991I'lE-02 

(I.lN6E 02 
0.11QOE 02 

-0.1411110 01 
-0.1688E Dl 
0.123JE 0:1 

-0.255110 OZ 
-O. 19., Il: oz 
-0.25<;1J" OZ 

INPUY-~OOf 'DUP~ING ~ATRIK lM 9ULAR COOROIMAfES: 

'.2829f 01 
C.1040E 03 
0.1282E 01 
(I.J252E 00 
C,.llZ&E 03 
O.I12&E 03 
1.. ta31! 03 
0.11I31E Ol 

C.636ZE 01 
t..6PSE 02 

".ZC'Z! 02 
C.1971E 01 
... 599lE OZ 
0.599lE 02: 
O • .,9'l8E 03 

".199I1f OJ 

0.1II00E al 
0.1800E 03 
0.t800E 01' 
0.30561:-12 
0.1292E 03 

-0.1292E 03 
O.169"JE 03 

-0.169,E Dl 

0.180010 01 
CI.1800E 01 
O.IIlOO! 03 

-0.8089E-I" 
0.121815 01 

-O.IZIIIE 03 
0',5l85E oz 

-O.5J8SE OZ 

0.1961E DI 
0.559ZE 02 
0.Z481'E-11 
C .l90QE-0 1 
0.1251E DJ 
O.lls"e OJ 
0.6Z7~E 02 
0.6278E 02 

0.5601E 01 
Q.67Q2E OZ 

a.I!!Z5! 01 
D.ll54E 01 
(,.7931E Ol! 
0.79l3E 02 
0.10.11E oz 
DolO))! 02 

0.1042E-12 
o.leOOE Dl 
o .45zeE-OZ 
o.leOOE al 
0.'705E 02 

-0 •• 705E OZ 
-0.595<;E 02 

C.59";5E 02 

-0 .1800~ C:] 

-0.22eRE-14 
-O.IJ.lf~IJ 

0.2J54E-14 
-Q .... e<ll'E 02 

O.4891E 02 

0.611'lf 02 
-O.6I1QE ~2 

VOLTAGEIVOLTS) 
12".0 

E-VALUt:S.IMAG. 

o.o~ 

0.0,) 
0.00 
0.00 

144.95 
-3 ••• 95 

-1148.63 
1148.6~ 

SPEEOIRP .. , 
1700.0 

IIAt:A~ FAEOUENCY(~ZI 

12.2'6 
28.112 
0.00 
1.01 

55.20 
55.20 

212.69 
212.6'1 

TOROUE("'" 
17.A2 

o ..... P\ .. G 

I.OC 
1.00 
1.00 
1.01.1 
0.10 
0.10 
0.51 
0.51 

E-VECTOA J E-VECTOA 4 

0.6311! 00 
O.IOI.oOE 01 
0.1104E 00 
0.IOZ2E 01 
0.2239[-16-
0.6406E-01 
0.1I04E-16 
O.lQOOE-ll 

O.OOOOE 00 
O.OOOOE 00 
O.looeE OJ 
0.1800E 03 
O.OOO"E 00 
O.OOO"E 00 
O.IIlOOE Ol 
O.leo .. E 03 

E-YECTOR 7 

0.7145E 00 
0.IIIZ2E-01 
0.6'14510 00 
0.1771'110-01 
0.lll5E-OI 
0.50?6E-OZ 
0.5053E-02 
0.767ee-OZ 

0.IJ95E 02 
0.131615 OZ 
O.2Q46E 02 
0.2901E 01 
0.7195E 01 
0.7I9S! 01 
O.le62E 01 
0.1"62E 03 

0.6843E CI 
O. Il 1 JE 02 
0.725JE DO 
O.l5.7E-01 
O.5?9_e 0\ 
OjOS794E 01 
O.Q026E 02 
0.902('E 0'2 

-0.1413E 03 
O.~9T9E 02 
0.363!>E 0:> 

-0.121.1410 OJ 
-0.2293E 02 
-0.1 JZQE 01 
-0.136110 01 
-0.ll29E 03 

-0.16117E-12 
-O.90<llloE-lZ 
-0.222610-1_ 
-D.leOuE 03 
-0.179J[, al 

0.179JE 03 
-0.IST4E OZ 
o.tS, .. E: oz 

-1.1.901610-13 
O.IIlOOE 01 

-O.leoùE 01 
0.180",10 01 
O.IJ5SE 03 

-Q.1355E 03 
0.S065E 02 

-Q.'>065E 02 

a.3007E t~ 

0.4191E 00 
0.1'95JE-01 
O •• 2786" 00 
0.101l5E 00 
~.27JIE-ÙI 

0.5210e:-01 
Il.99eZE -: 0 

c.o.."C,O! .. ~ 
O.OeOOE 00 
C.UICC,E. ~3 

O.III~CE C3 
c.leec!' Ol 
O.OJOtE CO 
O.llûOOE 00 
O.IIIOOE 03 

E-VECTOR Il 

O.7145E 00 
0.1822E-ç\ 
0.6'H5E 00 
0.1778E-01 
0.1I25E-01 
1)'5096E-02 
C .51i"5JE-L2 
0.7678E-02 

0.6020E 01 
O.2671E 0.1 
O.444(E ';'1 

0.41'71E 1.10 
0.121l2E 02 
C.~21l2E '2 
0.1I640E 01 
tI.B04CE 01 

C.J9".E t_ 
0.2)1~E 00 
0.49/1JE l':l­
u .. 'DtJe ri 
O.73J4E-01 
o .,7314E-0 1 
(\.31 ... 8E C '" 

O.llC.!\E 00 

0.1433E el 
-0.5979E 112 
-0 • .36J5E CZ 

('1.12C-e: Cl 
0.22QJE 02 
Il.112'1E Dl 
C.ll61E Ol 
1.1.1 J29E 03 

-0.1I6Q9E-13 
-O.J8.l7E-13 

..... 25561:-1" 
-O.IIIOOE 03 
-0.237IE 02 

C.217IE 02 
0.&677E 02 

-Ù.'677E C2 

-C..2~5.e.E-l" 

O.ll!tC~ CJ 
0.1927[-15 
",,_le .. tE 03 

-O.1226E 03 
".122b~ 03 
-~.7564E ,~ 

0.7~6.F. 02 

.-

00 
(J\ 
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TABLE 4.5 

-oTGA ORI~ -tTH CONSTANT Y/HZ CONTAOL.CLOSEO LOOP 

OPERATIHG POINT YA~UES: 

OPEAATING POINT CURAENTS: 

STATOR 1 
STATOR 
ROTOR 
AOTOR 

2 
1 
Z 

16.03 
-9.70 

-10.23 
1.44 

E-YEcrORS IN POLAR COOROI~ATES: 

1 
2 
l 

" !S 
!I 
7 

Il 

~REOUENCY(HZ' 

30.00 

t!-VAlUES.REAL 

-210.115 
-75.69 
-0.00 
-0.35 

-20."7 
-ZO.47 

-681.76 
-6111.76 

VOL~AGE'VOLTSI 

0"6.5 

E-YALUES.IMAG. 

0.00 
0.00 
0.00 
0.00 

159.54 
-159.54 

-1156.31 
1156.31 

5PEEOC"PMI 
1100.0 

8AEAK FREOUENCYCHZ' 

34.51 
12.05 
0.00 
1.01 

25.00 
:2'5.60 

21:1.64 
21l.04 

Toq DUE 1 N~ J 

17.95 

O"""ING 

1.00 
1.00 
1.00 
1.00 
•• 1 } 
C.13 
,.51 
•• 51 

E-YECTOR 1 E-VECTOR 2 E-vECTOR J I:-VEeTOR 4 

0.59llf:-01 
O.IOOOE 01 
0.5494E~01 

(i.1 .. 16E 01 
0.62114E-02 
O.Z34f!1:-0Z 
0.3619E-02 
0.3534E-OZ 

O.IIIOOE al 
O.IIlOOE 03 
a.OOOOE 00 
o.oaaol! 00 
O.OOOOE 00 
G.leGOE 0:1 
O.IIIOOE 03 
O.IIIOOE 031 

E-YECTOR 5 

O.leooE GG 
ç. ?ont! 00 
C.IIIISE .00 
0.6I1eZ! 00 
O.1216E-01 
O.6425E-02 
(j.5~55E-02 

0.9190E-02 

-G.90JOE 02 
-O.456?E 0 .. 

0.945JE C2 
0.lle2E Ol 

-0.159SE 03 
-O.1744E 02 

0.U06E 02 
-O.IOlOE 02 

0.9111E 00 
0.6000E 00 
0.9?S9! 00 
0.7040E 00 
0.26110E 00 
0.7244E-02 
O.llOIIE 00 
0.2343E-OI 

O.OOOOE 00 
O.IIIOOE 03 
O.IIIOOE 03 
O.OOOOE 00 
O_IIIOOE 03 
0.1800E 0) 
O.OOOOE 00 
O.IBOOE al 

E-VECTOR ... 

O.IIIOOE 00 
0.7072E 00 
O.11I15E 00 
0.01l1la.E 00 
0_1216E-01 
0.0425E-02 
0.SII5SE-02 
0.97901!-02 

0.90JOl: 02 
0.45"'7t! 02 

-0.94'5lE 02 

-0'IJ82~J 
0.1595 ..l 
O.1744e 0 

"0.12110E 02 • 
0.16J6E 02 

INPUf-.oDE COUPlING MATRI_ IN POLAR COORDINATES: 

'.1420E 03 
".!lZ50E 01 
(i.6900l: 01 
0.6060E 00 
0.1190E 03 
0.H90\! al 
0.1611010 Cl 

-o.llIoeE al 
O.uaOE 03 

-O.IIIOOE Ol 
-JhI709E-13 
-0.17Q7E 03 

0.1107E 03 
0.1194'10 al 

0.16801' 03 -0.17~4E 03 

Cl.7"12E 02 • 
~. J6~4E 01 
".2ZI5E 02 
O.ZO!!IE 01 
0.52 l4E OZ 
0.">Z3"E oz' 
(,.1!}96E 03 
0:Bj96E CJ 

-O.llIooe 03 
O.IIIOOE Ol 

-o.leOOE 03 
O.COOOE 00 

-0.17HE 03 
O.I7I1E 03 
0.68011[: 02 

-0.680111' 02 

O.IOltlE 03 
C.2371E 01 
0.2lI4E-12 
0.031161'-0, 
0.911421: C2 

"0.91142E 02 
0.J140E 02 
0.3\"01' OZ 

Q.e935E oz 
0.l607E 01 
<-.lIl4ZE Cli 
0.11511E 01 
0.7045E oz 
0.704"E <-z 
0.209"1: 01 
0.26941' 01 

-0 .1 110 OF al 
0.1617E-IZ 

-0..34911' 01 
-0.11'1001' 03 

0.1090E 03 
-0.10901' al 
-0.405(,[: oz 

O.4v-S6E (,,2 

-".9Jv'E-17 
-O.IIIOOE 0 l 
-0.16141'-1" 

0.941I1E-15 
0.11701' 02 

-0.117"E t2 
0.7~q"E 02 

-0.7')"6L 02 

0.00411E 00 
0.10001' 01 
O • .,q~IIE-OI 
0.1012E 01 
0_5611E-16 
0.023I1E-01 
0.30251'-16 
0.Ol79E-14 

0.00001' 00 
O.OOOOE 00 
O.tSO.!E Dl 
0.111001' 03 
O. '80 .. 1' 03 
\J.OOO~E 00 
O.OOOOE 00 
OoillOoE Dl 

E-VECTOQ 7 

O.7f142E 00 
0.1 ZIJE-O 1 
0.74271' 00 
0.11831'-01 
0.1217E-OI 
0.54791'-0;;'> 
0.54321'-02 
0.1I"56E-02 

0.IIIJ4[ OZ 
0.1.,01 E 02 
0.291191' OZ 
0.285JE 01 
0.0450E DI 
0.64501' 01 
0.174lE al 
001 7431' 03 

0.11581' 02 
0.67361' 01 
0.'4691' 00 
C;o 1573E-01 
C>. 4 71;;.>e 01 
o.4hzE t'I 
0.84191: 02 
0.fl.'9E 02 

-0.157JE OJ 
0.1913E 02 
0.2235E O? 

-0.160SE Dl 
-0.3720r: 02 
-0.147IE 03 
-0.15031' 03 
-0.147IE 03 

0.30l4E-IZ 
-0.275"1'-12 

O.791t",e-l_ 
O.180ce 03 

-0.B;)4IE 02 
0 .. 1'!041E OZ 

-0.17411' 01 
0.1741E 01 

-0.18001'; 03 
0.2911~E-13 

-0.1110,,( 01 
O.ISOuE 03 
-O.I~JE 03 
O".JJE Dl 
0.r,.9JE oz 

-0.649'-( 02 

G.29?3E 0:) 
0."'17E 00 
(,.72411:-CI 
0.&l59E 00 
0_1091E 00 
tI.273.E-c'1 
0.5237E-OI 
0.10011' :II 

D.O·COCE CO 
D.ODClOE 00 
~.18 ... ""E JJ 
O.l!:IJC,OE ~3 

O.ISOGE 03 
".OJ_"E ~'l 

D.DOODE 00 
O.UOOE 03 

E-vECTO~ .8 

O.16.~E 0: 
0.1213E-01 

,0.7.2710 0:1 
0.11 B1E-0 1 
0.1217E-01 
ti.~479E-DZ 

G.5412E-CZ 
0.8256(-02 

D.2B.CE 0] 
D.OBllE 01 
0.521">1' CI 
0.55")71' 00 
: ••• C2E C2 
0.4.021' CZ 
0.816aE 01 

J.1573E 0] 

-0.19IlE .l 
-D.22l5e C? 
U.IO~!H. Dl 
O.37?OE PZ 
0.1471e Dl 
0.15J3E ':3 
D.I."E 03 

0.5927E-ll 
-0.47e3~-13 

C .156JE -12 
O.ISO~E 03 
0.577.e 02 

-0.57741' .JZ 
O.40C4e 02 

O.016'E (. 1. -c ..... r.e cz 

0.t93bE 0,) 
0.l92CE 0) 
0.514c>E 00 
D.IODeE 01 
00l26CE tO 
<:.126;1' 00 
0.70CJE tJ 
0.2'03E CO 

O.IS,;wE 1,),) 

-O.fl')CIE-I& 
O.OOOOE 00 

-J.IB"e OJ 
-0.5047'1;: J2 

C.50.7E OZ 
-~.616qE C2 

C.616'}f OZ 

.. ' 

co 
---r 

" 
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~ TABLE 4.6 

.aTOll ~Ive _IT" CONSTANT \l'HZ COHTROL.CLOSeO LOoP 

OP~RATI"G POINT VALuES: 

oPEAATIHG POINT CVRAENTS' 

$TUOR 1 
STAtOR 2 
ROTOR 1 
ROTOR 2 

,S.2. 
-S.54 

-17.51 
-0.31 

E-VECTORS IN POLAR COOROINATES: 

If-VI!CTOA 1 

Ci.SZ171!! Co 
~.<tS72!! ero 
0.S73.!! co 
C •• 8991!"00 
(..Z.70E CO 
O.IOSee-OI 
O.12!>IIE 00 
O.21139!!-0 1 

cr.ooooe CO 
o.1800è 03 
O.UIOOE 03 
o.ooooe 00 
O.IIIOOt:: 03 
0.11100E 03 
O.OOOOE 00 
0.1110010 03 

E-VECTQA 5 

O. ?SS81f CD 
... 166111f 110 
0.61143E CO 
C. •• 3?IE 00 
".Isell!-Ol 
0.190ll!-01 
O. ?496E-02 
".3 .. 74E-01 

-0.IISI2!! 01 
-0.1647!! 03 

0.1360E 03 
-0.2S9.e 02 

OoU611! 03 
0.7912E 02 

-D.1237E 02 
0.6Y6fO 0'2 

2 
] 

• 
!5 
6 
7 
8 

l'RI!OUENCY (HlI 

6.67 

E-VA\..Ue~hReAL 

-73.39 
-251.110 

-0.00 
-6.J4 
-6.93 
-6.93 

-67".911 
·678.96 

E-VECTOA 2 

0.7264"-01 
0.10001! DI 
0.7699E-OI 
0.1009E 01 
0.226210-02 
0.95IJE-03 
0.1374l!-02 
0.1416E-OZ 

o.OGGoe GO 
O.IIIODI! 03 
O.IIIOOE 03 
0.00001! 00 
cr .001)OE eo 
O.UIODE 0'3 
0.11100E 03 
O.IIIODE 0' 

E-vECTOR 6 

0.75S8E 00 
0.1668e 00 
0.6114JF 00 
0."37110 00 
O.IS6IE-OI 
0.1903E-01 
0.7496E-j)2 
0.1074&;-01 

O.II';lZE 01 
O.1647E 03' 

-0.13bOE 03 
0.2594" OZ 

-0.166\10 al 
-O. 79JZE O~ 
0.I2l7E 02 

-Cl.olI:16E OZ 

INPUT-~ODE COuPL1NG ~ATAtx IN POLAR COORDINATES: 

(,.1752E OZ 
O.5040E 02 
O.~919E OZ' 
C. •• 'II!!! 01 
O.27111! oz 
C.27111E 02 
.... lSlftE Cl! 
O.15111E Ol 

O.I1111! Oz 
C..Z620! 02 
0.3911"1: 02 
C. J:JS"I: 01 
C.1199E 02 
1).11991: OZ­
O.7J5IE Ol 
~.735IE C3 

-O.IIIOOE 0'3 
Il.IIIOOE 03 
O.IHG!! 03 
0.18QOE Cl 

-0.350bE 02 
·0.3S06e 02 
-0.1727E 03 

0.172710 0' 

-O.IIIOOE Ol 
O.llIoaE 0'3 

-0.1110010 03 
-0.11100': 03 
-0.314310 OZ 

0.314 JE OZ 
.0.7113210 02 
-o. TlIllE 02 

0.416C1E 01 
0.2,e6" 0) 
O.IIIJE-il 
0.160"E 08 
O.I.JOf 02 
0.1.36E 02 
0.)2C,,"E CI 
0.1208E 01 

0.llr04E al 
0.3076E 02 
0.2736E OZ 
0.11'" lE 00 
0.15ZùE 02 

0.15"OE CZ 
-o.7719f-01 

0.17191:-01 

-O.IIIOCE 03 
O.IIIOOE 03 
0.IT7?E 03 
O.IIlOOE Dl 
0.401l1E 02 

-0.40831' 02 
-0.1217E 03 

0.121710 03 

0.JS12E-1) 
-0.3146E-IS 
-0.\l72E-14 
-0.05401'-15 

0.141"E al 
-0.103<;E Dl 
-0.231>01::" Ô 1 
O.Z ",OE JI 

VOL fACEI VOL fS 1 
19." 

E-Y"LUES.IMAC. 

0.00 
0.00 
0'.00 
0.00 

-30.96 
30.9& 

-1207.46 
1207.46 

SPEED(~PM, 

100.0 

IIREAK FREQUEHCYC~Z' 

11.011 
.0.;)7 

0.00' 
1.':;' 1 
5.05 
s.a!> 

220 ... 7 
220.A7 

TOAOVEI ... "" 
:U •• r4 

DA"PIH(i 

1.00 
1.00 
I.oe 
1.00 
;.22 
0.2Z 

.49 
001 •• 9 

E-vECTorr :s I!-VECTO~ 4 

0."079E 00 
O.looOI! 01 
O.l715E-01 
0.95<17E 00 
0.1946E-16 
0.S4112E-OI 
O.992QE-t 1 
O.~'II§."E'-15 

O.OOOOE DO 
0.000010 00 
O.I)OO(.E 00 
C.IIIooe 03 
O.OOO.E 0'0 
C.OOOtJ'! 00 
Col BOOf. 03 
O.IBOuE 03 

E-VECTOA 1 

0.9)94E 00 
0.10541::-01 
0. __ ~pE 00 

00l02ZE-01 
0.ll90E-OI 
0.605IlE-OZ 
0.5'1<131::-02 
0.912I1E-OZ 

O.IS~OE 02 
O. J071E OZ 
0.J5;)5E OZ 
0.Z90TE 01 
0,"060E 01 
O,"OOOE 01 
0.15631' 03 
0.15blE 03 

0.7419E 01 
0.J279E CI 
O. <l6?6E 00 
.0 .14~8':-0 1 
O.lAITE co 
D.JAITE 00 
O.7Js4E 02 
O.flc.OE 02 

-0.1676E 03 
-0.la)7E OZ 

O.l;,>OJE oz 
0.1491E 03 

-0.4116QE 02 
-0.157111' 03 
-O.lblOE 03 
-0.lS78E 03 

O.1534E-12 
-O.2037E-12 
-00l7ISE-IZ 
-0.11112E-13 
-0.1693E 03 

0.lb93!': 03 
0.74:1IE 01 

-0.74311' 01 

-0.314IE-13 
-O.IIIOOE 03 
-O.lBOGE 03 
-0.17B4E_11 
-0.1010E 03 

O.l,H"E DJ 
o.rSI'~E OZ 

-0.151-lE 02 

ü.2162E ~, 

0.S231E 00 
Ç.2\9 .. E-C.1 
0.50~E 00 
o. J lO~E 00 
0.ZII3IE-01 
0.5ZI19E-01 
O. 1 Ü 1 4E G 1 

C.III,,:'E ;l 
O.IBOOE Cl 
O.O.c.cE OV 
C;.OI..UE CJ 
o.ooooe 00 
c...te:"CE .:"3 
';.1 BeOE 03 
t'.COilOE 00 

E-VECTOR Il 

o .8194e c.: 
O.los .. e-OI 
0.1I157E co 
0.1022E- .. L 

0.139"E-Ol 
0.60seE-tZ 
C .599)E-('" 
D.912I1E-OZ 

0."27S':: 01 
O.2347E 03 
a.I"26E ';Z 
D.1I08E 01 
O.eC'>IE Dl 
O.l!.O 91E c. 1 
0.21"5E OZ 
0.ZI8SE C2 

0'''''75E (J 

O.OS:J1E-01 
0.60b3E CO 
O.IO.4E(1 
0.5292E-01 
O. S29.?r -t 1 
:.255IE cc 
0.?S5IE 00 

:.167b!! Cl 
0.3037E 02 

-O.IZOlE 02 
-i:.1491E ::'3 

0:.Po60E 02 
';.ltj78E 0): 
C.161uE :l 
0.157/1E 03 

-O.172IE-12 
-0.14116E-13 
-C.2~9.E-12 

-0.1162E-12 
0;7.114" 02 

-t...7&84E .2 
O.17.4E 02 

-0.17 •• E ,,2 

C.0001lE JJ 
-o.leOOE 03 

0.9243E-15 
..... '9771.E-16 

0.1687!'! Ol 
-C.16E'7E Ol 
-é.5l3JE :2 

0.5331' 0;> 

,.. 

" 

.. 

'. 

00 
00 

-', 
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'lS zero! ~howlng that this mode does not appear at aIl ln the speed respons~. 

TIns sItuatIon was fully dlscussed ln Part l, when commenting on the drive 

step re~ponse. l'ihile the explanatlon presentcd thcrc was based on the 

physical arguments, the unobservabil1ty of the monotonlcally Increasing mode 

here b'ecome's\ ObVlOUS, Since the mmf phase angle tj; w~s chas en as one of fhe 

drive statès. Due to this, the lntegrator associated wlth the angle tj; was 

included in the system structure, resultlng ln onc,elgenvalue ut the origin. 

The corresponding elgenvector component, rcflectlng the previously cxplalned 

physical princip les ~ has 'to be zero to decouplc the speed from thls mode and 

thus from a partlcular refercnce frame. Note that this mode lS coupled into 

aIl four motor currents, in agreement wlth the prevlOus dIScussIon. 

The results glven in FIg. 4.14 and Tables 4.4. 4.5 and 4.6 are good 

startlng points in the drIve dynamic analyslS. However, ,the elgenvalue loci 

are insufficient to conclude anything about the drIve practical peifQrmanc~, 

while the eigenvector and couphng matrix resul ts are difflcult to int~ipret. 
The alternative'methods are the study of the drive transfer functlOns or the 

computatIon of the speed time response. 

~ 

STEP 2: The drive transfer functlOns , 

The two transfer functions of interest are: 

1) G1 (5) - Sp'eed-input reference 

2) G2 (s) - Speed-Ioad torque 

These two transfer functions can be obtained ut each operatlng point by 
~..., 

using'the computer results.!ro~,the previous step and the equation (3-32)~ 

- (1i 
1) Speed-input ~ference transfer function 

':', From equation (4-ISd) the spee\ reference signal, V r' .oappears in" 

four drive inputs. Define now"a new vari ble vector [UV]; such that: 

lU] = [UV] cV r 

The torque variations, ôTL, are of course set 

( 4"18) 

zeto. The value of [LN] 

'. 
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components 1S obtûlned from cq\latlon (4-1Sd): \ 
uv A A A a/k (4-19a) 

1 1 3 C C 

UV UV = UV == UV 0 (4-1.9b) 
2 3 4 S 

UV = A A a/k (4-19c) 
6' 3 C C 

UV l/d (4-19d) 
? 

UV = a A (4-19c) 
8 .: : ...... ... 

From equatlons (3-26) and ( 4-15d) the eÀl'ression for the speed is: 

8 mSk hk 1 .... 8 8 m
Sk 

h
kj )' (s) => k U (5) + ! k U, (5) 

S-À 1 ., S-Àk J k-l k j=6 "k-l 

Aft~r dlviding both sid~s by &-VrCs) , the speed-lnput reference transfer 

function is obt ai ned as: 

y(s) 
ôV (5) 

r 

,. 8 
= t 

8 
! 

k=1 

mSk \i 
s- À (uv.) 

k J 
. (4-20) 

If desired, the last expression can be writt'en in the physically realizable 

form, analogous to the equation (4-3) jn Part 1. When the appropriate values 

from Tables 4.4, 4.5 and 4.6 are used in equation (4-20), G1(s) is obtained 

at corresponding operating points. 1ts 6od~ diagrams are displayed in 

Figures 4.1Sb, 4.16b and 4.17b. As expected, the_identical results were , 
obtained from the Lapl~ce transform of the drive state equations. These 

diagrams will be discussed in detail in the next step. 

~) Speed-load.torque transf~T functions 

The load torque appears only in the drive mechanical equation. 

Apply~g equation (3-32) and dividing both sides by ôTL the desired tran5fer 

function i5: 
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, 
J , -

=/.~ 
/ 6T 

L 

:::: 
8 
2: 

k=l 
(4-2 ~J 

I\'hen the resultS from Tables 4.4, 4.5 p.nd 4.6 are inserted into the last 

equat Ion, G zls) lS obtained at correspo,nding operating points. Although . /. 

these results, displayed as" Bode diagl"ams in Fig. 4.18b, 4.19b and 4.20b, 

are adequate ta assess the Influence af a load Dn the drIve speed. the 

additional physical insight 15 obtained by applying the Direct Method. 

The dnve reduced system consists' of contr.oller l and the motor ... 
decoupled electrical system. The decoupled elcctrical system is independent 

, 
of the drive structure and 1S consequently identical to that of the open-loop 

dn ve. Controller l has only one state,' ô1j!, and lS, thcrefore, described by 

a single equation: 

sow ::; (l-a A Ik )n6w A.t.. a cV Ik cc -m -c r c 

Obnously, controiler l has only one pole, placed at the ongln: 

s=zs == 0 

The poles of the reduced system are, tperefore, given by: 

4 
s TI 

j=l 
CS-Z.) :::: 

J 
o 

where z.'s are the eigenvél1ues of the decoup1ed system .. 
J 

From equation (4-13'3 the poles of the sI:eed cohtroller are: 

• 

-l/d 

, 
They obviously do not depend on the drive operating point. 

, . 

(4-23) 

The eigenvalues of the reduced system and speed controller which 
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? . 

BREAK 
OPERATING " FREQUENCY 

POINT ZEROS OF G (s) 
2 

(hz) DAMPING 

z 1/2 = -174. O± j 68. 2 29.75 0.931 

=3/4 = -89.9:!:j329.6 54.39 0.263 

l ïQO !7m 

-r 

:5/6 :: 0 0 -

:7 =< -1175 . .+ 187.1 1. O. 

1 

:: 1/2 -23:.1:!:j78.9 59.0 1 0.94-; = 

:3/4 = - 31. 8:!:J 28.9 Î 21. ~ O.23ï 

800 rpm 
:5/6 = 0 0.0 --
:, = -1175.4 lai.1 1.0 

:1/2 = -259.5±j28.9 4l..56 0.99 

:3/ ..... -4.4±j33.9 5.45 <L128 

100 rpm .. 
%5/6 = 0 , 0 -
%7 lOI -1175.4 187.1 1.0 

•. , 

TABLE 4.7: Zeros of the speed':torque transfer function for the 

constant V/hz closed loop drive calculated by using 
1 

the Direct Method. 

) 

\ 
\ 
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represent the zeros of G (s) are grouped togcther in Table 4.7: 
2 , 

Note that aIl z. 's which correspond to toc electrical decounled 
JI' 

are Idcntica1 ta those obtained for the ~en-loop dr"ve, Tables 4.1, system 

4.2 and 4" 4 . ~ 
USlng Theorem 2. and equatlons (4-22) and ( "3) th speed-torque 

t ransfcr functlon IS: 
4 

s2(s+1/d) n (s-z.) 
J=l J 

Gds) = 
8 

(4-24) 

J T TI (s - \) 
k-=l 

Equation (4-24) IS onl)' another form of the equatlon (4-21) . They both denote 

the same physlcal relationshlp between ~peed and load. 

A few comments can be made regardlng the last expreSSIon: 

1) The near perfe~t cancellatlon of aIl electrlcal elgenvalues and 

Zeros 15 not posslbl e as they now dlffer conslderably, (Tables 4.4, 

4.5, 4.6 and 4.7). This indlcates a strcnger electromechanical 

coupllng of the closed.loop drIve. The correspondlng Bode plots 

Indeed eonftrm -this. Evidently, the slmpllfied form of G
2 
(s), given 

by (3-51) cannot be ·used. 

2) The only caneellation oecurs for the pole and the zero (zs) in the 

origln. They both represent the same eigenvalue which belongs to 

the controller l, and ,,;hich integrates the mmf phase angle lP. This 

eanae1latlon was expected, Slnee the motor speed is independent of 

the reference frame. Consequently, the integrator cannat be present 

in the speed express~on, as discussed in Step 3 of Part 1. This 

unobservabili ty is eVldent in the time domain from thé computer 

:esults ,(TableS 4.4, 4.5 and 4.6), whe~e the corresponding, eigen­

vector eomponent, m
S3

' is zero. Equation (4-24) states the same 

faet ana1yti~a~ly. The identiea1 analytiea1 result woul~ have been 

observed in Part l, had the angle olP b~en made'the drive state. 

3) The second zero (Z6) in the origin represents the integrator of the 

speed controller. 'It provides an infinite around-the-loop de gain 

., . 
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and thus isolates completely the 5tead~ state spccd from the load 

disturbance. (Note that G2(Q)=O). In othcr words, this Integrator 

assures zero steady statenspeed error. Ti:lus, by propcrly changing 
~ \ 

the forward transfer functlOn, Gt(5), one e'nn always- moùlfy the 

output Impedance, G2(S), as dcslred and Vlee versa. This IS a weIl 

knOlm fact ln the desIgn of two port nctworks and eould be applled 

to the desIgn of electrlc drIves, Slnce the DIrect Method provides 

an analytlcal expression for the dr~ve output Impedance. 

4) Out of the seven zeros, thrcc arc Inclcpcndent of the dri vc operatlng 

point. ThIS IS expected' Slnee bath controlQers have a fixed structure. 

It 1S secn from thlS dIScussion that the output Impedance G2(S) 1S 

slgnificantly affected when the speed loop lS' closed. The eHeet of the eon­

troller is best understood by looking at the corresponding step and frequency 

response. 

'. 
STEP 3: Step and frequency response 

ThIS part of the analysis i5 th-e most lnteresting one, Slnce both 

responses give the ultimate understanding of the drive dynamic performance. 

The speed responses to unit steps in the speed refererice V and load 
r 

torque TL are calculated and disp'layed graphically, together with the drive 

f~uency response. As explained -earlier, the step response to any of two 

inputs is obtained in two stages: The modal response is computed first, 

following which the speed is found as the combinatioh of modal states. 

1) Rysponse to a unit step in speed reference 

The motor load is constant and equal to the' rated load ~ From the 

equation· (4-1Sd) the reference ôV appears· In four drive inputs. With a unit 
r 

step in ôV these 1nputs become: 
r 

lu} = llNI 

, whe're the components of (lN] yector are defined br (4-19). 
,-

The Tesponse Qf each modal state ta unit step in ÔV' is given by 
r 

. , 
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equation (3-24): 

t 8 t 

, qk (t) = J e\ Ct-Tl h
k1 

(UV
l 

)d;r + 't J eÀk,(t-'r) 
)=6 

h
k

. (UV. )dT 
J J 

0 0 S· 

k ::: ~ 8 

when solved,this gives: c~ 

8 
ceÀk,t-l)/Àk 

qk Ct) = (\<1 (U\' 1) + '1" h
k

. (UV,)) ... 
j =6 'J J 

(;l-'2S) 

ror the speclal case of the elgenvalue at the origin the last eq!lation 

becomes: 

Equations (3-25) and (3-26) glve the speed response as: 

8 
Y Ct) = ! m • k qk (t ) 

k=1 • 

• 
However. as seen before. the eigenvector cbmponènt ms 3=0, so that the third 

llIOdal state is unobservab le in the speed output. Therefore: 

y(t) = .(4-26) 

The spe~<! response to the unit step in the input reference is cal cu­

lated at ~ach operating point when the appropriate values from Table 4.4, 4.5 

or 4.6 are inserted into the last equation. The res.ults are plotted and 

p~d in Figures 4.1.5a, 4.16a and 4.I?a. The Gl (s) frequency response, 

obtained from equation (4-20),is presented for ,comparison in Figures 4.1Sb, 
l ' ~ ~ ~ 

4.16b and 4 .17b. A brief discussion of these resul ts follows: 

1 
\ - " 

• 
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At 60 h:, th~ speed step response (Fig. 4.15a~as a TIse time of 

1.5 msec. Tne settllng tlme, (±5% of the steady state value), is only 

sllcght1y longer: 2.1 msec. These results represent 2.5% and 2.4% of the 

rèspectlve values for the open-loop drIve and glve a measure of the Improve­

ment ln the speed transient response. The short TIse tlme lS ln a good 

agreement wlth the G1 (5) bandwidth of .approximately ~SO hz (FIg. 4 .1Sb). The 

step response appears as that of a second order system. Th~ overshoot IS less 

than 5%, cOTTespondlng to a gaIn peak of 160 hz (FIg. 4.1Sb). As thlS peak 

lS not very pronouneed, the speed osclllatlons related to i t dIe out qUlckly, 

and are replaced by damped OSCIllatIOns at 50 hz, WhlCh are small and entlrely 

contalned ln the 5% steady state spced band. The speed steady state value 

lS 20 rpm, eorrespondlng ta the G1 (s) de gaIn of 6.4 db. 

At 800 rpm the speed step response 1$ eS5entlally unehanged (FIg. 

4.16a). The dnve bandwldth (FIg. 4.16b), and c-onsequently the rIS€' tlme are 

the sa!lle. The gaIn peak on the Bode plot has- shlfted nol. ta 25 h:, sa that 

the frequene)' of oSClll atlOns ln the step response 15 hal ved. The speed steadr 

state value 1S of course unchanged Slnce the feedback gaIn of 6.4 db 15 con­

stant. 

At 100 rom the speed nse t1me 15 unchanged (FIg. 4 .17a). The over-
/"" 

shoot lS sllghtly larger, but 5t11l less than 7%. It corresponds to a small 

increase of the galn peak ~n the Bode plot (Fl;,g. 4.1ïb).' The 5peed recovers 

from the su!J~equent undershoot asympt6tlcall}, wlthout an)' oSClllatlons In 

this tespect, the operation at 100 rpm lS superlor to those of 1700 and 800 

rpm. Note how mlsleading can be the conelUSlon about 5peed response If based 

on1yon the drIve eigenvalues. The results ln Fig. 4.14 would Indlcate a 

deteriorating dynamlc performance wlth a decrease in the operating speed. 

It lS seen from thlS dIScussion that the speed response is Indeed 

Improved wh~ the feedback loop is closed. The most Important change is 

achleved at the 100 rpm operating point. The conclusion about the performance 

of the constant Vlhz drives is glven in the summary, following the arialysis 

of the speed response to the load disturbance. 

--
2) Speed response to a unIt step ln the load torque 

With a unit step in the load torque the only drive input ïs: 

.. / 
/ 

/ 
." 

'. 
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= 1 

AlI other Inputs are zero, Slncc the speed reference is constant (-A-lSd). 

The modal states are then, from (3-24): 

t 
Àk (t-l) 

q1< (t) Je hk ~ dl k l 8 = = 
1) 

l\'hen solved tllls gives: 

qk Ct) = Ce Àkt - 1) hk/\k (4-27) 

For the speClal case of the elgenvaluE' at the ongin, the th,ad modal state 

be.:omes: 

= 

The speed response lS obta1ned by using equations (3-25) and (3-26). Ho\~ever, 

since the m
S3 

element ln the eigenvecto,r matnx lS zero, the thud modal state, 

(1, (t), lS unobsetveable. Thus: 

8 
y (t) (4-28) 

The last eÀ~ression gives the speed response td the unit step in the torque 

disturbance. The SUJl1 of terms mskhkslÀk defines th~ speed-torque coup1ing in 

the steady state. From the analytic expression for G2 (s), equation (4-24), 

it is obvious that this sum must be zero, due to the integrator in the speed 

controller. Cons,equently, the steady state speed lS independent of the load 

torque. 

When the appropriate values from Tables 4.~, 4.5 and 4.6 are used in 

equation (4-28), the speed response at the corre5ponding operating points 15 

obt~ned and displayed graphically in Fig. 4-18a, 4.19a and 4.20a. The 

frequency response of G
2 

(s) is presented for comparison in Fig. 4 .18b, 4.19b 
-

and 4.20b. 

\ ' 

-, 
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~ben,analyzing the motor speed response to load dlsturbance, one 

has ta keep ln mind that i~ represents a speed error, Slnce the reference, 

V , has not changed. 
r 

Therefore, what is Important ~s not the speed ri se 

tlme but Its peak and flnal values, and its settling time. 

At 1700 rpm the speed response appears dlstinctively underdampep 

(Fig. 4-18a). The maln osci11ating component has a period of 20 msec. 

Howcvcr, ta obtaln a correct plcture, one has to look at the magnitude of 

o 

the speed change. The response shows, that for l N-m step in torque, the 

maximum change ln speed 1S 0.26 rpm. Furthermore, the largest magnitude of 

the main oSClllating component 1S onlr 0.06 rpm. Thus, although the response 

1S u~~erdamped, the speeJ oscillations are so small that they can usually be 

neg1ected. 

~lore InforrnatlOn 1S ava1lable from the correspondlng Bode plot 

(hg. 4.18b). The very attenuated speed-torque coupllng which lS always 

belOl' -30 db explains ~hy the speed response Cerror) lS 50 small. The maln 

oscillatlng component corresponds to the small galn peaY1ng at 55 hz, caused 

by an lmperfeet eancellatlon of the magnetlZlng elgenvalues, Tables 4.4 and 

4.7. The first oscillatlng cycle, start1ng at 2.5 msec., lS caused by a pair 

of conplex conJugate c1genvalues, giving the break frequcncy of 212 hz. The 

same elgenvalue pair deflncs the bandwidth of the G
j 
(s) transfer functlon .. 

Physically, these elgenvalues determlne the rate of change of motor current. 

Since the paIr break frequency 1S so high, the mot or electrlcal torque can' 

rise very fast. For a step input in the reference signal, this means a very 

fast speed respon~e. For a step ln lo~d disturbance this means a limited 

build-up of speed~rror since the electrical torque changes quickly to offset 

any load VariatlOn. Thus, the speed notch at 2.5 m5ec. in Fig. 4.I8a represents 

the reactian of the electrical torque to an increasing speed error. 

The Bode plo~ shows a steady deerease in a de value of G2 (s) as the 

frequency is deereased. The de value beeomes in fact ~ero, due to the 

integrator in the speed controiler (4-24). Consequently, the steady state 

spead error has to go to ,zero. The speed response starts indeed to deerease, 

40 msec. after the disturbance was applied. Since the integrator has a break 

at l hz J i twill take apprOximately 0.48 sec. to reduee the speed to 5% of 

it~ maximum value (The exact time can be obtained from equation (4-28) . .. 

l , 
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The brief summary of this analysis i5: 

1) The oscIllations in the speed response can be tolerated Slnce 

thelr magnitude is minute, not exceeding 0.06 rpm. Furthermore, 

aIl oscIllatIons die out after 80 msec. 
o 

2) " The maximum specd change is less than 0.26 rpm, making the speed 

practjcally Inscnsi ti ve to the l'Ûad disturbance. 

3) The speed error is decreased always to zero due ta an integrator 

in the speed controller. .. 

At 800 rpm the respons~ 15 e5ser.tia11y unchanged (FIg. 4.19a). The 

on1y dlfference 15 ln the frequency of the osclllatlng component, Whlch 15 

no~ at 25 hz, ln agreement wlth the correspondlng gaIn peak on the Bode plot 

(FIg. 4 .19b). AlI other comments made previously, appl)' ta these resul t5. 

At 100 rpm the speed response has only one oscl11atlng cycle, WhlCh 

starts at 2.6 msec. (FI g. 4. 20a). As e:>"1J1ained, i t corresponds ta 'the correc­

tl ve actIon of the motor electrlcal torque. The maximum value of speed change 

15 now 0.326 rpm; 25~ higher th an befare. ThIS Increase IS caused by a 

reduetlon ln the forward gaIn of the motor electrlcal system, ~hlCh occurs 

at lower 5upply frequencles. ThIS reductlon 15 eVldent ln the open-Ioop 

drive, where the Gj (5) de gaIn is decreased by 2.5 db at 5 hz supply frequency 

(figures 4.3b and 4.5b). Note that thi5 decrea5e results in the correspondlng 

increase ln the value of G2(s), figures 4.6b and 4.8b. For closed loop 

drives this reductlon cannot be seen in the forward G
1 
(s), transfer function, 

since it is compensated by the speed controller. How'~er, it still exists 

as demonstrated byan increaS"e of 1-4 db in the G2 (s) magnitude at 100 rpm 

operating point (Figures 4.l8b and 4.20b, 1-4 hz range). Apart from these 

differences, aIl previous comments apply equally to this operating point. 

COhclusion 

The constant V;hz control strategy, applied ta the open-loop drive, 

gi ves good dynamic characteristic for suppl)" frequencies above 10 hz. The-­

speed respo~se i5 fast enough to satisfy most industrial process requirements 
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whlle the sensitlvlty to load disturbances is medIum (~ote that these 

concluslons are made for the motor with a high,rotor windin~ reslstance. 

Squirrel cage motors, nO::ïl1ally used wlth vanable frequency supplles would 

hav~ better elec tromechanlcal coupling and ,thus ~ower speed-torque sensiti V1 ty) . 

Below 10 hz, the open-Ioop drlve exhiblts a decrease in the forward 

loop gain. whlch results in poor speed response and sn increase ln the speed 

senSl tl Vl ty to load varlatlons. Consequent ly, the open-loop operatIon becomes 

unsUltable for aIl but most elementary speed regulatlons in the 0-10 hz range. 

If a better dynamlè performance 15 desned, a closed 100p drive, has 

to be used. ~nen properly compensated It offers the fol1owlng advantages: 
" 

1) The undesirable speed behavlour at low supply frequencles 15 ellml­

nated and the dnve has 'a unlform dynam1c charactenstIc over the 

whole 0 - 60 hz range. In addItIon to th1S, It can be shown that 

the G1(s) transfer functlon bandwldth changes very 11ttle with the 

load. For examplc, at the 800 rpm operatlng point, 1t~varl;s from 

220 h z at 20%, to 205 h:: at 220% 0 f the rat ed 1 oa~i. Thi s means that 

the speed response IS practlcally independent of the oper~ting 
pOInt. 

The speed response 15 more than fort y times faster tnan ln the open-

100p drive. 

3) The speed has beeome practically insensltlve to the load pertur­

batlons. 

These results indicate that the closed 100p, constant V/hz control 
~ 

lS theoretically capable of giving a very high ,performance drive. In practice, 

three factors will limit the drive bandwidth and thus the speed of response: 

1) The need to filter the high f equency noise ln the speed feedback 

signal. 

2) The need ta limit the slip speed sa that the maximum motor torque 

is nat exceeded. 

3) The bandwidth pf the drive power 50 ree'. 

More is said about these limitations i Chapter V. 

\ 

• 
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4.3 Constan't slip speed control. 

DrIve DescrIption 

It was demonstrated in Chapter II that the motor output torque 

depends llnearly on the sl1p speed and quadratically on the airgap flux. 

103 

This sectIon di5cusses a drive IV'here the 'sl1p speed is appr?xl.mately constant. 

The output torque is controlled by the àlrgap flux Cie., appll~d voltage), 

whlle the motor speed IS regulated by the applled frequency. thIS means that 

the motor voltage and frequency do not fom atly fixed relatlonshlp, as ln the 

constant V/h: drIves, but are ~aniFulated lndependently 

The constant SlIP speed drIve IS presented ln FIg. 4.21, where 

-\3=n/k
t

, :1 belng t:1e nùIllber of pole ;:laIrs wl1l1e \ 15 the tachogenerator 

constant. -\lI other pOher ele:nents are assurned to '1ave unIt Y transfer 

functlons. , 

The lTIVerter :requenc)' T'ererence lS obta:ned bv addl:l& a ?:reset sIL? 

speed to the ac:ual motor speed. ThlS th en agsures constant SIL? speed 

operatIon. 

The reference Input, V , determlnes the applled motor voltage and, 
r 

thus, the alrgap flux and the motor electrlcal torque. ThIS torq~e interacts 

via sl1p speed Wl. th the applied frequency and, therefore, controis the motor 

speed. The limiting element prevents sudden large changes in the motor voltage. 

To illustrate this principle, ~onsIder a drive operation at w
1 

rad/sec. 

and a constant load. If the input reference i5 now changed ta requ~st w2 

rad/sec., hhere w2 '> w1P the speed e~ror e = w
2 

- w
1 

is created, the motor 

vol tage is increased, resulting in a higher elec'trical torque and the Dlotor 

starts ta accelerate. The increase in the motor speed drives the inverter 

output frequency up, 50 that a constant slip speed i5 maintained. If the -speed 
, 

error e is large enough, the element L will saturate. As the motor speed 

increases, the speed error decreases and the limiter L eventually cames out 

of saturation. Wi th e E!! 0 the motor has arri ved at a new, w 2' operating point, 

which has the same slip speed as before. 

A similar analysis can be made fOr a deceleration request or for load 

variations with the speed reference constant. Note that in thi5 latter case 

. ' 
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frequency wlll change during the transient, 50 as to preserve 

slip steed, èut w~ll assume the same steady state value it had 

l~ad perturbition. Thus, the speed is maintained solely by the 

d'lange in the motor voltage. In this respect, the operation is similar "to 

that of constant frequency, varIable voltage induction motors. It IS 111u5-

trated in Fig. 4.22 using mot~r static torque-speed curves. 

" 

Fig. 4.22: 

SPEED 

/ 

Traj"ec1;-Ory ot operatin~/point with • 
~~. /-'" 

chap.~·ing load: .Onl~rf!ne motor voltage 
,/ ~1? 

is changed tO.Jlâl.ntain the constant 

speed w ~;he load 1S incr-eased. The m v 

steady .sfat~alue of slip' speed is the 

same.lor each'bperating point CA, S, or C). 
<. 1 

\ 
One can see that if motor stable operation is desired, it is essentlal 

1 

that the vol tage loop be faster th~ the posi ti ve feedback frequency loop,' 
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Cont~oller design 

Before analyzing the drive dynannc behavlOur, it 15 ne7essary to 

deterrnfne the structure of its speed control1er. ThlS is done by consldering 

the drive open loop frequency response. 1 f the vol,tage loop is broken at 

point A, Fig. 4.21, wi th signal y b~ing the input and speed being the output, 

the feedback' equations are: \ 

v = y 

lfuen perturbed, these equatlons become: 

t ') (4-29a) ... 
~ 

~ 

cV = é'l~;? (4-29l» , 

where the al ready defined value for the gain A was ' us ed and where the new 
i 3 

state <SV! represents the change in the ph'ase angl e of the airgap mmf vector, as 

d~fined in Fig. 3.1. i 

"'hen the last twO equa~ions are combined with the basic motor equations 

(3-10) and (3-11) the open-loop drive equations are: 

\ 

[P ] X = [Qol X + U 
0 

(4-30) 

where. 
~ 

[LI "-0 0 

p " -= 0 JT 0 
" 0-

(4-3la) 

0 0 1 . 
<c 

j 

... 

) -

1 
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o 

v 

o 
(4-31b) 

o 

o 

The desired open-Ioop frequency response lS obtained by app1ying equatlon 

(3-30) to equation (4-30), witl'\ the constant, rated Ioad. The results at four 
'. 

operatlng pOln~~ (1700, 800, 400 and 100 rpm) are plotted ln Figures 4.23a, h, 

c and d. Here, an exceptlon is made in presentlng four operating pOlnts in 

order to illustrat.e the pronounced change ln the drive dynamics as the operating 

speed lS changed. 
The fo11owing conclusions are made from the drive open-1oop response: 

1) A very pron~unced decrease, followed by peaking ln the Icop gain 
-. ~ .... - ~ ..... 
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Flg. 4.23a. Frequency response of the open loop systew at 1700 rpm. 
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requlres n controller with compen5atlng network. 

2) The frequency at which the drecrease 1n the loop baIn occurs, 

3) 

. cbanges wlth the motor speed. Thus J any at tempt to smooth i tout 

with phase lead or Inverted twln-T networks at one operatlng point 

wi 11 only accentuate the gain peahng at another. Consider, for 

example, thnt the controller is chosen ta compensate the drIve at 

1700 rpm (FIg. 4 .23a). The resultlTIg controller gain peaking ln 

10-20 hz region wIll then only add to the al ready existlng gaIn 

peak at 400 rpm operatIng pOInt (FIg. 4.23c). 

Canslderlng fl;...ed structure controllers, the only cholce left is 

ta attenuate Suf~lclently aIl gaIn peaks br uSlng a phase-lag 

netl\'ork W1 th 101\' contra 11er ~a1n. ObVlously, thlS wIll eut Slgnl­

flcantly the dnve closed loop bandwidth. 

As the result of thlS dlScusslon~. the controller transfer function 

15 chosen as: 

The numerical values are: 

k "" 3.1416; 
c 

A 
c 

Cl +a5) 
2 

5/k +1 
c 

5 

a = 0.08; 

(4-32) 

A = k Ik 
c c t 

1 
The control1er consists of the double phase-lag network, 1 (two real poles at 

1.83 hz, giving an additionai - 40 db roll-off), integrator:with the break 

at 0.5 hz (k = 3.1416) and the gain A which results in the unit y around the 
c 

loop gaIn. 

The contraller structure 1S given in Fig. 4.24; it should be 

consider~d in the conteKt of Fig. 4.21. 

With the contrailer specified, drIve close loop equations can be 

established. If the three controller states are defined in the standard way, 

as the outputs of the integrators in Fig. 4.23, the control 1er state èquations 

';-",7", ---"----.-
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are: 

x A x (4- 33a) 
7 C e 

x x fa x la (4- 33b) 
8 9 8 

X9 cV la k OW la - X9/ a l4-33c) r t m 

5Ince e = cV - k 6w 
r t m 

The controller output Y, represent1ng thè 1nverter voltage reference 1S: 

0)' x + x fk 
7 8 t 

(4- 34 ) 

\\nen the dnve loop equatlon (4-30) lS comblned wlth controller equatlons 

(4-33) and (4-34), the constant SlIP speed, closed loop drIve from FIg. 4 21 

lS descnbed by: 

. 
[Pl X :::: [Ql X + U 

The last eq~at1on defines the dnve state A and Input a matrices as: 

[A] :::: [PI - l [Q] (4-36a) 

_ l 

[BJ [Pl (4- 36 b) 

where 

[L] - l 0 0 o 0 0 

0 I/JT 
'0 000 

0 0 1 o ,,0 0 

[ pl - l = (4-37a) 

0 0 0 1 o o 

0 0 0 o 1 , 0 

0 0 0 a o 1 
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·1 
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11.2 

-L (the 4 x 4 matrl~ L lS deflned by equatlon 3-15). 

-R-n~G-r. F -nGI "(6 V l/k~ al m c l. , 

n l ~éi (G-I·i.}T) -f 0 0 0 0 1 
T 

0 n 0 0 0 a 
Q (4- 3 7b) 

0 0 0 0 A a 
c 

0 0 0 0 -lia lia 

0 - ~ la t 
O· (1 0 -1/a 

(4-31b) . 

The upp~r 6 x 6 submatri~ ln (4-37b) 15 the matrlx Qo' defined by 

The elements 1 and l/k appear ln the flrst row of thelr cor;ès­
t 

pondlng 4 x l column vectors, aIl other remalnlng entrles belng zero. 

• 

The Input vector ln (4-35) 15: 

u = 

a 

-oT 'L 

a 

o 

a 

ôV la 
r 

The first element in (4-37c) represents a 4 x 1 zero vector. 

... 

(4-37c) 

Having established the drive state equations, the analysis of 

selected operatlng pOInts, (l700, 800 and 100 rpm) will be performed through\ 
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the steps alre~dy outl1ned: 

STEP 1: Eigenvalues, eigenveetors and input-mode eoupllng matrix 

The drive 15 stud1ed at rated load and three differcnt operating 

speeds. The computer results are presented ln Tables 4.8, 4.9 and 4.10. The 

eigenvalue lOCI for a larger .number of operatlng pOInts and rated load are 

presented ln FIg. 4.25. The effeet of the load change lS shoron by a separate 

locus at each operatlng pOInt (FIg. 4.25). 

As explained earlLer, the elgenvalue lOCI permIt only the concluslon 

that the system IS stable. The lOCI do not provide the InformatIon how stable 

lt lS, ho'" SenSitIve It lS to load and reference Input changes or gcnerally, 

what lS the drlve dynanllc perforr.;ancc. The answers to thesc questIons can be 

obtalned from the Input-mode and modal matrIces. but they are not easlly lnter­

preteè ln the case of hlgh arder system::" when presented ln an 1 solated forn 

as Tables 4.8,4.9 and 4.10 However, the resul ts obtalned ln thlS step can 

be used ta calcul~te eltner the drIve transfer functlons or Its tlme response 

wInch are bath easl-ly understood. 

l) 

.2) 

They are 

4.8, 4.9 

1) 

STEP 2: 't'he drive transfer functlons 

The two transfer functions of interest are: 

G1(s): the speed-Input reference 

G
2
(s): the speed-load torque 

obtained by applylng the equations (3-32) ta the results in Tables 

and 4.10. 

The sEeed-inEut reference tran5fer flffictlon 

From-equation (4-37c) the speeq reference signal V appears in only 
r 

one d~ive Input, u9Ct). Applying equations (3-32) and dividing both sides 

with V J the desired transfer function i5 obtained 
r 

rill­
aV (5) 

r 
= 

9 
L 

k:cl 

~ 
mSk \9 
a(s-Îlk) 

as: 

(4-38) 
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"O~OA DRIve 1rt~" CDNS~A"T SLIP SP~~D CONTROL 

OPERATINC POINT VAL~5: "RE OUENCY' Hl' 
60.00 

YDL'AGECVOLrSI 
121. S 

OPEAATING POINT CVARENTS: E-VALUES.REAL 

-19.67 
E-YAL\1ES.I"'.G. 

0.00 STArOR 1 15.67 
STATOR 2 -9.89 
ROrOR -16.02 
AorOR 2 1.7.3 

2 
3 

• 
5 
6 
7 

8 

9 

-2.90 
0.00 

-J.OS 
-J.OS 

-170.31 
-170.31 
-91.70 
-91.70 

E-vECTOAS IN POL"R COORDIN"TES' 

E-YECTOA 1 
0.e161~ 00 O.leOOE 03 
O.IC.OtE,}1 O.UOOE Ol 
0."06ZE 00 
C.II.lE 01 
C.59Z~E " .. 
1;.595910-01 
0.269_E or;, 
O.IIIJf>E 00 

,D ..... ?95E Cé 

O.OOOOE 00 
O.OCCOE 00 
il.OO~(!E 00 
0.1800E Dl 
0.00::1010 00 
0.18~OE al 
O.OOOOE 00 

E"-YECTOA 5 
o .5l1lE \oow 

O.8Z7IE oc 
C. 7575E-C 1 
0.1I36SE ". 
\ieI8Z]E 0' 
0.5262E-,,1 

(.7963E -:z 
0.762o\E 02 

-0.1I556E oz 
-". 1 ~29E Cll 
-0.3875E oz 

0.7732E OZ 
a.lce8E oc -;.35951: OZ 
0.1~~2E 00 -0.1520! 01 
0.9611E-Cl 0.1766E Dl 

E-YECTOR Z 
0.6191E 00 O.OOOO! 00 
~.IOO~E 01 O.OOOO! 00 
0.1160E 00 
0.10:!5E 01 
0.9271E-C,1 
0.6190E-01 
0.170.E 00 
C.7~~JE-vl 

O.5764E-Ol 

00l800E OJ 
O.IIIOOE 01 
~.IIIÙC.E (,3 

O.OOOOE 00 
O.lIlOOE 01 
, • .-Oûç.F vU 
O.OOOOE 00 

E-VfCTon b 

O.78ZZE ~v -(.I~C8~ oz 
O.6~96e 00 -O.108.~ 0) 
0.7962E oc O.16ISE 0' 
~.71115E CC C.7091~ OZ 
0.9.6JE-01 0.1418f OJ 
0.IC50f-"2 -0.S111E 02 
O.Q~7~E-v5 ~.AI6ZE ~2 

0.Z.1I6E-Ol -o. 79Z.E 02 
0.3352E-OZ O.1211E 03 

INPur-MOOE COUPLING NATAIX I~ POLAq COORUINA1ES: 

0.1286E ~I v.6wJ.E~11 

o.I-SIE "Z l.2078E-11 
0.7211~E-12 -0.1229E Dl 
~.IIS7E ~2 -,.60~8E 02 
0.IIS7~ 02 0.60CsE 02 
0.96J7E ~2 0.1070E 0] 
O.9b~TE OZ -~.lu70~ Ol 
D.18b1E al 0.lse7E Dl 
0.1861E .J -0.1567E Ol 

O.b9JCE ~I -u •• O~.E-14 
Go .8CJ69E (2 

0.412IE-11 
C,.717ZE :Z 
0.717ZE "Z 
;)''?l''E 02 

- .... 83Gl3E-lo\ 
o .1199E 0 l 

-C,.57AGE oz 
0.S1SCE "2 
C.S860E 02 

D.121Re ,Z -u.6860E 02 
O.I~~3E CZ -Ool216E Dl 
,.IZ.JE C;2 0.IZ76E 01 

~ •• S90E 00 -0.1800È OJ 
O.eOIIE ~c -~.IACOE Q] 
O.72~)E-12 -0.179?E 01 
0.IS14E 01 o.S~.'E 02 
O.IS14E LI -v.56.rE 02 
O.A50èE ~2 -O.1651~ 03 
O.II~OèE 02 0.lb51E OJ 
O.IAZIE C,l ~.681bE 02 
O.lftZIE Dl -0.6816E 02 

O.SIOlE 01 -O.11Q7E-12 
~.610_E ~2 -~.1'82E-12 

O.IS67E OZ -0.lSI5E-Il 
O •• A~bE CZ -O.S90~E 02 
O.4S80E .. 2 ~.SQ6~E C2 
0.10.2E 01 -0 •• Z10f al 
0.1:.2t ùl Q._,,7bE 01 
O.11_7E v3 -C.J~~le oz 
0.114710 01 O.lbRIE OZ 

j.. 

0.00 
C.OO 
6.21 

-6.22 
-Sq.Oq 

S?OQ 
J38.20 

-.) 'A. 20 

E-YECTOn 1 

0.6312E 00 O.OOOOE 00 
O.IOOOE 01 O.C~O}E 00 
O.1104E 00 
0.102?E 01 
O.:'IIOE-IS 
O.t>)I'IE-OI 
O.lJM1E-Oo\ 
,,.2409E-19 
0.6328(-17 

O.I!\O'E 01 
O.lanOE 03 
0.18C.E 01 
O.COvùE 00 
O.OOOOE 00 
O.('<~"E 0:> 
0.18JOE 01 

E-YECIO~ 7 

Q.782ZE 00 o.I~06E 02 
O.69~bC 00 C.loe.~ 03 
O.7?62E 00 -O.161Sé OJ 
0.1165E 0) -O.lèQIE OZ 
0.9'6JE-01 -~.141!\E 01 
O.IOSOE-OZ O.57J'E 02 
O.qJ1~E-05 -=.61~2E 02 
O.2.~6E-03 C.792~E 02 
O.3JSlE-02 -0.12IJE 03 

O.IOq?( OZ -0.1600E 0) 
0.1 )01 ( 0' -O. IIIJ 1 E 0 J 
O.40?4E-11 O.Ba72E 01 
0.1041E 01 0.1201E 03 
tl.I •• IE '1 -0.17.1E ~J 
O.I~QPl 01 -0.146?E 01 
o.IAoeE 01 0.146'E 0) 

0.S405f 02 J.7Z]IE 02 
0.S40SE 02 -O.72JIE OZ 

0.1121E 00 -C.18UDE OJ 
o.e,..T~E 01 .(j.I"J::E. 0:1 

o.qqrSE 01 -O.9Z.'è-15 
O.?Aql~ 01 -O.1762E Dl 
0.2~?IE 01 0.1762E 0) 
O.Qlllf OJ -O.??I?' 02 
0.Q1Jll O~ O.~212E az 
1).91?rr OJ O.,;,,,Z( 02 
O.~lq7~ 00 -O.~}~lF 02 

SPfEOCRP", 
1 100.0 

eREA~ FREOUEN(TCHZI 
3.16 
0.46 
0.00 
1.10 
1 .10 

26.6'1 

78.6? 
55.71 
55.77 

I:-YEcrOq 4 

0.5032E 00 -0.7geJ! 02 
0.~27IE 00 -0.76Z4E 02 
O.7515é-01 0.6~S6E 02 
0.AJb5E 00 0.I029E 03 
O.182~~ 00 O.3P75E 02 
0.5Z62E-OI -0.771ZE 02 
O.IOO~E 00 J.~595E oz 
0.1_6~E tO O.IS2CE Dl 
0.'>61)[-01 -0.174&E 01 

E-YECTOq e 
O.71Z~~ 00 -O.t~7q~ 03 
O.7~2~E 00 -O.37Q\E 02 
O.6~1QE 00 O.SJ72E 02 
0.6859E DO O.14JAE 03 
0"ù77~-01 0.121bE 03 
0.Z127E-Ol 0.1840E OZ 
~.47]'E-06 -0.7964E 01 
0.252110-04 O.9121E 02 
0.7a05~-Ol -O.1596E 01 

0.Z172f 01 0.18COE 03 
O.2~40E 02 O.IBOOE 03 
C.117SE-IZ -0.160IE 03 
0.16J6é 02 0.IIS4E 03 
O.lbJ6E 02 -0.IIS4E OJ 
O.ZOIJE 01 -Q.617bE OZ 
0.201R 03 0.6176E oz 
O.S~~CE OZ -O.9~7JE ~I 

O.5~vOE 02 O.957JE 01 

0.SJ29E 00 -o.leoo: Ol 
C.46~BE u~ O.lROOE 03 
0.5ZSIL 01 0.\673E-14 
O.JJJOE 01 -0.1204E 0) 
O.JJjJE 01 0.12;.E 03 
O.2JJ'E al -O.~JI~E 02 
O.2~J4E 01 O.9l1RE OZ 
0.IQ)9E ~I 0.S~JZE .. 2 
O.191~t 01 -o.sSOlE C2 

TOROUECN'" 
17.56 

OANPING 
1.00 
\.00 
1.00 , ... 
c.o\. 

t.9" 
(,.9' 
\, .2'6-
0.26 

I!:-VECTO~ 

E-YE<' reH> 9 
O.71Z5E CO O.1?79E ""3 
v.7C25E CO 0.3791E-2 
C.697~E uC -~.~372E Z 
O.6BS9E 00 -O.I"J6E -] 
O •• 07rE-CI -;).1236~ 'J 

0.2327E-03 -~.16.0E -2 
O •• 7,J.,.e--06 O.7964e "1 
0.2521[-0. -J.912IE -2 
O.7C~~E-03 O.1596E 3 

0.90-11!: OC ù.1395f-·1 
O.5999E 00 0.180eE , 
~.szs,E ~I ~.263.E-'_ 

O.161~E 01 -O.I~,eE ~3 

O.Jb7BE 01 O.ISleE ~J 

:.15,91: (fil 0.66]C( "2 
C.15~QE 00 -O.66JOf ~2 

•• 6<.J71E-1r,. 1 - ••• AlbE -2 

J.6?77E-01 J •• nI6( "? 

~ 

~ .... 
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TABLE 4.9 

MOTO~ DQlvE WlTH CONSTANT SLIP SPEED CONTROL 

OPE~ATfNG POINT VALUES: FREOUENCY 1 Hl' 
30.00 

VOLTAr.E(VOLTS' 
~'5.-' 

OPERA'ING pOINT CUR~ENTS: E-V_LlJt:S.AEAL f-VALUES.I""G. 
0.00 STATOR 1 15.86 

STATOR 2 -9.59 
ROlOR 
ROTOR 2 

-16.05 
1.0112' 

2. 

4 

5 

6 
7 
8 
<> 

.. 
-21.45 
-2.46 
-(,.00 
-J.41 
-1.41 

-41.16 
-41.76 

-ZI8.31 
-218 .. 31 

E-yE~TORS IN POLAR COOROINATES; 

E-IIECTOR 1 
0.9200E 1.1. 
O.I'ODE 01 
O.4935E Cu 

D.116C.E DI 
C..6586E C.D 
D.SM 7E-1.1 

.... 1800E OJ 
O.II'OOE OJ 
O.OOOOE 00 
D.DOCOE 00 
O.OOOOE 00 
O. UOCE 03 

O.IISCE CO ~O.OOeOE 00 
~ •• ~Q7E ~~ D.IBOO~ 03 
O.J5B9E ... v ~.OGOOE 00 

E-YEcrOR 5 
O •• 60Ge oc O.8363E 02 
o.e~3~E Le O.7692E 02 
D.46CIE-Ol -0.5164E v2 
0.B212E 00 -O.IOITE 03 
0.2S"E ~ ... -O.JIJJE 02 
0.5212E-"1 0.7911E 02 
~.769Je-CI -0.1054e 02 
~.114IE ~~ -J.1210e ~] 
C.1177E 00 -0.1662E 03 

E-vEcrOR Z 
0.6104E 00 ~.1800E 01 
D.IOOOE 01 'O.leOOE Dl 
O.90113IE-OI 
O.I014E ul 
0.T770E-OI 
0.6J17E-OI 
O.lS-'SE C\.. 
O.57S0E-OI 
o .4e.19E-OI 

O.OOOOE 00 
O.~OC~E 0 .. 
O.OOOOE 00 
Ool800E Dl 
O.uOoûE UIJ 
0.180eE 01 
OoillOOE 0] 

. E-VfCTOR 6 
0.<>S84E 00 -Q.9QOOE 02 
0.9J63C 00 -0.17Sq~ 01 
0.9662E ct v.94ZSE 02 
0.91)SE 00 -0.1710E 0] 
~.127BE OC C.16b,E 01 
O.11\34E-~Z 

O. "4Z7E-0'·: 
0.51'IE-03 

!;.511_IE 02 
O. ,HII/~ 02 
0"41bC 03 

O.Se.OIE-OZ -0.1160E ~3 

tNPUJ-MOOE COUPLItIG MATRI)( IN POLAIl COOIlDI .... Tf"C;: 

0.J4~2E DI C.llbIE-ll 
O~1183~ 02 -o.teQOe 03 
ù.Z149E-11 -U.17B6E 03 
0.1126E ~2 -0.4517~ 02 
~.1126E CZ ~.4SI7E~-

0.791/2E (;,2 -0.1771& 03 
0.79~2E CZ 0.1771E 0) 
~.2154E Cl ~.91IJE ~2 

O.2154E ~$ -~.91IJE vl 

O.9~86E 01 O.f056E-13 
~.3'8IE ~2 -O.1800E 03 
O.1740E-11 -J.1799E 03 
0.J621E 02 -0.4Ib8E 02 
~.36'lE v2 ~.416eE 02 
C.12A3e ~2 -Q.l~6.E 03 
0.IZI\3E C2 0.1064F 03 
C.?IJ5E w2 _.74~.,~"2 

".2IJ5E ~2 -C.74è2E vi' 

0.1076E ~I -0.180.E 03 
O._ ••• E 00 O.J~b?Ë-10 

J.SbIRE-li' D.lS4IE OZ 
0.170bE 01 b.6664E oz 
0.170bE 01 -0.6664E 01 
0.74ZRE Ci' O.8<)21E 07 
0.74ZBE OZ -O.B~llE 02 
C.1947E OJ 0.1751E Dl 
O.I~'7E 03 -0.17SIE 03 

O.~227E II -u.~b5~E-13 
0.ZOS7E 02 O.IROO~ 03 
0.15R&E OZ O.14BUE-I' 
0.19~oE 02 -O.'~~tE C2 
O.II/I/CE 02 0.4J~OE 02 
O.6JbnE 02 -O.18ZvE OZ 
O.bO~I\F ~7 C.I~70= 02 
J.q~v~~ 02 -t.2JA_= 02 
O.l/b)'~E 02 C.?J~'E O? 

0.00 
C' .0,," 
'1 .. 15 

-0.15 
112.9'1 

-1 J2 .'19 

-7' ."2 
7 .... 92 

E-VECTOR , 
0.60'''E 0) 
O.IODOE 01 
0.997/1E-OI 
O.I .• d2E 01 
0.1 1 Q ~(- 1 7 

o·bJOn-OI 
O.IJ7QE-05 
O.Q.?6?f:.-I ~ 

0.5~0IE-lr 

Q.JOOJI! 00 
a.aOOOE 00 
O.lfIlOOE" 03 

O.18():;E 0.1 
O.IAOOfOJ 
O.OOOOE 00 
O.:JOJE DJ 
a.aoaaE 00 

O.IBooE 03 

E-VECTOl< 1 
G.9S~'E 00 O.?OOOE oz 
O.93f>]E 00 O.11S9E 01 
0.Qb6ZE 00 -O • .,4ZSE 02 
O.qJ]~EOO O.1770E03 
O.IZ1~t 00 -O.lb64E 03 
0.16]OE-'2 - •• ~QOIE QZ 
0.2427E-OO -o. H19E oz 
O.Slolt-O' -0.IOI6l OJ 
O.~601E-l2 v.llbJE 03 

O.I)SIE 02 D.IBJ;.!!: Dl 
0.5106E OZ C.o"TE-IJ 
O.125AE-ll (, .. 2?~'j.E 01 

0.~?2IE 02 O.IJS9E 01 
0.4'1ZIE 02 -0.1 )56[. Dl 
0.4JbeE 02 Ool172E Dl 
0.4J6RE OZ -0.1\17E 0] 

0.2172E 03 -0.IZ/l6E 01 
0.2172t 03 00\266E 01 

O.25~7E o~ -~.I~J~E JJ 
O.~3J2C 01 O.OOOOE 00 

O.lvO?( 02 ~.466?E-15 

O.19?OE 01 -O.I?~~E 0] 
0.11/1/1/" 01 0.1~56E Dl 
O.QQJvt. 00 
o .<J'.JJJE 0 .... 

Oolbl Tl': 01 
0."17: 01 

0 .. 7'>"?~ 02 
-0.7S0?E Q2 
-0.1 07~E 01 

O.IOrBE 01 

S"EEO('t""1 
/100.0 

6REAK FQfQUENCYIHZI 
.1.73 
OoJQ 
0.00 
1.55 
1.5S 

22.18 
22.16 
]6.1] 
36.73 

E-vECTOR 4 
0.460CE 00 -O.6]6JE 02 
o.eJJOE 00 -0.T692E 02 
O.460IE-Ot O.SI6.E 02 
0.8Z12E 00 0.1.17E 0) 

O.2~40E 00 O.JIJJE 02 
0.5212(-01 -0.79111E O~ 

c.rr,?':\t:-Ol C.I,S'E 02 
O.tl.l~ 00 O.1210E 03 
O. Il nE 00 00l662E 03 

E-VECTOq 8 
O.7~4Q~ 00 -O.5JJIE OZ 
0.6171E 00 -0.1'77E 01 
O.TIOJE 00 0.1262E 03 
0.645)E 00 a.)lb7E Cl 
0.b60Il-01 0.107ZE 0] 
0.57ZCE-OJ -0.9171E OZ 
0.Z9Z7E-OS 0.4~20E OZ 
0.1027l-0l -O.112AE 0] 
O.119QE-C2 0.8723E C2 

0.3'J'iE 01 a.looeE CJ 
0.QZ8QE 01 -0.19]5E-11 
0.1e.~7E-11 -o.loze~ 02 
O • .,12SE CI O.IZT~( 03 
0.912SE 01 -0.1270E 0] 
0.4S65E 02 O.44JOE 02 
O.4S65E 02 -O.4410~ 02 
0.2350E 03 -0.019IE 02 
0.23S0E 01 0.4791e OZ 

O.9~)lE ~o -O.16)CE 03 

0.118SE 01 O.O:O'E 00 
0.~114E 01 0.5SS0E-14 
O.ZQ70l 01 -0.1'9IE ~l 
0.2?70E 01 O.I)QIE 03 
0.l115E 01 O.T?ZOE 02 
O.211SE 01 -D.7'/ZeE ~2 

O.J';Zlt 01 -0.IOR6€ Dl 

O,]')Zlt 01 0.IO~6E 03 

• TO'tOUE (N'" 

17.56 

OA"PING 
1 .00 
I.OJ 
1.00 

"'.35 
0.35 
0.)0 
",.)0 

O.QS 
;:.95 

(-VECTOR 

I!'-Vt;.CTOJt 9 
û.7~49E ~C O.53JIE -2 
O.6J72f 00 0.1011E ~3 

O.7J03~ 00 -O.1262E ~3 

J.645)E GO -.).1167E "Z 

Q.6b~IE-01 -0.\:72E "J 
~ • 57 Z' E -.: J JO 91 71 E "2 
O.Z921E-CS -J.4020E "2 
0.102 7E - 0 3 O. 1 1 2 eE .] 
'.1799E-02 -J.8123e #2 

,01 1 J3E .; 1 
Jol07SI!: 01 
0.5J14E 01 
~.2879E CI 
:.287QE 01 

-O.2177E-' J 

0.SO"E-'4 
0.'1I5bE-'4 

-".154 JE "3 
0.154 JE '1 

C.194ZE 00 -O.Z321E ~2 

,.190ZE"f :.2J2IE-1 
O.ZOICE 00 0.5IJ"E ·z 
0.201:( 00 -O.SI.lBE 

..... ..... 
tri 
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TABLe 4,10 

"OTOR DRIVE WITH CONSTANT SLIP SPEEO CONTROL 

OPERATING POINT VALU~S: FAEOUENCYIHZI 
6.67 

YOLt .... ElvOLTSI 
Il.~ 

OPERArlNG POINT CURRENTS: E-V"LUES.REAL 
-Je.49 

E-VALueS.rMAC. 

0.00 STATO~ 1 16.T~ 

STATO~ ~ -7.IIS 
AOIOA 1 -16.11 
ROTOR 2 -0.29 

1 
2 
J 
4 

S 
6 
7 

e 
9 

-2.24 
0.00 

-6.l9 
-6.39 
-2.03 
-2.03 

-2.7.65 
-247.65 

E-YECTOAS IN POLAR (OORDINATES: 

- E-VECTOR 1 
O.I~(wE 01 O.OOCO~ DO 
0.6626E;v O.OO~DE DO 
0.1I50BE 00 D.IIIOOE 03 
li. 7811 E 
0.6S.J9E c. .. 
O.Jl?I'E-'1 
Co. 123SE-t. 1 

0.7224'E-OI 
D.IS02E OC 

Ool800E Dl 
'G.IIIOOE 03 
O.OOCOE 00 
O.UCOE lil 
O.OOOOE 00 
O.IIIIIOE 03 

E-VECTOR 5 
0.3834E Cw O.lb~6E Dl 
O.9ISIIE 00 -0.174SE 01 
~.117~E ~~ -C.147IE 01 
~.82J4E ~u O.24ftSE 00 
O.4341E O~ -O.b41SE 02 
~.5J87E-JI -0.1175E 03 
o.SltorE-OI -~.1126E Dl 
O.1264E CO -0.19a7E 02 
v.16l9" .,. , ,. 48Z9E "2 

E-VEcroq 2 
D.4TITE DO 
O.IODeE 01 
0,,410E-OI 
0.9615E 00 
0.#;6S5E-01 
0.:>9JIE-01 
0.1384P ~t 

0.4120f-OI 
0.38f3E-01 

O.IIlOOE 03 
O.IIlOOE OJ 
o.lnoOE Ol 
tl.OOOOE 00 
O.OOOOE 00 
O.IIIOO!!: 03 
O.OOOO!': 00 
O.IIlOOE OJ 
O.IBOOE OJ 

E-VeCTOll 6 

0.7203E 00 -a.60114!!: OZ 
0.7121E 00 -0.14111E 03 
0.4747E 00 0.lIl2JE 02 
O.&S69E uO 
O.2322E 00 
o. t .Jq.E-r.l 

0.21116E-u2 
0.142I1E-01 
... 3976E-I.' 

0.2S32E 01 
O.1732E 03 

-0.9J3IE OZ 
-C.IZB3E 03 

O.llezE 03 
C..65T2E C2 

I~PUT-MOOE COUPL1NC MATAIX IN POLAR coonOINAr~s: 

w.2156E '2 ~.18'CE u3 
0.IIC3E CZ D.18~OE 03 
0.64C4E-IZ O.16~lE 03 
'.1664E u2 -~.916qE 02 
0.lb64E 02 0.9169E 02 
O.l200E COZ -0.Z1SSE 02 
~.12.CE ~2 v.27~E 02 
0.IBS4E 03 D.II12E Dl 
0.18~4e ".l -0.11.J2E Dl 

C.186bE ~2 -:.IBGCE 03 
~.9S4BE ~I D.IBOOE Dl 
0.4C72E-12 
c".1339E 1tJ2 
e;.1.l19'e (;2 
-'O.l(.IE '1 
~.b)b\E .\ 
0.1l?7E 02 

0.2E114E DI 
-~.9b4IE 02 

O.9641E 02 
-0.9fl97E OZ 
~.9697E (,2 
D.lluE: Dl 

0.ll~1E cZ -O.1144E 03 

O.45RlE 01 0.1600E OJ 
O.142JE 00 O.IIIOOE 03 
O.66S3E-12 O.~B8Je 01 
O.IQ)7E 01 -v.172IE 02 
O.19J7E 01 0.IT2IE 02 
O.104~E 02 0.?S2JE 02 
0.104SE (,2 -C.952JE ~2 

O.1906E 03 O.IT9IE 03 
0.IQ06e 03 -0.179IE 03 

O.36WIE 01 O.OOOO! 00 
O.1959E 01 g.OOOOE 00 
o~llI'eE 02 -0.I092E-IJ 
0.3'16E CI 0.9615! 02 
O.3716E ,. -O.Q615E G2 
O.96~f\E 01 -O.lTllE ""'OJ 

0.9"9"E LI , ... ITIJE (,J 

O.?l64[ 02 -0.100IlE 01 
0.2Jb4C 02 0.7006E 01 

C.O~ 

0.00 
-14..7<> ._.7Q 
-:3"'.2'5, 

J J .2S 
-26.6' 
7~.67 

E-VECTOA 3 
Q.46T9E 00 O.OOOOE 00 
O.IOOOE 01 O.OOOjE 00 
0.1715E-01 0.000)[ 00 
0.95Q7E 00 O.IIIOOE 01 
0.A:>6SE-17 
O.'5'l56E-OI 
0.40IZE-06 
0.4';'2 JE-ZO 
00\220E-I" 

O.OOOOE 00 
Q.;OO_E O~ 

O.OOOOE 00 
O.OOOJ!! 00 
O.IOOOE al 

e-~ECTOQ 7 
0.7203E 00 0.60~4E 02 
0.T121E OJ O.14111E 03 
0.4747E 00 -O.elZJE 02 
Q.oe69E 00 -C.2532E al 
O.2J22€ OJ -~.17~2E O~ 

0.IJ?4E-OI a.9JJIE 02 
O.Z~16E-02 0.126J[ Ol 
0.1426E-OI -0.13eZE 03 
0.]97~E-01 -0.657?E 02 

O.I~IJE 02 0.56JZE-14 
0.7734' 01 -O.bllllE-ll 
0.Q576E-12 -O.17J7E OJ 
O.I042E 02 o.e.e~E 02 
0.lù4ZE OZ -0.R~85E 02 
0.9~J7E 01 0.44bOf OZ 
O.9~)7E DI -0.4460E 02 
O.IOOOE 01 -0.7IJ2E OZ 
O.IBOOE 03 O.7132E 02 

O.IObOE 01 -0.2250e-14 
O.0510E 01 O.OOOOE 00 
O.IOb9E 02 -0.?1'4E-14 
0.17RRE 01 a.lI6'E 02 
O.17fH'E 01 

O.hl4?"E 00 
Oor,20E 00 
0.12'lOE 01 
O.I,qQE 01 

-C .. "167E 02 

Oo6-;QOE 02 
-~.6o;~4F. 02 
-Ci.72'lIE OZ 

O.7291E 02 

SPEEOI~P'" 

100.0 

eAEA~ F~EOUE~ÇY(HZ' 

6.13 
0.36 
0.00 
2.56 
2.56 
S.3:) 
5.;'0 

19.64 
39.64 

E-VECTOq 4 

0.lll34E 00 -0.1666E 03 
0.915BE 00 0.174SE al 
0.1373[ 00 0.1471E 01 
O.BZ04E 00 -0.24B5E 00 
O.4J_r~ 00 0.1I415E 02 
~.5367E-Ol O.1775E G3 
0.SI62~-01 0.1326E 03 
0.IZ64E 00 0.1927E 02 
~.1619E co -0.4RZ9E C2 

E-veCTun n 
0.7.70E 00 -0.6785E oz 
0.629~E 00 0.1611E Cl 
0.7511E 00 0.9213E 02 
O.~3~q~ 00 -O.IB98E 02 
O.6374E-OI O.BI36E ~2 
0.:>116E-03 -O.IO_BE 03 
0.224JE-OS 0.6ZZ9E C2 
O.A490E-~4 -O.1116E Cl 
O.I~OTE-02 0.7491E 02 

0.495JE 01 -O.Z416E-12 
o.JlooE 01 -0.3BB7E-ll 
O.1416E-12 -O.ISI:>E 
O.o1II401112€ 01 
0.444210 01 

O'O'''E CIl 
0.8477E 01 

O.7193!: 

-0 .7J91E 
(,.9610E 

-0.9016E 

03 
02 
02 
02 
02 

O.1980E Ol -O •• ~OIE 01 
0.1geoe 03 O.ObRIE 01 

o.,o~oe 01 -0.R425E-14 
0.1'i60E 01 -O.2313E-Il 
0.~625E 01 -0.7127E-14 
0.J~05E 01 -0.1315E 02 
0.3~.5E 01 O.1315E 02 
0.1'4~e 01 O.-;»)BE vz 
OolZ48E 01 -0.5~ l!'E 02 
O.2A~7E 01 -0.7]I~E OZ 
0.2e07~ 01 O.7Jl6E 02 

l> 

TORoUEt .... ' 
17.!;6 

O .... PI .... 
1.00 
1. 00 
1.00 
0.40 
~ •• Q 

0.06 
0.06 
,.99 
0.9'9 

E-vECTOR 

E-VECTOA 9 
0.7470E 00 o.eTIISE -Z 
:.62~SE (C -C.161IE ~3 

0.7SII! 00 -C.9213E ~2 

0.6349E 00 
C. 6,374e-.o;: 1 

0.511 IIE-03 
0.2Z-3(-05 

0.1 A99E "2 
-;".I!H3BE "'2 

0.104eE ~J 

-O. 0229E ~2 

•• 8_9'E-~4 ~.II)IIE·3 

0.11I07E-02 -0.749IE ., 

0.1453!! 01 0.1-8C"E ~3 

0.1901E al 0.4256E-·4 
" •• '562SE CI ~. 76J6E-'5 
~276ee 01 0.54.IE-Z 
:. 7'681: Dl -O.S4&IE #'02 

~.. -e t~ ~.12ZQE-J 

0.407 00 -0.1229E °l 

C.14BJE'~ _~.ICi~4E :J 
•• 14"JE v_~.I._4E ] 

" 

;'t.:,. 

.. 

>-' ..... 
0'0 

\ 
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The last equatlon can be wntten ln the physlcally reali:able form, by 

brouplng together the compli4 con]ugate pairs, in the' same way as in equatlon 

(4-3). 

'iote that 5th row, 3rd column elemertt (Le.) 'mS]) ln the elgenvector 

matnx is always :ero (comput:er resulôs, Step À), thus; découplmg the speed 
.' 

from the lntegrator assoClated wlth _the phase- angle 5~, Fl g. 3.1. This is in 

agreement \-llth the prevlous discussion. 

hnen the appropnate values from Tables 4.8, 4.9 and 4.10 are used . 

ln equatlon (4-38), the speed-speed reference transfer functlons are obtained 

a: cor:::espondlng operatlilg pOlnts. Theu Bode plots are presented ln hg. 

4.26b, 04.2ïb and ·L~8b. 'tt.e same plc:s could nave been obtalned by 

applpng equat::,o;1 (3-30) w:th t:1e ::1put U9 (s). 

l\1wn evaluaterj ln the context of the open loop !'esults (Fi~. 4. ::3), 

t!J.ese plou sho ... tne attenuatlon cf the ga:.n peaks (::0 - 40 h: range) by the 

phase-lag compensatlng nehork. The full d:'Scusslon of the dn 'le frequenc~' 

response 1$ presented later, together lOi th the analysls of :!1e speed tlme 

reSDonse. . , 
:::) The speed-load torque transfer functwn 

The load torque appears on ly in the mechanical eq.uatlon. ApplYlng 

(3-32) and diVl.ding bath sldes by OT L the desired transfer function 15: 

9 mSk hks 
~ 

k=l 5 - \ 
~'2 (s) = \ (4-39) 

• .. 
If the approeriate values from the computer results (Step 1), are inserted 

~nto the last equatiorr, Go (s) is obtained at corresponding drive op'era'ting 
L ~ 

pOIntS. Its Bode plots are presented in Fig. 4.29b, 4.30b and 4.3lb. These 

resul ts are sufficient to assess ~he speed-load interaction. However, an 

addItional inSlght into this interaction is obtained by calculatmg anal)'tically 

(he zeros of G2 (s). using the Direct Method. 

!he drive reduced system is represented by (4-30), after the mechanclal 

equation is taken out. The reduced system has five eigenvalues. Of these, four 

belong ta the decoupled electrical system. Since they do not depend on the 

.t • Il .. ':I.'\. \... ~ 
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dnve struéture, the)' are l.dentrcal to those calcu1ated ln thé constant V/hz 

dnves (Table 4.7) and are given in Table 4.11 only for comparlson. The 

flfth elgenva1ue is located in the' ongin and represents the integrator which 

15, assoCluted w{th the l/llllf vector phase angle (Fig. 3.1). Thus, the 

characteTlstlc equatlon of the reduced system IS: 

D (s) 
r 

4 
s TI 

]'=1 

The speed controller .has . 
ObVlously, none of these 

speed control 1er and the 

OPERATING 

(5 - Z ) 
J 

three el~envalue5, deternllned by equatlon (~2). 

depend on the operatlng pOInt. The eigenva1ues of 

reduced system are grouped together ln Table 4.11. 

. REDUCED SYSTEM SPEED CONTROLLER 

BREAK BREAK 

the 

POIl'\T ZEROS FREQ. DAMPING ZEROS FREQ. DAMPING 

1700 

800 

100 

:'1/{"-174.0±J68.2 294. ~5 0.931 k. 6/7 = -~ = -12 . 5 1. 98 1.0 

rpm Z3/ .. ~-89. 9±] 329. 6 54.39 0.263 ;:8=0 0 -

Z 5 = 0 0 -

, 
1 

zl/:t"-232.l±] 78.9 39.0 0.947 Z&/7=-- =-12.5 1 :98 1.0 a . 

rpm z3; .. =-31.8±j 130.5 21.4 0.237 Z8=0 0 -
, 

Z5=0 0 -

Zl/2.= -259: 5±j 28.9 41.56 0.99 1 1. 98 Z6/7=--a =-12.5 -
i 

rpm Z 3/ .. =- 4. 4tj, 3~. 9 "'{ 5.45 0.128 Z8=~ 0 -. 
, 

Z5=O 0 -

1) , 

'Table 4.11: 

'--.. 

Zeros of the sfeed-t:"I-q~ transfer functiôn for th~ '. 

. 

.\ . 

" 
~ '>} ~ 

constant slip speed 'drive calculated by using thé'-

Dnect Method. ~' 

, 
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G i (S) .- 14-4]) 

One zero 3t the ongln ""111 cancel the thlrd clge;1\'a]ue, )3' TlllS cancel­

latlon dccouplcs the srecd ""rom the mmf phase angle IntegratoT, as discussecl 

ear11er The other zero ~t t~e orlgln renresents the sneed control 1er 1nte-
" t' r 

gratar ",hH,h dn ves the sjJC'eJ s!:cady st3~e erraI' to cero In other words, 

th15 lntt:gr:nor assures ::('ro \Je \,.tlue of C è (s), thus Jecoupllng the steady 

s:ate s~eed From t~c load to~quc 51nce the fOIlY elgeilvalues of thé' Jecoup1ed 

e1ectTlca1 system lIe "' .. :11 above tne cont,o]lcl' banu"ldth. tne, arc \ery llttle 

5~Tturhed "hen the ~peed feedback 15 c1os~J Th\15, tÎl( four el cct Tl cal po] cs 

() 5 - ,~) are almost the 3arne rtS fOdr elcctrlcal ::eros \.=. - =4)' Tables ..\ S, 

·1 9, 4 10 :ln cl 4. l 1 Consequcntl~. sorne Dole-:ero cance11atloll 1-.111 occur, as 

\\'1 tncs5cd b) the transfer functlon Bode dl.agrams (FIg, 4 ,29b, -î 30h and 

4 31b). ThlS means that the elec:trorncchanlcal couplln.Ç ISo weaJ.. glvlng pOOT 

spced regulatlon. 

nc),t step. 

5TH 3: 

Further dlscus~lon of thesc results IS contl~ued ln the 

/ 
5Deed ste? and'frequency response 

ThIS po.rt of the an:llysls glves the best lnslght into the drIve 

tranSlent performance. 

As before, the speed response lS calculated flrst for a unit step 

change ln the lnput reference"'V , at rated load and then for a un1t step 
r 

change ln the load torque Wl th V constant. The resul ts are dlsplayed 
r 

graphlcally together with the correspondlng drIve frequency response. 

Fqllowlng the al~eady establlshed procedure, the speed response 15 

obtalned ln two stages: 

~ Modal response to a step Input 

2~ Speed responsc as a comblnation of modal states . 

. ~------------------------------------------------~.--.--- --- -
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1 Flg. 4.26b: Frequency response of speed-input reference 

transfer function at 1700 rpm. 
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1) Rcsponse to a unIt step in the Input reference 
i 

---From equatlon (4-3ïc), the Input referen~gnal V appears only 
~ r 

ln the last Input, us(t). If the unit stej1---rn-V
r 

is applled, the response 

of each modal state i s glven by {3- 24 l as: 

t 

qk(t) = I c\, (t-Tl (hk,,/a)dT k. 1 .. , 9 

when solved, the 13st cquatlon glves' 

(4-42) 

For the speClal case of the cIgcnvalue ln the ongln, the last equatlon 

becomes: 

q 3 (t) 

The speed response 15 obtalned bl' uSlng (3-25) and (3-26) 

9 
y(t} = ~ 

k=1 
k~3 

(4 - 4 3) 

The last eq~~~ gives the speed rcsponse to a unIt step ln the Input 

reference. This1response can be calculated for each operatlng pOInt by 

uSlng the approppate values from Tables 4 . .j, 4.9 and 4.10. The obtained 

results are presented graphically in Figures 4.26a, 4.27a and 4.28a. The 

GleS) frequency re:ponse, obtained from equatlon (4-38) is given for 

comparison in Figures 4.26b, 4.27b'and 4.28b. 

A brief discussion of these results follows: 

At the 1700 !pm operat~g point, the drIve exhlbits a lS.8%\overshoot 

(Fig. 4.26a). The rise and settllng (±5%) tImes are 255 msec. and 800 .msec. 

respectively. The speed response is very slow, in agreement wIth'the narrow 

bandwidth of 1.3 hz, obtained on the Bode diagram (Fig. 4.26b). The slope, 

"' ..... __ ..... t ____ -- ~ -..,.---------~--- .. -
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of the tlffiC rcs?o,,:-;e cune ut t = 0+ 1S very small, corre~pondlng to hlgh 

systE.nl order at 11 1 bh frequenCles, as j nc,l1cated by the -60 db slope on the 

Bode plot. 

The specd stcady stute error ~~ ultlmCltely zero, duc to the contral-

1er lntcgratür. However, the dr~ve narrOh band\\'ldth d8\ÔS not permIt fast 

enough hlllidup of the elcctncal torque and the speed takes more than 1.4 

sec. to reach Hs stcady state value. 

At"tsOO l'pm, the dnve beha\'Cs ess('nt1ally ln the same way (hg. 

4. 27a). The oYcrshoot 15 no!,' 10. g"" The flse and settllng times are 195 

r.1SCC and 515 mscc. respectl'.cl)", ln ~greemei1t \\ltn the larger band .... ldth cf 

l 9 h:: l r 1 g. 4.2 7b) . 

pOInt. 

AlI o~..,cr commcnts appl) ('qudlly well to thls opcrating 

~\ 

At 100 rpm, the dYlve glves the fastest spcc.:d response (fIg. 4.28a), 

correspondlng to the slgnlflcantly Incrcascd bélncilodth, WhlCh lS no .... · at :; h:: 

{FIg . ..t ::?8bJ The lntcgrator Ir the speed controller starts to act after 

0.319 sec., pulllng the speed ur to ItS stcadv state \'aiue of 20 rpm. \\lth­

out tnc Integrator, the speeu fInal valut' would be much lower (as 1 t \\as H, 

the open Ioon, constant \'(hz dnve at 5 h: operatln~ pOInt). The reason for 

thlS lS theloss ln the gain of the dr::.\e for".1rd tl'ansfer furlcoon GI(S), 

as seen on the Bode plot wht're the gaIn starts to decrease fram 0.2 hz. 
po 

Slnce the speed approaches lts Elnal value 'wlthout the overshoot, 

relylng entHely on the Integrator, the settllng tIme lS very long: 900 

!l'.sec. 

The lntegrator ac 1;10n expialns "'hy the speed never exceeds j ts steady 

state value although the correspondlng break point on "the Bode dlagram 15 

underdamped. 

SummaTlZlng the step response results, the domInant charactenst1c 

15 a very slow response, slower ev en than in the open loop, constant V/hz 
'" 

dT! ve. The speed oscillations are not too pronounced, al though the settling 

U tlmes are very long. Above aU, the drive dynam1c performance changes Wl th 

the operating 5peed. 

2) 

1 

, 

Response to the umt step ln the load torque 

Since the Input retè.renc't, V , 1S constant, an)' change in the 
. \ r 

1" 
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output represents 3 speeJ error. The rcspoflsC of each modal state ta unIt 

change ln torqùe, WhlCh Jppears only ln the w.cchanical equatlo.n, 15 o~talned 

from (3- 24) as: 

qk(tJ = J c Àk(t-T) 
\5 d1 J... = 9 

a 

",hen sol ved, the last equatlon gives: 

. 
qk Ct ) = Àk t 

1 ) \/Àk {4-44) (c -

For the spcCl.a1 case of thL' elgenvalue ln the ong1n, the last equatlon 

becomes' 

From equatlons (3-25), (3-21'1) and (4-44) the speed response lS 

y(t) (4 - 4S) 

The speed response to the wu t change ln the load torque 15 obtalned at each , 
opera~lng point,by Insertlng the approprlate values fram Tables 4 8, 4.9 and 

4.10 Into equatlon (4-45). The resul t5 are graphlcally presented ln Flg. 

4.29a) 4.30a and 4.3la. The Bode diagrams of tne drive output Impedance, 

G
2

(s), are glven for comparlson ln Figures 4.29b, 4.30b and 4.31b. The speed 

response at each operating point lS dlscussed briefly. 

At 1700 rpm, the speed response (i.e., error) reaches ItS maximum 

value of 25 rpm, 250 msec. after the load dlsturbance \·;as appiled (Fig. 4. 29a) . 

ThIS result}lndicates a strong speed sensitivity to the. load fl\lctuations. 

thIS cornes as / a consequence of a narrow bandwldth ln the forward transfer 

i 
«.. < 

function, GIS), which does not permit a fast bUlld-up of the motor ,.. . 
electrical t rque. This torque nses t~o slowly to block effectlvely the 

Il 

speed devla ion from the value requested by the lnput reference J V . 
r 

..-

-

Thu~ 

,mm", 111, ..... ,. 
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the speed error has tlme ta grow and rench 1tS large value of 25 rpm, before 

the electrlcal torque starts actIng. It 1S clear From the expresslon for 

G
2

(s),cquatlon (4-41), that thlS error 10.'111 be reduced to zero. Ho,,'ever, 

l t takes 1.27 sec. ~o bring lt below 1.25 rpm or 590 of l ts maximum value. 

The frcquenq' response, FIg. 4. 2gb, ~nflTIns the step response 

l'esul ts 

.'\t 800 rpm, the sarne commcnts 3pply to thlS operatlng pOInt (Fig. 

4. 30a). Due to the sll~ht Il' larger band\o,'1dth of the G. (s) t ransfer funct Ion 

(hg. 4.27b), the electrical torque can change faster and the maumum speed 

error 1S thu:, reduced: ,16 rrJ;1 at 170 m./ec. \\~nlle tIns rcpresents a phv;;1ca1 

e"\-planatlon, the effed of the lurgPT band\üdth lS easIly understood br 
1 . ,\ ' 

companng the tloiO Bode plots, FIgures 4.29b and'4 30b. The maXlInum gain of 

the dn \'e output Impedance 15 no ... reduced From 13 db at l h:: to 9 6 db at 

1.':; h: 

At 100 rom as tbe band\\'ldth of Gl (S) transfcr functlon 15 further 

Increased (Fig. 4 28b) the m~L\lmurr, value of G2 (s) IS agaln decreased (F.lg. 

4.31b), mahlng the 5peed less sensltlve to the load dlsturbance (FIg 4.31a). 

The mapr,l,lTII speed errar lS no ... less than 7 rpm, at 75 msec. The subsequent 

oscIllatlons ln the speed are caused by the Incomplete cancellation of poles 

... and zeros ln the speed-torque transfer functlOn. Note ~hat tNO poles of 

G2 (s) occur at 5.3 hz, wlth very low damping of 0.061, (Table 4.10), whl1e 

the two correspondlng zeros are located at 5.45 hi'. wlth the damplng of 0.128 

(Table 4.11). 

Il 

ConclUSIon 

• 
The results .btalned show that the constant SlIP speed control glves 

poor dynamlc performancre. The explanation for this is found ln the ~hape of 

the dn ve open loop frequency response, WhlCh calls for a speed controller 

''tflat necessanly gi ves a narrow bandwldth, low ga\n drIve. Consequently, 

the speed respon6e is slow, slower even than for the open loop, constant 

{1hz drive. The speed IS very sensItive ta load fluctuations. However, .. 
the most important fact 1S that the drive performalce changes wHh the 

operatlng pOInt. ... 
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The results obt:llncd hcre determlne the theoretlcal, u~rcr hmlt 

of .1:.11(' dnve dynamlc performanct'. Several factors, not Includcd ln this 

dynar.uc study \011 lmpose adJltlOnal llml ts on the constant slip speed 

strdtcg)'. One, for example, 15 the magnetic saturatlon of Hon. As seen 

ln Cr,apter II, an)' rcyucst for large e1ectrlcal torques, 10 Ur push the flux 

Inta saturatIon, rcsu1twg ln further detcrloratlon of the dnve performance. 

Anothcr hml tatl0n cornes from the fact that the onve power suppl)' 

does not have unIt)' transfer functlon, as consldered ln thlS chapter, but 

sorne, fimte bandwldth. Tlns llmltatlon WIll be felt ln the constant slIp 

speed drIves more than ln the others, Slnce her" the frcquency 100]1 contalns 
7 : \ 

a pOSl t 1 ve feedbad so that the vol tage loor has ta be faster ln order to 

avoid Ihstablllty Howevcr, the Inverter frequency control lS, ln general, 

nus means that the constant SllP strategy 

a 510\\ one, WI th further àec\case ln the 

faster t~n l ts vol tage control 

subJugates a fast control Ioop to 

dynamlc performance 

4 4 Constant alrgap fIuÀ control 

As seen ln Charter II the motor torque can be controlled elt~er by 

contTolhng the sllp speed DT the airgap flux. It was fur'ther seen that fOT 

the constant flux operation, the s10pe of the motor statlC torque- speed 

curves is constant and independent of the supply frequency. It will be 

demonstrated ln thlS sectIon that the constant flux control resu1ts ln 

superior dynami c du vc performance. t 

There are basically three methods by WhlCh the constant flux strategy 

can be Implemented: 33 

.,1) The dIrect measurement of the airgap flux, by for example, Hall 

type probes. The signal obtalned is com~ared W~ th the pres et ,. 

desired flux level. Any error acts to change the voltage applled 

ta the motor and, thus, modIfIes the mot~ current~. ThIS scheme 

'has been proposed by a number of authors. 26,27, 3 ~1':: It i 5 concep­

tua1ly most stralght forward, resulting in operatIon wIth truly 

constant flux. However, thIS scheme requIres specially bUllt 

( 
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statOeS, "lth Hall probes lllstalled. 

Tie cO;;Jpensatlon or" the stator \olt:l~e drop, as used .dl the 

Slemens Trans\'cctor dn':es.eo,Bl ln thlS scheme, the ::-,otor voltage 

... ,Ç~ :It an}' tl:ne of two components: one, WhlCh 1:3 equal ~o 

the stato:- vol tag-= drop and the other, WhlCh detennnes the flow 

of motor magnetl::1ng cur1'ent and, thu5, the level of the airgap 

flux. The dlfflcultv hc'!'e lies ln the need to sense both the 

stator cu:-rent a:1d l tS phase a:151e Wl th respect to the a?pll.ed 

voltage. TIns l.~ necessar; 1.f proper co:!'penS3.tlon of the stato:, 

voltage d:-op 1S èeslred, Slnce :;,e th'O com?o~ents 0:: the appl1eè 

voltage are swn.l1ed \'ecto1'1311\.' The 3.SS0Clatea cont1'oller, :!1t;S, 
.1 ' 

becomes \'E:ry lr:\Ol\'CC, l.lt!lOU: .Çl\lng an)' advantagè ove::: élrlves 

the stat0T cur,ent 1S ;;:ade of 

t.\.o lnèepen"e:l: .:or'\iJonents l,h::':'1 represen: ,espe::l·,e:!.: :!1e n",&-

netl:lng and roto:, .:ur:"ents, If the fl:'5t '::'::lmponen: ::..< chose" ta 

gl\'e a desl::,ed flu, le\(.l a: :10 loaà, .... illle tne ~heT :5 ;nade 

dependent on the s11p speec!, :ne Jnve \o,ll~ o~)(::,ate \\":h at:?To':l-

mately constant ;r,ugn.:!':.1.:1:<g ;:l...rrent. The :i:rgar flw: \0,111 not 

be exact 1)-" constant Slnce the :wo components are not summed 

vectorially . • However, 1 t ln Il be shawn that thc-se small fl U), 

vG1riations can be useà to ln':::rease the r.loto!" effiClency. ThlS 

scheme has been proposed by Phllllpsse and ~!agg. 06 R>'ecently, lt 

has received conslderable att.entlon by othe!" authors as well,s2,63 

Due to the space limtatums onl}' one schene for constant flux 

operation can be dlscussed here. The choice is tnen betlVeen the vol tage 

con;:rol with the airgap flux measurement and .current coîÎtrol \'lth the slIp 

speed me~surement. The Transvector scheme (principle 2) appears ta be tOQ 

complex, Wl.tfout offering a, superlor drive performance. 

1'.1nle the constant flux strategy lS best represented by the ditec~­

flux measurement, the very small augap in induction 'motoTs makes the 

installation of Hall probes somewhat difflcult. ThiS lS speClally true 

when the motor is subjected to intensive vIbrations, as ln r111h'ay applic.ltlons 
4:. 
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• 
SIn,'\.' th~' currcnt IcgulateJ mcthod Invol\'c~ "lmrle~' InstrWllCntiltlon ilnd SIne.: 

It hJ', )~[,ll\.·Lltcd dn IncreasC'o Interee,t, It 1" <;e]cctC'o to rcpresent" ::he con­

;,Clnt éllrg,ljl flux qr3tc~: ln thl" <;tuoy 

" 

DrIve descrIptlo~' 

, 
fhe -::urrent regulatcd dnve 1S pre;,entcd ln FIg. 4.32 . .... Ac:; ln 

pre\lous drIve structures, the power supply has a transfe~ functIon of one. 

Tht upper Input, l , ~Ives then dIrectl) the motor Input current whllc the 
s 

output of the A3 ~rnpllflrr IS e~ual to :he motor Input frequency. 

To understand the drIve operatIon, cons1der flrst the motor runnlng 

,at lt!:> synchranaus speed, Slnce tne sIgnaIs 11 and y~ arc zero, the motor 

Input current l IS equal ta the deslr~d rnagnctl:lng current l , as 'deter-
S m 

Ti11I1Cl! b) the refcrencc Input V1" 

If the motor load 15 nOh Incrcased, sorne SlIP speed ~lll be ucvelopeJ. 

One rccalls From equatlan (2-2) that the rotQr current depends on the motor 

511 P :;recel 'J. anü tl,e il1\gap fI U\ <i' . 
5 

\ 

~l w ~ wMI 
~ 

s ::; m 
r R R

2 

The output, YI' of the speed controllcr 1S proportIanal to the sl1p speed 

) = 
~ 

W 
3 

u..s 1 A. 3 

If the baH A 1S selected ta be. 

vthe sIgnal Y2 becomes equal,to t e r~tor current, I.e., 

/' 

.'~ l'" 

,. 

• 

... _.~ ... ~"" ..... --_. -_._-~-~ .. ----:-..,---------

, '-
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'nus mean-; tha t, as 300n as the load l s app11ed anù the s"ll P speed 1S 
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'devc 1 opcd, the 51 gnal Y 2' rcprcsent Ing the rotor current l , l S addcd to the 
r 

.Jldgnetlzlng currcnt lm' detcrmlned b)" the Input refcrcnce Vifl' The result1ng 

'ilgnal 1') the l'nput I-nto the regulélted CUlTent supply ~lndl ùetermlnes, 
, 

thcrefore, the motor Input current. In thlS way the stator current J 15 .. s 
o.l,,'ays the swn of the.constant magnetlZlng curren~ (\'<jJ) a~\t the varylng 

rotor current (Y). 
2 

Slnee the swnmatlon of these t"o eurrents lS not \,eetonal, the 

s"rator current v.'lll-be ln fa ct larger théin thJt neeessary to produce the 
~ 

deslred flux and load torque. Thus, the motor WIll tend to operate 10.'1 th Un 

Inereasllig flux as the load lS 1nereased and eventua\ly to saturate. ThIS 
~ 

ean be pr(!vented br se leet Ing the gaIn A l 50 that the rated fl U)., 15 reached 
\ 

only at the rated laad. Any further Increase ln the load "Ill sllgh'tl} 

strengthcn the flu~and, thus, stlffen the torque-speed eharactenstlc 

OperatIons below rated load wIIl'cause Slight decrease ln flux and, thus, .. ImprO\e the motor efflClenc)' ln thlS range, by reduClng the magnetlz'lng 

lasses 
~ 

Note that the Al black contalns the absol ute val ued funet;ton, Since 

the request for rotor eurrent, Y 2' has ta bc ah.ays pOSItIve, even when the 

5peed error e changes ItS Sign durlng the motor braklng operatIon. 

The drIve fecdbacL equation5 füllOl~ nov.' directl)' from FIt;. 4 32. 

l 
5 

ùJ 

= 

=nw +AY 
ID 3 1 

where 1 15 the stator current pel' phase and A3= n/k . 
s t 

A5sumlng that the des\red flux level wIll not change durlng motor 

operation, the perturbed feedback equations are: 

61 
5 

( 4-46a) 
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== néw + A 6r m 3 1 
(4-46b) 

wherc th var lable ~4J rcpresents, as before, the change ln the phase angle 

ol the n:mf ve.:tor éFIg. 3.1) 

The 'le,t step ln the derlvatlon of the dnve equatlons IS to relate 

the change of the stator ph~se current l , to the change of motor currents 
~ s 

\ 

ln t.he synchr6nous reference fralne. Thesc currents are gnen by the same 

transformations WhlCh were used to obta1n ~tor voltages, AppendlX li. For 

the Y-connected motor, the equations are: 

à 

S 
l 

"( 

S 
l . 

o 

l cos((w - w )t + ~) 
s c 

l ~ n ((w - W )t + ex) 
sc' 

(4-47a) 

(4-4ïb) 

~herc w and w are the supply frequenc} and the speed of the reference 
c 

frame. respectIvely. If w = w the angle ex deflnes the posItion of the 
c • 

rotatlng mmf vector wlth respect ta the y-aus. Slnce the stator cu'l'rcnts' 

are the Inputs, one can choose tnls angle ta be :ero. Thus, in the stead)' 

sfate, the rotatlng mmf vector cOlnCld~s wIth the y-aXIs and the total alYgap 

flux 1S produced by the y-current onl)'. If now the magmtude of the stator 

phase current land ItS frequeney w are perturbeJ, the last two eq4atlons s 
beeome: 

rS + 01 S = (1 + 61 ) cos (~ + 6~) 
"( "( S 5 

(1 + 61 ) sin (1/; + 6\j!) 
s 5 

where 

! 
and 

ct = ôwt 

The speed of the reference frame, w = D lS not perturbed. c c 
If D = ne and the 'last two equations are developed while approximat1ng 

( , 
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co~ 6~ ~ 1 and sin 6~ ~ 6~, and neglectlng the cross products of the per­
IS> 

turbed v:lnab l es.., the result IS' 

0, 
s 

(4-48a) 

j 
. s 

'ô 1 6 

, 1 

(4-48b) 

-
These 'two equatlons glve a clear Inslgh: lnto the current-fleld ;lnteractlon: 

'" Slnce ln the steady state, the mmf vector Iles along the y -aXIS, an Increase 

ln the 'r -current strengthens the' Dlrgap field, equatlOn (4-48a). If the 

motor suppl}' frequenc)' lS changed, the curr~nt along 6 -axIs starts to rlse 

froli1 1 ts zero steady state value. fohIng the mmf vector to leave ItS pOSI tlOn 

a.ong the Y-axIs and, therefore, to change ItS speed. ThIS process 15 very 

sIml1ar tp that for the voltage control1ed motor, FIg. 3.1. 

Havlng establlshed thls fra~e~ork, the drIve equatlons are now 

consldered. Th~baslc motor IS descnbed bl' the matrlX equatlon (3-10). In 

the regu1ated current dnve the s/ator y and 8 currents (XI and x 2) are no 

longer the dn ve vanables but become the Indepcndent Inputs. Thereforc, 

the flrst two rm,'s ln equatlon (3~lO) can be deleted. If the remaining 

equat19n IS rewrltten 50 that aIl inputs appear on the rlght hand slde, the 

drive equatlon becomes: 

l 

nMI 2 -nMI I -f -J P T T 

X 4 :;; 

X 5 

-M 
P 

o XI 

o Xz (4-49) 

where Xl' x 2 and TL are the drive inputs while x 3 ' x 4 and Xs are the drive 

states, deJlTIed by equation (3-l1a). If èquatlons (4-46), (4-48) and (4-49) ,. 
were combined one would ob taIn the' drIve state equation wlth OY I ard 6TL 

as the drIve inputs. However, such ~quation would contaln the derivatives 

of the Input 6Y 1" In order to obialn a standard State space formulatIon, 

where aIl dynamics are confined to the system variables, one.has to deflne 

'" 
'. 

1 
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XL + l I-loljJ/Lo 
~ s ' 

(4-S0a) 

f 

1 (4-50b) 

For the s-à"e of. umforml ty, denote the states of speed and phase angle as: 

X 
30 

X 
4 G 

now +~ éY m ,3 1 
('4-50cl 

(4-50d) 

Whcn equatlons {4-46), (..1-48). (4-49) and (4+50) are comblncd. the statc 

equatlon for the regu1ated current drlve lS defln.:;d as: 

[P 1 X = [Q] X + U o 0 

(4-51) 

\\here 

L2 0 0 0 

0 L 2 0 0 

r ( 4-52a) 

0 0 J T 0 

0 0 0 1 

t'I' 
~R2 fiL -n(M1

2
+L

2
1

4
) 0 

5 2 

r2sL2 
Qo 

nM1 2 

-R n (MI +L l ) R MI IL 
2 123 2 S 2 (4-52b) 

-fT 
M 

-n~1I 1 nMI (1 lL +1 
s 2 3 

1 a 0 11 Q 

.. " 

( 
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)..) 0 

.\20 

" C (4-S:c) 

X 3 0 

l 
, 
"40 

and 

R7 Mf\)oY]/L 2 

a 
0 

U (4-52d) 

~ 
The Input Y 1 ln the last equatlon represents the output of the dnve speed 

controller. Thus (4-~l) dcscnbe.> really the regulated currcnt, open loor 

drIve. Before the speed laap can be closeJ, the controllcr structure has to 

be deflned. 

ContIoUer desIgn 

) 
The Bode diagram of the open Ioop drIve, at Tated load, wlth Y1 as 

the Input and motor speed (x 30 ) as the output, 15 glvên ln FIg. 4.33. Two 

Important observatIons can be made from this result: 

1) The drive frequency response is almast the same as that of a sIngle 

pole integratoT, ln contrast with the open loop resul ts obtalned 

for the other dn ves. The reason for this lS "that the number of , 
poles and zeros ln the open loap transfer functlon lS reduced fram 

6 and 4 to 4 and 3 when the stator currents become the dn ve input s. 
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Fig. 4.34: Speed controller for the constant airgap 

flux drive. 
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TI1C opcn loop frequency responsc Indlcatcs an uncondltlonall) 

stable drIve wlth large avallable phase margln The cont roller 

d~slgn 15, thC'rlfore, very eas)', penu tt Ing any des 1 rell contra 11er 

gaIn. 

2) The dynamlcs of the current regulated dnves are InJependent from 

the suppl) frequency. The Bode plot from FIg. 4.33 does not change 

\l'lth the motor operatlng speed. Th15 then peTmlts the deSlgn of an 

optImal, fl~ed structure controller, wIthout the need to compromIse 

bet~een the dlffcrent requlrements of the two ends of a speed range. 

ThIS very important characterlstlc is a consequence of the operatIon 

WIth a constant :llT~ap flux. A close examlnatlon of (4-52b) sh,~s that it lS 

not dependent-on the applled frcquency [ but only on the sllP speed, n . 
s 

Slnce Pç matrIx IS constant, the drIve state matrl' A, obtalned as' 

t 
hlll depend onlv on the shaft load and not on the supp1y frequency. 

The physlcal expianatlon IS that the operatIon at a constant airgap 

flux reduces the motor electrIcal system to the rotor wlndlngs on1y, WhlCh 

"oon't see" the stator frequency, only the slIp speed, i.e., 10ad. ft is 

ObVIOUS from.thls dISCUSSIon and from the open 100p resu1ts, that any pro­

portlonal-lntegral controller l'Ill glve" a weIl behaved drive. There 

is no theoretlc'àl hmt "'on the drIve band\>.'1dth. Practically, lt has to be 

botlnded, ln ordey to stay \oath1n the ph)'slcal constralnts. The controller 

1S then so se1ected that the drive band~ldth IS 100 h~, The controller 

tran5fer functlon 15: 

T 
c 

A 
c 

5/"- + 1 c 
S 

The gaIn IS A = 10 whlle the Integrator zero IS p1aced at 1 hz. The 
. c 

( 4-53) 

contro11er 1S represented ln FIg. 4.34. If the integrator output is chosen 

as the new state, the contro11er state equatlon is: 

... , ......... -_ .... _----_. . - -- -'-- -
,i, • 
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),50 
('+-54a) 

whlle the control 1er output 15 

y 
1 

A 6\' /k 
c r c 

(4-54b)' 

Tne final equatlon for the regulated current dnve 15 obtalned by comblnlng 

(4-51) \\'lth l4-54): 

[Pl X [Q] X + U 

The last equatlon can be \\'ri tten ln the standard/state space forrn as: 

/ 
À ~ [A] X + [B] U 

DeflJung, thus, the state and Input rnatlices as: 

.] 

[A) = [Pl -\QJ (4-56a) 

, 
[P) -1 

i 

[B] 

where 

1/L
2 

0 0 0 0 

0 I/L
2 

0 0 0 

p- 1 
0 0 I/JT 0 0 (4-57a) 

0 0 0 1 0 

,0 0 0 0 1 

and 

~-~---------
1, ~--
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-ri L2 -R 2 S 
T;: R~m ILz 1 0 

~ 5 
.-,,-<, 

,.. 

Q = rù\l1 -nMI
l 2 

-fT+TsAk Ik T -T (4 - 5 7b) 
etc 4 5 

0 0 n-A A3k Ik etc )'0 A3 

0 0 -)." A 
t c 

0 0 

The t enns Tl - T 5 are; 
~ 

T n (~1I + LIt 
1 2 2 ~ 

T
2 

n (~II 1 + L
2 

l 3 ) 

/ 
T R ~IA IL 

! 3 ;: 1 2 

( M 
T nMI (I L + l 3) 

4 S 1 
2 

M 
1 ) T nMA (1 - -+-

5 1 2L 2 
4 

111e Input vector l s; 
(f 

T {y"f;V Ik 
3 c J r c 

0 

U :: -T A ôV Ik - cT
L 5 cre 

(4-S7c) 

... 

1 ,. A A aV L.k 

~ 
3 eTc 

\ A 6V . 'e r 
'i1:f· 

A. 

( The stat e vector is: 

.... 
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flux drIve. The effects of changlng 
load are al?o presented. 
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x (4-57d) 

x 0 bel n g de fin c'd b y (4 - 52 cl, 
• 

Havlng "establl shed the drt vc statc equ,lt 1 Olle,. 1 t s dyl1;'1ml c perfor­

mance can be analyzcd using the already outlilleu proccuurc. 

DrIve Analysis 

STEP 1. Elgenvalues, elgenvector and Input-mode matrIces 

Slnce the drl ve dynaml cs arc 1 ndcpendeJlt of the sUJlply frcqllcllcy. 

the obtalned rcsults do not change wlth thc'operatlng ~pccd, If the load IS 
• constant. The elgenvalues, cigenvectors, and input-mode coupllng matTlx, 

aIl calculated at the rated motor load arc g1Ven ln Table 4.12 The Clgcn-

values ln the load range of 20% to 220% of the rJtcd load arc glvcn ln r·lg. 

4.35. As concludcd before, these rcsult~ are nol 5ultable ln thc analy515 

of the drive dynamlc performance. The attentIon 15, therefore, turned to the 

drIve transfer funetlons and tlme response 

STEP 2' DrIve transfer functlons 

The fol1owlng two t ransfer functlon~ have ta be found: 

1) G1 (5): Speed-1nput reference 

2) G2 (s): Specd-load torque 

1) Speed-lnput rcfcrence transfer functlon 

\ 

~ ThIs tran~fer functlon IS obulIncd for the constant, rateu, load, 50 

that the oply Input is OYr' app~anng four times ln the Input vector U, equation 

(4-47c). From (3-25) the drive speed 15 gIvcn by: 
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~OTOA pqlVE VI?H CONSTANT AIRGAP FLUX CONTROL 

t.. 

OPERArlNG POINT VALues: FPEOUENCY«Hll VQL rACE« Il Dl. T SI 
JO.OO 68.0 

OPERArlMG POINT CURRENTS: E-VALUE5.RE~L E..I.VAL\.I€S.' ..... C. 

S,TATCR 1 19.17 
STATOR l 0.00 
RorOR 1 
ROTOR 2 

-14.97 
-.,.33 

1 
2 
J 

• 
0; 

-bJ5.911 
-6.JJ 
0.00 

-16.3" 
-16.38 , 

e-VECrORS IN PCLAR COOROIN"TES: 

E-VECJOII 1 E-VECrOR 2 

0.5019E 00 0.00001" 00 0.18113E 00 O.IIIOOE 0) 
O.13Sf*:-C t O. fl'JOOE 03 O.<l7q"€-Or 00111001; 03 
C..t"CGE .... c.ooaOE 00 O,lOORé 00 CI.Oo.OO~ 00 
O.6207E-01 0.00001" 00 o.2!' ••• e-ol O.UIOCE 0) 
O.4ftIlOE-C 1 O.OOCOE 00 0.10001" QI 0.00001" 00 

IHPUT-~OOE COUPLINC MATAIX IN POLAR CO~OINATES: 

O •• ~IISE-O 1 0.14101"-12 0.12201" (,1 0.76671"-1. 
0.2110"1" 01 O.llIo.OE 03 0.5262E 00 -C.6,>32E-IJ 
0.1 C.,li.E '02 O.leooE o~ 0.5066E QI -O.56f'_E-13 
o .1I1CJ3E ~2 0.<>05'>E C2 0.1 Q)'5E 02 C.16<\SE 0) 

O.11I3JE 02 -0..90501" 0.2 0.19.:151" 02 -0.16451" 01 

" \ 

0.00 
D.oa 
0.00 

-2'1.25 
21.2'50 

E-VH TOR J 

0.10001" 01 
0 •• 808E 00 
0.))\11"-12 
O.136"'E 00 
0.A2JIE-06 

;' 
0.206<lE 02 
0.1 .... 01' 01 
0.7231E o~ 
o .blt, lE al 
O. 616 JE 0\ 

0.00001" 00 
O.CO'I"13E 00 
a.IIlOOE 03 
o.c.OOOE 00 
0.00001" 00 

O.271&E-t6 
-0.18001' 03 
0.1"001" 03 
0.1 TS2'E 03 

-0.J1SZE 

"< 
" , 

03 

SPEFOIPP"I 
1100.0 

IIPEAK FREOUENcvlHZI 
101.22 

1.01 
0.00 
a.27 

•. ?7 

E-IIECTOA • • 
0.7·50E 00 -0.6335E 02 
Q.JISJE 00 -0.1560E L3 
O. 3f)TOe:-Q 1 -O.109"5~ 02 
0 •• 76.10-01 -0.5'3'" Of: OZ 

0.86081:.-01 -o.e.JJIE :12 

\ 

0.J2J~E 00 -tl.1600E 03 
-Il.12QIE 01 0.2<SOF-I' 
~131E 02 O.22~O~-1. 

a.'.....,6E 02 -O.if:"S9ZE 02 
0.115'6E OZ O.659ZE C7 
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0_01 
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5 r.1 j k- 5 
~ 1: h

kJ 
U (s) 

, 
(4-58) x30 

---
S -1 J k= l . k J=1 

wh'c"!"'c. u2 (S) 15 :ero ,,11lle h
k

] and nJ 1k are th~ components of the correspondlng 

coupllng and elgcnvectors, respectIvel). Deflne a ne\'.' vanable vector UE such 

that 

[ Lq == rUE] aV , r 

The compon.en ts of thlS veetcr are obtalned ftom (,1-57c) as: 

UE
1 

::: T II 1" (4-59a) 
c c 

UC 2 '" 0 (4-59b) 
~ 

UE 3 == -T,A Ik (4-59c) 
- c c 

UE A A Ik (4-S9d), == 
4 3 C c 

UE s A (4-5ge) 
c 

If (4-58) 15 divided br cV , the! speed-specd reference transfer functlon 1S 
r 

obt' ained as: 

G (5) 
1 

5 
== ! 

k==l 

m", hk . eUE ) 
, ~I\ J J 

s - Àk 
(4-60) 

Note that here, as in the drIves studied previously ~ the eigcn'Vcctor component 

m
33 

13 zero, thus, excluding the pole at the ongln, À 31" from the spéed 

expression. . 
IVhen the appropriate values from Table 4.12 sre used in (4-60) the G (5) 

1 
transfer f~ction is obtained. Its Bode dlagram is presented in fig. 4.36b. 

For the 'constant airgap flux operatioQ, It will not change with the dnve 

input frequency. HDwever, G1(s). does depend on the motor load. The full 

. , 

) 
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discuSSIon of the drlve frequency response is given ln Step 3. 

2) Speed-torque transfer funètion 

The speed refcrence is constant 50 that 6V ::z: O. The speed is 
r 

glvcn by the equation (3-25) wlth the only input bejng the load torque. 

Di\'iding bath sides by oT
L 

the speed "torque transfer function is obtained as: 

5 
= 1: (3-61) 

wlth m33 being of course zero. (Table 4.12). If the appropriate values 

computed ln Step 1 are used ln (4-61) the speed-torque transfcr function at 

rated motor load 15 obtalned. Its Bode plot is presented ln Figure 4.37b. 

This resul t is dlscussed" agaln, ",hen the speed step response to load distur­

bance lS analyzed. 

Due to the'low order of the constant flux drive, the Direct Method 

is especiall)' effectIve in giving the analytical ex-pression for the speed­

load re1ationship. 
-1 , 

The drive speed control 1er 15 described by (4-53) and has only one 

eigenvalue, located ,st the origin. 

The state matrix of the drive reduced system 1S obtained from 

(4-57a) and (4-57b) using Definition 2. 

Thus: 

A 
r 

= 

o 

n 
s 

o 

o 

R MI IL 2 

2 S 2 
(4-62) 

o 

The eigenvalues of the reduced system are obtained from (4-62) by hand: 

R2 

S 1/2 = - - ± 'n = -10.28 ± j 21.0 (4-63) L2 
J s 

S3 == 0 
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USlng the equation (3-52), the speed-torque transrer function is obtalned 
'-'iJ..< 

analytically as: 

where the dri've eigenva1ues À 's are given in Table 4.12. 
k 

The last expression deseryes a few comments: 

(4-64) 

1) The third eigenvalue \3' and one zero at the origin, represent the 

same integrator associated with the change of thè mmf phase angle, 

ê~. They will cancel each other, producing the sarne result in s-
-

domain as the zero eigenvector component, m
33

, does in the tirne 

domain. 
} 

2) The second zero at the ongin assures zero steady state errer by . 

decoupling the steady state speed from the 10nd. 

3) The remaining two complex con]ugate zeros depend only on motol' 
, 

load as do aIl four eigenvalues. 

4) When the appropriate numerical values from Table 4.1~ and equat'ion 

(4-63) are used in (4.64), it is seen that the pole-zero cancel­

lation is not perfecto This i_5 corroborated by th~ Bode plot, 

Fig. 4.37b, and cornes as a consequence of the large bandwidth in 

the drive speed control~er. 
, 

S) Although poles and zeros in G
2

(s) do change with the motor load, 

it can be shown that their ratio is approximately constant. This 

means that G2 (s) changes very little wi th the motor operating point. 

Further discussion of the G2 (s) tran~fer function is continued in 

the next step. 

STEP 3: Frequency and step response 

The system performance i5 best understood by analyzing its time or 

, , 
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,frequency response. They are bath presented herc for comparison. As 

previously, the time response is calculat~d in two stages: . 

~ Modal rcsponse to a unit step input 

~"Speed response as a comblnation of modal states. 

1) Rcsponse ta the unit step in the input reference 
6, 

The motor load is constant and equal ta the rated load, From 

equation (4-57c) the spèed reference, 6V • appenrs in four drive inputs. 
r 

With the unit step ~ ôVr , these inp~ts become: 

lU] = [UE1-

where the componehts of the UE vector arc'defined by (4-59), 

142 

From the equation (3~24). the response of each modal state to the 

unit step in V is: r 

l \ (t-l) 5 
qk Ct ) = e ~ CUEj)dT k = 1 5 

?,. j=l 

when so1ved the last equation gives: 

"kt 
1) 

5 
qk Ct) = Ce l UE. ~ 

\ j=l J 

For the special case of the eigenvalue at the origin, the modal ~tate r6sponse 

i5: 

5 
q3 Ct) • ·t 1: UE. 

j-l J 

The speed response is obtained br using equation (3-25): 

, À t 
5 5 m . (e k - 1) 

X30Ct) = :t 1: 
3k UE. 

C~ 
j .. î Àk J 

(4-6S) '-:\ 
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Fig. 4.36~: Frequency response of the speed-input 

reference transfer function. .. 

1000 1 

) 

\ 

. . 



, . 

" i 

'1 

·t 

'f 

143 

, . 
Note that the third eigenvalue, 1. 3 is unobserveable in the 'speed response 

since m33 'is zero. This l'eflects the alres?y discusscd speed indepe~dence 

• -~ fro~ the otP integrator. The last cquation gives analytically the speed 

response to th~ unit step in the reference input. The 're'sponse at the 

ra~ed loa8 is obtained b)' inscl'ting the appropriate values from Table ·4.12 
\ . 

into equation (4-65) f The result i5 displayed gr.aphiclliry in Fig .... 4.36a 

while the frequenc)' response of G1(s) 1s given in Fig. 4.36b for comparison. 

Both resul ts point to ~n extre.mel)' well bchavcd and fast dri \"e. 
. il 

The rise and settling times are 3.1 and 4.~rnscc., respectivel}'. Since the 

drive responds as a pure fi.rst order sys~(Fig. 4'. 36b)" the speed cannot 

overshoot. The only observeable eigenvalue in the specd ~sponse is the one 

determined by the speed controller gain, with the" break frequen~y of 101 hz 

(Fig. 4. 36b). AIl other eigenvnlucs have be'en made pseudo-obsorveable br 

e speed cont roll er. They are can~e Il cd br the corresponding 

or J depending on a vie\\'Point, suppressed from the speed 

response b)' e values of the corresponding eigenvectors. 

From these results the ~onstant flu~ drive appears to possess ideal 

tra'flsient charac'teristic due to its speed of l'esponse and the aosence of an)' 
~ 

speed oscillation~. 

2) Rèspoijse te a unit step in the load disturbance 

Sincs the input reference V 15 constant, any speed response , r 
represents a speed erro.r. A stefl change in t.orque is applied with the drive 

opérating at the,rated load. As the torque appears in only one input, thé 

response of each modal state i5: 
.. 

k ... 1 . • " 5 

which, when solved, gives: 

= (4-66) " 

for the special case of the eigenvalue in the origin, the last equa~ion 

becomes.: 

.\ 
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Remembering that -À 3 i s unobser>leable, .because m 33 is zero, the' speed 
response, given by (3~25) is: 

. 

s. 
r 

k=l 
k?=3 

.. 

(4 M 67) • 
., 

\ 

\ 
Using the corresponding values from Table 4.12, the speed response at .the 

rated. load is calculated and displayed in Fig. 4. 37a. The Bode plot of the 

G2 (s) transfer functian is given for comparison in Fig~ 4.37b. 

Since the drive dynamics do not change with the operating spced, 
; ~ 

these results arc valid for any input freque~cy. 
, 

Tbe speed error is very small, as expected, due to the relatively 

large drive bandwidth.IJThe motor ele~trical tor4ue can change very rapidly -, 

and, thus, offset àny load variation. 

The maximum spJed errer is 0.272 rpm and is reached 6 msec. after 

the disturbance was applied. -The error decreases very fast to about 0.1 rpm 

and then much more s lo~ly, to reach O. -01 7}'m effer 0.5 sec. The fast 

decrease is due to the fast change in the electrical torque; as just 

,explained. If the ga-in ot~(~) transfe-r functjon were finite, sorne error 

would rem~in. However, since the intègrator in the speed control 1er starts 

to incTe&se.t~is gain continuously below ~ hz (or after.O.16 sec.), making 

it infinite at steady state, the speed error has to go ultimately to zero .. 

'Note that complex conjugate poles are again pseudo-observable and 

do not cause any visible speed oscillations. 

Conçlusion 
y. 

// 

~~/ 

From ~h~~:~~Ults, the constant airgap flux, reg~éd current 

strategy appears ~he 'bes-t- -Of alLc:;,onsidered here. -\The obtained dynamic 

.1 ' i -. 
~' 



) 

1 ~ 
l' 
1'\ ' . 

145 

performance is superlor to th~t of any otjler drive structure. 

The advantage of the constant a~rgap flux control is fOWlded on 

these two facts: 

1) The drive dynarnics do not depend on the motor operating speed. 

It is possible, therefore, to design a fixed structure controller 

which will no~ be a compromise bctween contradictory requirements 

at two ends of the speed range. 

2) The constant flux drive behaves as the first order system. This 

theoretically permits an infinite range of controller gains, 

wi thout an)' danger of instabi lit)'. 

1110 resul ts presented here reflect the dri \le resp.onse wi th only one of many 

possible controllor gains. 

Even if the realization of wide drive bandwidths is restricted by 

the speed of response of the associated inverter or the noise in the speed 

sensor, the constant flux control pcrmits the continuous choice of the , 
deSired bandwidth. This choice is not constrained br motor dynamics and 

cauld be, thus, optimized to match the inverter characteristics. 

Al though independent of the input frequ!:ncy, the drive equations 

depend on the motor '1 oad. However. i t can be shown tha t the spee,d re5ponse 

i5 very little changed as the 10ad is increased above the r&ted value. The 

only'change is a small increase in the drive bandwidth (From 110 to 120 h: . , 

when the load changes from 100% to 220% of the rated value). Tne~e plot, 

however, remains as flat as for the rated load. 

If the load i5., decreased, the bandwidth will decrease, ta- reach 

, 5'0 hz at 20% of ih7 rat~d load. Again, 'the Bode plot i5, per.fect~y flat, 

wi thout any gain pea~ing. The decrease :in the bandwidth ~indicates that the, 

~peed re~pDnse i5' s10wer at 1ight loads. Sin~e the reque ts for large speed . , 

changes give tise, tÔ'· large electrical torques (i. e. 1 current)',,~~hiS re.dUcti~' 
in the drive bandwidth i$ not very important. \ " 

The complete comparison of the three considered control strategies 

1s given in the next section. 

, ' r-

1 , , 

1 

.1 
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4.5 Summary 

Each induction motor has two independent inputs. t~e appl ied vol tage 

and frequency. The motor performance depends very much on the control law',.,. 

which correlates these inputs, 

In this study, the mot or dynmmic performance was analyzed in detail 

for the three most oftcn uscd control strategies. The following conclusions 

can be made from the obtained results: 

.. 

1) The constant V/hz strategy is easiest' ta implement and the ooly 

one which does not requü,e any feedbacks. However, the performance 

of the open Ioop drive detcriorates significantly at lower input 

frequencies (below 10 h:), the most important factor being the 

reduction in the forward drive gain. This reduction results in the 

increased se~siti vi t)' to load changes and p~o:.. _sp~ed_!:~Kulation-, 

". 

The drive operation improve~ considcrably wh en the speed feedback 

loop is closed. ,However. due te the mDt~r characteristics, the 

ch~ce of the associated speed conttoller is very critical te the 

drive performance. ThJs méans that the c.ontrol1er design is 

cons'trained and is-,.dictated nist by the need to ~ompensate the 

motor characteristics ,and only second hy the process requirements. 

To illustrate this, considèr the open loop motor characteristics 

obtained' in Section 4.2.2. It may be desirable, for example, 

to filter the noise in the sp~ed feedback signal by reducing the 

-dd ve bandwidth, 1. e., controller gain. However, if this is done 

the drive response may becomc lightly damped since the drive break 

frequency is now shifted to the region of Iower phase margin. This 

means that the drive response cannot be selecled at will, but is 

constrained by the motor dynamics. 

.F:.': ' 
Therefore, although the constant V/hz, c10sed loop drives are 

• 
theoretically capable of glvlng excellent performance,_ the reali-

zation of such perform~nce may be difficult in generq.l. N'evel"'th~less,' 

"thé "constant V/hz strategy is worth consldering in the design of 

1 

.. ~·.-"';'''''''.~,.'''''''''~''''·''''.'''''ifi'll!!l'.~; .. ''''''''''. """""'.....,.-.. ....... _. _______________ _ 
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induction motor drives. 

The constant slip speed control makes the motor dynamics very 

depcndent on the operating speed. This i5 obviously undesirable 

sincc contradictory requiremcnts are impo5ed on the drive compen­

sating networks as the speed is changed, thus '~recluding a gaod 

compromi5e in the design of a speed controller. In this study 

the controiler was made very sluggish in order to obtain a reason­

ably damped speed response. The constant slip speed strategy i5, 

therefore, not competitive in high performance drives with the 

constant V/hz control. 

3) The' constant airgap flux <:ontrol gives the most de5irable drive 

performance. This control resul ts in two very important drive 

Gharacteristics. 

The motor dynamics become independent of the 0rerating speed, 

fermitting the d~sign of a truly.optimal, fixed structure 

c'bnt roll er . 

The drive behaves as Il first order system, having, thus, an 

unconditional stability witpQut any speed overshooting. 

Therefore, there i5 no need\~~r a carefully selected compensation 

ne.tworks and the drive controller caTI be designed. without any 

constraints, ta suit the motor appliCRtion. 

-Thus, ,~f a truly high performance drive i5 d.esired, one would choose 

the constant" iirgap flux control. It shQuld be understood that the advantages 

of (this strategy do not depend on the method used for its implementation. This 

mefns thàt the dri:e with the direèt measurement ôf the airgap flux will have 

th!e same desirable characteristics (dynamicS" independent of speed, first order , , . 
speed response) as the regulated current drive studied here. 

In this study, the drive performance was analyzed for three different 

control strategies. In sorne apPlications~might use more than on~ voltage­

frequency r:lationship to obtain ~he desi ~ drive characteristics over.the 

jwhole speed (load) range. The most common ample for this app~oach i5 given 
. ' 

by the induction motor raUway application, where 8' fixed V/h'Z. relationship 

... 1>""' " 

, , 
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is maintained until the motor rated voltage i5 reached. Above this point., ' 
, , 

only the frcquency 1s increased, thus, resulting in the constant hOrse-
\ 

power locomoti,ve operation. 

AH resul ts in this chapter were obtaiReà for the èase of an 

infini te bus power suppl)', having a sinusoidal output and an instàntenous 

response: In this way. the presented dynàmiç ~haracteristics are decoupled 

from the inverter structure and reflect the nat~re_of the induction machine. 
r , 

These results are, therefore, valid regardless of changes in the inverter 

technology. 

However, it is desirable to make this study more relevant to the 

dynamic performance of. present day drives. It is then obvious that these 

results must be reviewed to take ~nto account various i~perfections that were 
-

not considered in this chapte.r. Such a review is presented in the next ohapter . 
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LIMITATIONS 

The results presented in the la.st chapter were obt~ined sfter 

making various simp! ifying assumpt ions. 'Ule val idity and effects or these 

asswnptions on rnotor dynarnic performance are now considered. The pre­

viously obtained results rnay be modified by: 

1) Non-ideal drlve comp,onents, in particular the power supplies and 

the. tachogenerator 

2) the non-linear nature of the induction motor . 

In the last chapter" the drive power supplie~' l'lere assumed to have: 

1) Sinusoidal output voltage 

2) . Zero output impedance 

3), Infini te bandwidth, resul ting in an instantenous resPQ~se, 

Realistic' power supplies have nol,}e of these characteristics. While a 

detailed analysis of their true behaviour ~s beyond the scape of this. study. 

sorne qual~tative asses-sment of the effects which they have on induction 

otor 'pèrformance i s necessary, Al though many good papers have been pub­

lished on this topie in the last decade, 1,12 ihey are almo-.st a11 concerned . . 
whl1 steaay state' motor operat'Jon. Therefore, in arder to 'assess die 

dynamic e'ffects j limi~ations i pos'ed by realistic variable /req~e~y ~upplies 
are discussed in the next rou ,sections. Since aIl supplies 'do not have the 

same characteristics, the effect of each one is eva1uated separately. 

In general, the four power supplies which èan be used with modern 

variable frequeney drives are: 

1) Cycloconverters 

2) Variabie voltag'e input inverters, with a chopper in the de l/fnk 

(VVI -1 inverters) . 
• 

• 
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3) Variable voltage input inverters, with a thyristor bridge 

(VVI-2 inverters) 

4) Pul se width modulat ed (PWM) invert ers. 
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They are presented in Figures 5.1, 5.2, 5.3, and 5.4 together ~ith 

the waveforms of their respective output voltages. 

Cycloconverters have not found extenSIve appllcatjon in industtial 

inductiop m'otor drives. The main r.eason is that their output frequency is 

restri-cte-d to approximately one haif of the input frequency by the harmonie 

losses. Therefore, cycloconverters will not be considered here. 

Since, the only functional difference between VVI-I (Fig. 5.2) and 

WI-2 (Fig. 5.3) inverters is the input power factor, these two types are 

similar frorn the dynamic point of view. e The analysis is, therefore, directed' 

,mainly towards t~ VVI-2 type inverter, which is more commonly used. The 

conclusions are then extended to the VVI-l type. 

Two types ~f controlled current invertets are aiso considered. The 

effe.cts .of limitations for each type are briefly reviewed. 

The remaining two 1 imi tation..s, i. e. , 

the tachogenerator noise 

the need to limit the s]"ip speed so that the motor always operates 

on the negative slope of the torque-speed curve 
o 

are eonsidered in the rem~ining two sections. Note that the last limitation 

. i5 c~used by motor nonline!!rity. Therefore, it will not,modify the :results 

from the last chapter·,. as they were obtaihed for. the motor linearizE'd 

equations. /' • 1 

5.2 . Effects of higher harmonics 

In general, aIl inverters~give non-sinusoidal output ~~~tage wave­

forms. Therefore 1 the effect s of hi gher harmonies on motor ope,rat ion was 

one of the first topies discussed in studies of yariable frequency driv~s. 33, 

H,ltO,elt-92 These effects may be divided .into three c'~tegories: 

.' 



,& 

'. 

1) Lower effiderre)' due t'o inereased motor losses 

2) Pulsating torques (eogging) a~ very 1011' supply frequencies 

3) Changes in the dynamic per~ormance from that obtained for the 

sinusoidal voltage operation. 
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It is weIl known'that the effects frok the first two categories 
, 

are detrimental to motor steady state performance and various techniques 

have been developed for harmonie suppressi~n.g3-95 One of the most popular 

techniques. for very high power drives 1s to supply each motor phase from two 

or more inverters connected {n parallel. The seleeted' output harmonies are 

~hen eaneelled by operating the inverters out of phase with respect to eaeh 

other.,95 A more direct and econ~mic method ios to use a PWM inVerter wi th 

suffiéiently high carrier frequeney, 511 (Fig.~J Iri this case, the inverter 
-

voltage output consists of the baslc harmonie, which is a replica of the 

referenc~ signa:l, and the carrier Il'ave. As the carrier frequeney is usually 

very high, the resulting carrier frequency current is greatly attenuated 

and ap'pears as noise superimposed o,n the fundamental harmonie eurrent. 62 

Thus, harmonie effec";s will exist only \l'hen a variable de link voltage 
f 

inverter is used. 

The impact of higher harmo~ics on motor effieienty and pul$ating 
torques has been diseussed extensively.3~I~oI811-92 The oeeurrenée of 

pulsating torques at very l~w supply frequeneies (usually below 2-3 hz) is 

a property of steady s~ate motor operation. Briefly, the fundam~ta~ 

and higher harmonie airgap mmf interaet to produee pulsa~ing torques of 

6th, 12th, etc. harmonie frequency and zeto average value. Depending on 
the drive total inertia. these torques rnay or may not cause steàdy state 

'. . 
speed oscillations as the input frequency 1S decreased. • 

The possibledynarnic èffect of higher harmonies is obtained as the 

answer to the fOllowing question: "Do the drive transfer functions differ 

from those obtained for a si,nusoidal power supply?" 

The answer may be found by ~alculating the speed response to each 

harmonie component. by using the met~od of multiple reference frames 

proposed br Krause and Hake. 89 When these resuI,ts are superimposed on \ 

thos~ from the last chapter. a complete transient speed respon5~ i5 obtained. 

" 
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For 'sma11 drive inertia and low input frequenèies, it will contain the 

os'ci llating component produced by puls"ating totques., By taking this compo­

nent out and comparing the remaining speed response with that obtained in 
• 

the' 1ast chapter for the s inusoidaL input v~l tage, dynamic effects of 

higher input hnr~onics become apparent. 

A somewhat diff.~rent procedure was used by Krause and Lipo. It 0 who 

have found that higher harmonies (with pul~ating torques inc1uded) produce 

on1y second order effects .. Their results indicate that when steady state 
" 

pu1sating torques ar~ not inc1uded. the speed dynarniç response is virtua11y 

the'sarne as for a sinusoidal input voltage. 
, 

To summarize: 

The hi~her harmo~ics in the motor supp1y voltage can be effectively 

suppressed either by ~ing each motor phase from Several phase 

shifted inverters, 'using \,!",finsformers. or by using an appropriate 

Pl\'M invert er. In both cases the drive behaves essentially as 

when supplied by sinusoidal v~ltages. 

If variable de voltage itlv~r'ters' are used, the drive steady state' 

performance will deteriorate, due to the decreased motor efficiency. , 
qepending on~the drive configuration, the pulsating torques may 

affect the speed of very low operating frequencies. However, for 
< ' , 

aIl practica1 purposes. drive transfer functions are not inf1uenced 

by the higher harmonies and remain essentially the same as in the 

1ast chapter. The experimental results, presented in the next 

'f chapter, corroborate this conclusion. 

5.3 Effec~s of ac source impedance 

It was assumed in the last ch~pter that each converte~-inverter 

group is supplied frorn an sc infinite bus. In reality, the drive isolation 

transformer, as weIl as the i~coming ac lines hav\ sorne, predominantly 

inductive, impedance. , 

For the thyristor br'idge. used wi th the ~nverter of Fig. S. 3, the 

Li, "v.l).Sil. iidLUllU. dU 14 
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netueffect of this impedance woutd be a deerease in the de link voltage. 

This deereasé is caused by: 
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1) Lower terminal voltage on the seeondary of the isolation trans­

former due to the line and transformer vol t'age drops 

2) Commutation overlap in the thyristor bridge circuit. (This aspect 

is ·discussed by P tiy. 96 ) ... 
" 

To prevent the dro in voltage aryd generally,'to improve the 

thyristor bridge operation, a voltage'regulator is normally ineluded. It 

. maintains the dc link voltage at the desired level by changing the thyristor 

firing angle. Th us , the ~ffcet of the ae .source impedance is not apparent 

until aIl thyristors are fully on, i.e., until the moment when the voltage 

regulatoT becomes inoperative (saturated). 

In the case of PWM inverters, the de link volt~ge i5 obtained from 
, . 

a diode bridge and, consequently, varies with the load. If an appropriate 

voltage regulator js ineluded in the inverter structurè, it will compensate 

for the changes in the de input voltage, sa that the inverter output voltage 

is maintained at the desired level._ 

To summarize: 

The output impedance of the ae sour,ee has no effect on the inverter 

output voltage as long as t}:le correspQnding voltag,e rc:gulator is in 

operation. For PWM inverters, the output voltage is c~rrected practically 

instantenously, the only limit being the inverter sampling delay. For the 
, -

VVI-2 type inverters, the voltage regulation i5 performe~ by the input • 

thyristor bridge wllich has a bandwidth of approximately 100 hz. 102 , Fo~ this 
, 

reason, a very large capacitor i5 usually connected aCTOSS the de bus. 

Tog~ther ~ith_the voltage regulator, it effectively shields the inverter '. . 
dc voltage from load" variations. The same conclusion can be made for chopper 

controlled inverters (Fig. 5.2). 1 

5.4 Effects of transportation ,1agS 

In the dynamic analysis presented in thè lase chapter, it was. 

! 
.' .. ~ 
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assumed that bath the voltage and frequency control lo7P!' react instant­

enousl)' to any input signal. In faet, this is not true due to the time 

lags caused by the thyristor des crete switching. As a resuit the voltage 

or frequcncy can be changed only at the des crete time intervals. The worst 

case oecurs when a change is 

made. In this case the full 

can bo executed. 

required immediately after a switchïng 

samPl~,period has to pass before the 

has been 

change 

Since the two inverter types considered here have different voltage 

and frequenc)' controls, ehch one is discussed separately. 

In variable dc voltage Invcrters, the change in the output frequency 

i5 achieved by swi tching the thyristor in the next nhase on, Figures 5. 2b and 

5.3b. In order to pre5ene the symmetry of the 3-phase wave shape, this 

s~itching can occur onl)' at the' instant WhlCr. corresponds to a new requested 

frequenc)'. It follows then from Fig. 5. 3b that the swi tching delay depends 

on: 

, 

a) the requested change, ôf, in the inverter output frequency 

b) the inverter operating frequency. The deI ay is mcreased as the 

op~rating frequency is decreased. For a six step inverter of . 
Figures 5.2 and 5.3, and very small of, the worst case delay- i5 

approximately T/6, where T is the pcnod of the- operating 
" frequency before switching. 

For VVI -2 inverters J' the èontrol of the output voltage is done by 

the ~hyristor bridge, Fig. 5.3. As these thyristor~ are line commentated, , ' 

the sampling period is determined by their number, Nt' For the inverter 

frorn Fig. 5,3, Nt .= 6 and the s~mplin8 period is 1/360 =, 2.781 ~sec. 

Several,studies have been made to determine a suitablc converter 

dynamic representation.99-l02 Since the converter is a non1inear device, 

most ana1ysi5 were'based orl its linearized'equations at an operating point. 99
-

101 It was found that a number of linear models can be derived, each one 

'representing a converter under a particular set of conditions. 101 For the 

case of slow1y varring signals'and a stable system, the eonverter de output 

component can be calculated usin~ the simple continuous model proposed by 

Hernandex et al. 101 Finally, it was shown that the converter can be 

1 • 
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represented by a simple gain if its operating bandwiàth is limited to . 

approximately,SO hz. 102 , 

The Une commutated converter is used in variable frequency drives 

only in conjunction with de link filter (Fig. 5.3). It is shawn in the next 

section that this fiiter 'may Iimit the bandwidth of the voltage control 

loop to less than 5 hz. It is then obvious that the converter can he repre­

sented in this range b)' à pure gain. 
" 

For PW"I inverters th!? rcsponse of both frequenc)' and voltage loops 

depend5 on the frequency by which the carrier 5amples the reference signal 

(Fig. 5.4). With a 600 hz carrier, the sampling time delay (worst case) i5 

1.67 msec," When the response of the invertel' electronics is included, the 

maXlmum total delay i5 less than 2.0 msec. 97 

However small, this delay is comparable te the dominant time 

constant of sorne closed loop drives (sections 4.2, part Band 4.4) and, 
1 

therefore, cannat be neglected. 

Tt may he recalled that the time delay introduces a phase lag into 

the system frequency 'response, wi thout modif)'ing the corresponding gain 

curve. Therefere, i t effecti vely .decreases the bandwidth of c10sed IMp 

systems hy decrea,sing the phase margin. 

Conslder, for example, the constant airgap flfx driv~. Its open 

100p response is repeated in Fig. 5.5, now with the effett of the 2.0 msec. 

time delay included. lf a'phase margin-of approximately 500 i5 desired, the 
, 

handwidth of the closed loop drive becomes !jmited to 50 hz. This is a 

,1 

dramatic change from ~e situation where the inverter was represented by a i 
'\ 

pure gain, and the drive\band~idth was theoretically unlimited (section 4.4). 

To summa~ize: ) 

In variable d~voltage inverters the response of.the frequency loop 

is -inversely proportionsl to th~ oper,ating frequeney and the magnitu~e of the 

requested frequency change. Typically, the worst case delay for a six step 

inverter, operating at S hz is less t~an 33 msec. 
1 0 • 

/ 
'" • 1 

The maxi~um time between swit~hing i5 actually shorter since the ~eference 
signal ~il1 never intersect ,the carrier wave st the very top, Fig. 5.4b. 

- \ 
, \ 
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For VVI -2 lnverters, the 'l~~ge Ioop incIndes the line comrnutated _ 

thyristors \<lhich introduce appreciàble delays. l:rowev'il\, these dela}'s do not 

represent a 1 imi ting factor in the drive drnami c perfor~ance, since the 

il)vertcr voltage response is dominated by the ver)' large time constant of the 

de link fi lter_ 

Al though the sampl1ng deIays in P\VM inve:rters are shorter, t}\ey 

cannot be neglected in the study of high performance drives, since they 

dOll)fnate the response of both voltage and frequency loops. These deIa)'s 

introduce a phase shift \~hich limi ts the bandwidth of cIosed Ioop drives. 

The delay times can be calculated on a statistical basis, but a pessimistic 

estimate is obtained by taking the penod of,the carrier wave as a sampling 

time constant. 
/ 

/ 

\\'hèn this criterion \o.'as use)V6n the constant airgap flux drive, it 

was found that with a 600 hz ~arrie~ inverter the drive bandwidth is only 

half that obtained in the previous 9hapter. 

~ . 

5.5 Effects·of the de link fiIter 

As seen from Figures 5,3 and 5.4, each inverter is suppIied by a 

rectifier. The rippIe in the rectified voltage is eliminated by the dc 'li~k 

filte~ D~pending on the inverter t)'Pe, this fil tér can cause significant 

modlfications in the ,pr'eviously obt,ained dynamj.c l'esuI ts. 

In the preceding chapter, the drive power supplies were,approximated 

by a pUFe gain. It is obvious that when the filter is included in a control 

Ioop, this approximation beco~es, invalid. 

Consider first the PWM inver~erJ Fig. 5.4. Since the inverter 

controls both its o~tput volt-age and frequency, the two corresponding Ioops 

are closed in the inverter (Fig. 5.6}. The dc link.,filter i5 left outside y 

, 
.the control loop and will have no effec~ on the drive dynamic performance . . 
The fiiter can be made as'large as 15 economically feasible, to minimize 

the fluctuations in the de bus voltage. 

In the case of VVI-2 type inv~rters, the situation is entirely 
-different. The inverter output voltage is controlled by controiling t~e de 
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• 
link voltage through the converter inherently included in the voltage 

control loop (Fig. 5.7). As séen in the last section, the response of the 

Converter bridge is not very fast. Therefore, the role of the fil ter is 

nat only ta eliminate the voltage ripple, but also to supply a part of the . 
lnverter de current at higher operating frequencies, when the converter 

voltage regulation 'becomes less etfeetiv·e. For this reason, the de link 

filters are much larger than aetually needed for ripple control. As an 

exampl e, the inverter used in the experiments and described in the next 

'chapter has a 24.000 l1F capaci tor connect ed. a<7!'oss the de bus. 

converter-inverter bandwidthowas measured to be less than 3 hz. 

filters, using up to 40.000 ~F are reported in the literature. 39 

The ovetall 

Much larger 

It is 

obvious that such fil ter capaci tance pre'vents any fast change in the dc link 

voltage and, consequentl)', in the motor supply voltage. 

This ,slow response will have different effects on motor dynamic 

performance, depending on a partieular drlve configuration: 

the speed controller is m~e very ,slow 50 that both loops are able 

to. track the inpu,t request. Consequently, the same control strategy 

exists during both steady state and transient operation, 

the speed eontroller is faster, but stiLl'" slow enough that the 

response of the frequenc)' ] oop may be considered as instant enous . 

If the frequeney loop is now subjugated to the generally slower 

voltage loop, the d:sired control strategy is again preserved 

during the transient5. If, howeve'r, the frequeney loop ~s permitted' 

to respond with its own speed, a particular control strategy will 

be lost during drive transients. For the case of constant slip 

speed control. this will lead directly to instability.· due to the 

positive feedback frequenc)" loop, Fig. 4.21.. For constant V/hz and 

airgap flux drives, the slow voltage response will cause a 

deyiation froJ1l the désired contx:ol strategy. . The extent of the 

deviation will depend on the drive components. the operating point 

and the instant when the request for a change 1n speed is made. 

Thl.i deviation may· laad to PQor dynamic performance. 

- the sp,eed controller is fast 50 that the time constants of each 
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IGOp have to be ~aken in~o accou,t. If each loop is allowed ta 

respondo\\'ith its ow~ speed, the aberrations tram the' desll'ed motor 
~ 

transient behaviour ~ill only incre~se. J~the,faster loop i5 
, , ' 

slaved to the slower oqe, the desired control strategy ~ill exist 

at all times. Note that this May be difficult to ~chieve in 

practice due to ~he nonlinear and statistical' behaviour' of the 

frequency loop. 

To summarize..: f 

lV'hen ~\'JM inv~ters are used, the dç link filter 1s l'laced outside 

the-control Ibop and, thèrefore, does not influence th-e drive d'ynamiC:: per­

formance. 

l~'VI - 2 inverters are used, a suious deterioration in the 'speed 

response occurs. The ~c link filter slows do~~ the inverter voltage response 
,~ 

conslderably. Dep-enàing on the' interactiOn bet'Ween voltage and frequency. 

loops, this May either: 

limit the bandwièth of the whole inverter to the point .... he~e the • 4 

drive restxlnse is, approximatel'y. t~e' ,same as foI' the-' open speed loop' 

9perat ion 

or ) " , 

cause a departure from a particular control strategy -durlng drive' 
, ~ , 

transients. ,This departure.wiN introduc~ a néw voltàge-frequency 
1 

relat,ionship, _which may lead to the drive instabilitr. 

One should note that chopper conti'olled inV'ertérs ~lg. 5.2) 

gen;rallY, have a fast-er'voltage ,loop th'an VVI-Z inverters (Fig. 5.3). The 

reason 15 that the filter between the chopper and inverter can be,smaller 
-since the, chopping frequency is usually, high • 

sr Limitations of controlled curr~nt inv'ert§rs 

, ' 

In this discussion the effects of"the component limitàtions wete­

related to the performance of cc;'ntrolled voltage inverters. Sincè it was 

.. 

• 

" 

/' 
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found that the constant alrgap flux strategy glves one of the best dynamic 

characteristics and Slnce thlS strategy is most easily implemcnted by . 
regulatlng the motor Input current, controlled currant supplies are now 

brlefly consldered. 
'"\ 

Basically, two 

regulated current. One 

rnethods can be used to proVlde a varIable fre'quency, 

~as pr~posed by Phillipss8 and lnvolves a ~ontrolled 

current supplr and a variable de voltage lnverter, Fig. 5.8. The other is 

to use a PWM Inverter with current feedback, FIg. 5.9 . The inverter output 

voltage is contlnuously adJusted to provide the deslred motor current. 

It may be seen that the fIrst method "15 Inferlor ta the second one 

for the followlng reasons: 

1) The regulat.ed current supply eonslsts of a thy.ristor bndge and a 

dc'link inductance. It suffers, therefore, from the same slow 

response as the regulated voltage source, F~g. 5.3a. 

2) The output is now a square wave current, as the Inverter sWltches 

between ~he dc raIls. The effect of harmonies is, thus, much , 
greater than before, when th~ output was a square wave of voltage 

and the motor inductances acted as a fil ter. (Note that thlS 

disadvantage still eXlsts when the chopper controlled inverter is 

used instead). 
'\ 

On the other hand, the PWM source (Fig. 5.9 ) provides a sinusoidal 

output current, with switching noise superimposed. The source operates 

~ssentially as a normal PWM inverter. The only difference is that now the 

current loop contr~~s the output voltage. If the inner (voltage) loop is 

sufficiently fast (~nd this depends on the carrier frequency), a fast source . 
respon.se can be obtained, since the outelO (current) loop has a wide bandwidth . 

Note that the inverter should have a large voltage margin ta be used during 

fast current changes. 

To summarize: 

When the drive operates in the regulated current mode, better perfor­

mance is obtained br using a PWM inverter, which has a superior dynamic 

response and gives practically sinusoidal output curre~~, than when a voltage 

-------------
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inverter supp1ied by contro11ed current is useà. 

5.7 Effects, of the~ tachogenerator 

The tachogenerator is normally a part of closeà loop speed drives. 

It can be one of the following types: ~ 

1) de 

2) ac u 

3) digital 

A descrIptIon 0: the character1S~lc of each type 15 available in the 

lite:-atu:re. 10
" 1 

The tachogenerator is usually represented by a pure gaIn, kt' as ln 

the pre\'lous chapter. However, dependlng on 1ts ty.pe and installat1on, the 

tachogenerator mav lntroduce ihe following effects into the speed control 

loop: 

1) A phase Sh1ft and a ~agnltude attenuatlon 

2) :\oise. 
.. 

The first affect results from the finlte bandwidth of its transfer' function, 

defined as the ratio betlVeen the changes in the motor speed and the tacho­

generator output voltage. (Note that this definition includes aIl mechanical 

couplings between the motar and the tachogenerator.) 
...-

The second one. can be ca4Sed br mechanical resonance, rotor 

eccentricity. brush noise. etc,. 

The first effect can be usually reduced ta a tolerable leveI br 

mounting the tachogenerator on a very stiff shaft, as close as possible to 

the motor. This increases the ban~width of the tachogenerator trànsfer 

function. At the same ~ime, tt decreases the noiSè level in the speed signal 

by pushing the~resonant peak of the eoupling shaft dutside the drive bandwidth. 

However, sorne noise will always be present. It can be shawn experimentalIy 

that its frequency is usually proportional to motor speed. As the speed is 

lowered, the noise falls into the drive bandwidth, the contrQller interprets 
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it as a speed dlsturbance and takes corre~tiv~ action. Consequently. the , 
~." 

controller and the complete drive operate continuously in a transient state, 

trying to respond to faise speed errors. To prevent this. the speed signal 

has to be flltered whenever the noise amplitude or the control 1er bain are 

too high. Obviously, this decreases the drive bandwidth. 

To sununari ze: 

The tachogenerator noise i5 often at a level such that speed signal 

filtering becomes a necessity. This filtering, may reduce the drive bandwidth; 

the actual values depending very much on the particular installa~ion. 

The use of dIgital tachogenerator5 will greatly reduce the noise 

problem. However. the)' pose problems at very 10\\' speeds. 

A method br which the speed signal i5 recon5tructed from the motor 

Input voltage, current and the~r phase angle has been proposed recently.l0~ 

Judging from the experimentai results, it holds conslderable promise for 

eliminatlng the noise problem. 

5.8 Effects of the slip l1mit ... 
, 

AlI the limitatlons discusssP previously were c~u5ed by imperfect 

dri ve component5. The need to limit the slip spee'd i5 a resul t of lnduction 

Cohsider a squirrel cage motor, supplied from the PWM inverter and 
'- ' 

under constant flux control at speed nI, Fig. 5.8. If a request 

speed change, say to n2, is given, the voltage and frequency can 

change almast irtstantenously, transferring' the motor operation to point B. 
This is undesirable because: 

t~e available accelerating torque becomes small 

" \ , 
the resulting motor currents ~re very large 

" 
torque oscillations (not shown in Fig. S.7)'are possib~e if the 

slip is large. 

If the slip »speed is instead limi ted to w
1

, the voltage and frequency will 

\ .. / 

2 J _ li': 22il)2 _ Zi:ÙJ.LMP •• Z( q. ' 
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. 
rise instantaneous ly only uhtil the val ue of w

l 
i,,'i reach~d. (point C). After 

this the limiting element (Fig. 4.30) determines their rate of change 50 t.hat 

the motor accelerates using a much larger torque Tl, determined by w. The 
c 

motor maximum torque is never excecded. 
1 

It is obvious from th] 5 exampl e that the Tiltes of change in motor 

input volta~e and frequency ha~e to be limitcd if the drive is to have 

minimum transient times during large speed chaflges. 

Note that constant slip speed drives are an. exception, since their 

frequency loop is subjugated to the vol tage loop. ConsequenÜy, the motor 

maximum torque can never be exceeded and' the limitlng element serves only to 

protect the motor (and the illverter) from exceptionally high currents, (Fig. 

4.20. ) 

~ote as well that the motor static chracteristlc was used for 

simplicity in the last example. In realitY'rthc trajectory of the oper~ting 

point follows the dynamic curve which is obtained by solving the drive nOn­

linear differential equations. 

The dynamic resul ts, obtained in the last chapter are not affected 

by the slip limit, since they represent the motor behaviour in the vicinity 

of an operating point. However, they cannot be cxtrapolated without taking . 
this limitation into account. . The drive total .t.ransition time is found by 

s~lving its differ~ntial equations for each of the three trajec~ories indi­

cated in Fig. 5.10. Note th~t the transition from point C to D requires an 

exact knowledge of the motor penniss,ible torque, i. e., the slip speed, lirnit 

W l' For constant airgap flux control this does not present a problem since 

the drive dynamics are independent of frequency. For constant Vlhz drives . , 

the slip speed limi t has to bê adjusted continuously for eac;h operating 

freQuency, in accordance with the maximum available motor torque, Fig. 

2.4b. The other alternative 

particular operat~ng range. 

will not be fully exploited 

is to set w 1 at the worst case leve 1/ for a 

This means that the ",otor torque capabilitiès 

at higher input frequencies. The third 

alternative is 'obviously to break the constant V 1hz ratio when' a predeter-
. . 

mined slip spé~d is reached ~nd to boost the input VOltage tmtil the desired 

ItorqHe·is obtained. Depending on the implementation, the last alternative 

may require addi tional feedback, loops oi, at least anothel\ limiter in the 

• 1 
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frequen cr loop. 
-

The same problem lexists with constant slip speed control, since the 
1 _ 

sett'ing of the voltage limit, Fig. 4.20, depends also on the motor input 

frequency. In addition to this, if the normally sma11 value ~f the slip 
1 

speed i5' not increased during large speed changes, the motor will either 

'develop'a small accelerating torque, or operate well.into saturation as 

explained in sectlon 2.3. 

To summarize: 

The Sllp speed limit is necessary to ensure operation on the 

negative slope of the torque speed curve and, thus, to prov~de the sho'rtest 

possible transition times during large speed changes; motor starting 
, . ' 

included. This limit does not affect the previously obtained dynamic res,p ts 

which are valid in the viéinity of an operating point.' 

If the three control strategies are compared with respect to the 

slip limi t, the constant airgap flux drive again appears to be the best one .. 

for the following. reasons: 

1) It gives a fast response for the large speed changes due to the 

large permissible torques. 

2) The limiting slip speed WI •. can be constant over the whole operating 

range. 

During this discussion the assumption was made that the value of the 
, ./ 

l~rniting_slip speed w
1 

is determined only by the motor permissible torque. 

In this case. the inverter. has to be overrated as it~must supply currents . , . ~ \,; 

\"hich are several times the motor rated current. In order to lirnit thesc:: 

~rents and, thus, ta. decrease the inverter cost, a lower value can De 

selected for w
1

. However, this will result in a slowJr drive response. 

" 

. . 
5.9 Summary 

In this c~apter a comprehensive survey was made of'the factors 

which may limit drive dynamic performance. The fitst six sections were 

~., . ",.L .. v_' .. ~.~ . .t_t . . _,.A ... "I«.. .. :::z::t.~Kj[!2.;;:;G'...:n.ùuQ:.:Jitimuz:a&k,MJJ~_. UX&t3tS=-
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devoted to the drive power supplIes and th,c tachogenerator, the last one 

to the motor nonlinearity. 

"'hen PWM inverters are used, the effects of the higher harmonies, 

ac source irnpedanee, and de link filter are negligib1e. The sampling tirne 

clelays have to be taken into aceount as the)' dorninate the inverter response. 

In variable de 1ink volta~e invcrters, the timc constants of the 

voltage and the frequeney control loops are different, the, frequency 100p 

being generally faSter. Therefore. a particular control strategy is 

prese-rved during drive transients onI}' lf ei ther the speed control 1er is 

very slow, 50 that both loops can track th~ input reque!st, or a faster 

control loop is subjugated to a sIower one. J 

I\'hen regulated CUITent supplies were ,\onsidered, it was seen that 

the PWt-1 inverter .,.;ith a current controlled outpt1t offers superior perfor­

mance, Slnce it yields both fast transient response and sinusoidal output 

currents. 

While taehogenerators are being cont inua11y irnproved, they cannot 

be made absolutel}' noise free. With higher con~roller galns'and faster 

responding drives, this noise often becomes a prime lirniting factor . 

. In agreement I\ith previous studies,3 7 it was· seen that optimal 

drive performance is ob~ined by limiting the slip speed during large speed 

changes. It was found tha~ in this mode, constant airgap flux contl~l gives 

the best rcsults since it yieIds large and constant permissible torqûes over 

the entire operating range . 

Many of limitations discussed in this ehapter will become irrelevant 

if a drive application,does not require a fast speed response. However, when 

high dynamie performance is desired, these limitations have to be ~itically 

evaluated~ so that the most suitable control strategy and correct drive' 

components ar'e selected. 

\ 
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CHAPTER VI 

EXPERIMENTAL RESULTS 

6.1 Introduction 

Various limitations of rea1~stic drives were reviewed in the last 

chapter.in order to make the theoretical results more relevant to practical 

induction motor drives. This aim was further pursued by performing a 

serIes of experiments on an actual machine. The results of these experi­

ment!; are presented and discussed in this chapter. 

Within the constraints of the avallable equipment, the expenments 

have been designed with the following objectives in mind: 

(1) VerIfication of the motor dynamic model 

(2) ExtensIon of the dynamic results ta the motor nonhnear behaviour 

(3) Assessment of the inverter effects on the motor tranSlent response. 

Due to the inverter limitations, to be described in the next 

section; it was not possi~le to obtain meaningful closed loop results. 

However. the open loop measurements are in good agr~ement with the predicted 

motor behaviour. By confirmlng the validity of the motor dynamic model. 

the experiments support also the closed loop theoretical results, wi thin 

the approximations made in Chapter IV. 

As in previous ch~pters, results in bath the time and frequency, 

domains are obtainJd. While the speed step response, in the. time ,domain gives 

overall information about system stability, it conceals the details of the 

motor dynamic characteristics. Therefore, the theoretical resùl~s are 
• verified by measuring the motor trans fer functions in the frequency domain 

while the step Fesponse is used in the study of motor nonlinear behaviour. 

6.2" 

The equipment used ta carry out the exper~ments consisted of: " . 

,. HU .2.i1 ; 2& US !iLU _ Jij 

__ ...--c-----~ 
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A 3-phase wound rotor induction motor, with pararneters 

as given in 'Appendu: A. 

A variable voltage iflput (WI) inverter, type SP-200 .. ' 

(General Electrie) operating \\Ti th 

~ A de machine with inertia of 0.14 

rnstant v 1hz 

~2. ) 

control. 

, 
Slngle phase cyc1oconverter J, used 

(105) 

to~ de machine. 

A precision torquemeter. 

A dc tachogenerator . 

- A variable phase function generator, .Hewlett Packard 

t>'Pe 203A. 

A 'storage oscilloscope J Hewlett Packard J type 141A. 
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,The eyc1oçonverter and ,the de ~achine forro a hlgh p~rformance 
d)~amometerl02. The dynamometer is used to load dynarniéally the induction 

, rnQtor. The equipmçnt ~et-up is fJre5en~ed in Figlolre 6.1. 

The dynamometer c~ operate in either a current cr speed control 

mode. 102 In the current mode it provides a regulated load torque for the 

wductlon motor J over the wh.ole speed range and ha-s a bandwidth of 50 hz. 

In the speed mode 1 i t determines. the speed of the whole group. In this 

ltode, its bandwidth i~ at 15 .hz. 

AlI f~equ~ncy' response measurements were performed in a standard 

. way, br comparing the input and the output gain and phase, us ing 

'Lissajous figures. The filter is used to elirninate high f~equency noise, 

especia1ly present at lower operating sp~éds. The step response measure­

,ments were performed by applying a step reference to the appropriate powèr 

source (cycloconverter ot inverter). 

Altogetfier, fQu~different·types of measurements were made: 

(1) Speed-torque transfer f\.U1ctions, G2 ès). The inverter re{erence . 

·was maintained constant, while the cycloconverter sinusoidally 

pertur~ed the de machine arma~u.re current and thus the shaft 

speed. The dynamometer was in the speed control mode, with 
" speed feedback loop elosed. The experiment was performed 

with S and both F2 switches closed and aIl others open. 

The 'main frequency of both filters was maintained the sarne as 

the perturbation frequency. 

.., 
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(2) Speed response to a step torque. The corrections were the same 

as for (1) except that switches S, T2 and Twere'closed, a11 

others being open. The break frequ~ncy of both fÜters was' set 

at 200 hz. 
, 

(3) Speed-speed reference transfer ftmction, G
1 
(s)', The cyc1ocon-

verter reference was maintaineà constant, the dynamometer then 

providing a constant load torque. The inverter reference was 

a sinusoid. Bath FI swi tches were c~ed, a11 others were 

open. The break frequency of both fÙ t"ers was the same as the 

perturbation frequency. 

(4) Speed r'esponse to step reference input. This was the srune as 

for (3) except that both Tl and T .switches were closed, a11 

others being open. The break frequency of both filtel\s was set 

nt 200 hz. 
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In the last two types of experiments, the inverter dynamics had a 

considerable effect on the measured results. A brief description of the 

inverter is therefore presented. The inverter nue plate ra.tings are: 

INPtTr : Volts 416/240 

Amps 45 

Hertz 60 

Phase 3 

OUTPUT: hp 10 

Volts, A.C. 200 

Amps, A.C. .. 58 

Hertz, base 120 

Phase 3 
. 

Model No. 6V20D1003 Drive Code AF-3090 

\ 
, The inver\er schematic 1s given in Figure. 6.2. Both voltage and 

frequency can b~ adjusted individually to obtain the desired V/hz rado. 
1 

The input converter consists of a 3 phase, ha.lf wave thyristor convertèr, 
, 

thereby placing stringent requirements on the ac source. ' As the recommended 

4-wire supply transformer was not ~vailable at the time of the experiment, 

an existing step-up transformer was used. As the induction mo,tor load was 

var~ed, the effect of the ac source' impedance was strongly felt. espocially 

, \ 1 

,. 

• 
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Fig. 6.4a: Inverter outputs at 60 hz. 

Fig. 6.4b: 

(T~ace allocation same as below). 

~. t 

Inverter outputs at 2 hz. 

Trace 1: Voltage 

Trace 2: CurrC!!nt 
fi 
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in the hlgher vo1tage/frequency range. For example, the inverter output 

,voltage changed from 20SV to IB7V from no-load to full motor-ioad. The 

voltage regulation was feund to be rather poor, relying con[iderably on 

a large dc filter capacitance (24.000 ~F). The voltage regulator has a 

narra\\' bandwidth and was obVlously not designed for inverter ~ynamic 

applicatlOns. 
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The Inverter lS a standard }1c~lurray type with inj ected commutating 

pulses. The Inverter vol tage and currcnt waveshapes are presented in 

FIgure 6.4a and 6. 4b. Po~r voltage reguiation is clearly seen for 2 hz 

operatIon, FIgure 6.4b, TIle filter capacltor IS dralned and cannot 

malntaw constant voltage at 10\,' lTIVcrter freq'uencies, while the converter 

vol tagc tegulator res,ponse IS not fast enough, 
<" 

The frequency response of the converter bridge at' 60 and la hz is 

presented m Figu es 6 Sa and 6. Sb, Tt des cribcs the transfer function 

betheen voltage re ,rence and the de llnk voltage with the link. fllter 

Included. 

depends \-ery mu ch _ 

converter is hlghly nonlinear, thl S trans fer functlon 

lnverter load. The measurements were made wi th 

the motor runnlng at the rated current. It is seen that the co~rter has 
" a band\\idth -of about 1.2 hL at 60 h: inverter operatmg f~equency. At 

10hz the bandv.'ldth 15 lncreased ta 2 hz but the gain I;:urve starts to sho\\' 

the fi l ter resonant peak. Note that the fâst ch~ge in the phase curve 

would have posed serious problems if an attempt had been made to close the 

drIve speed loop. 

These results pOInt ta the following: -

(1) The converter dynamlcs will dominate the drive response in any 

speed-input re~erence measurements. 

(2) Drive operation in a closed'speed loop would require a comPlete 

redesign of the converter control circuitry. Even then, less 

than spectacular dynamic performance is ta be expected with 

th.is t)1le of invett.er. 

(3) The combination of the half-wave c~~verterJ poor voltage regulator 

and inappropriate isolation transformer make the inverter voltage 

very dependent on the mot or load. The assumption of an infinite 
-

bus supply obviously does not hold. This affects the rneasurement 

of both speed-reference and speed-torque transfer functions . 
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While the effects of the converter dynamics were minimized by 

modifylng the measuremcnt procedure, th~ other two factors cou1d not be 

eliminated. The results presented here should be examined while keeping 

these factors in perspective. 

6.3 Srnall Signal Results 

AlI results presented in this section have 
1, 

sinusoidally perturbing the motor inputs around an 

an allo~ance is made for ~he power supp1y effects, 

been obtained by 

operating point. If 
r-' 

these results should 

confirm those from Section 4.2:1, obtained br using the motor linearized 

equations. Therefore, these results represent a most important group of 

measurements. 

6.3.1 Speed-Torque Transfer Function 
F 
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Al though a very slmilar e>"7eriment had been reported br Jayawant 

and Bateson,41 the narrow bandwidth of the metadyne used to perturb the 

motor 10ad torque had severely restricted their resul ts. The use of de 

machine and eyeloconverter enablès the measurement of the motor frequency 

response in the 5 - 15 hz range, where the e 1ectrical eigenvalues start to 

appear. 

The speed-torque transfer function is obtained from: 

Gds) (6.1) 
ô V',/ë T c L 
ô V Iô III c m 

where V is the dynamometer speed reference. The procedüre requires two c 
measurements for each pert~rbation frequency but yields results which are 

independent of thé dynamometer dynamics. 

AlI experiments are performed at rated motor current ,and with a 
. \ 

constant 1nverter reierence. 

At 60 hz operating frequen~y, with sinusoidal voltage supply. the 

Gl (s) trans.fer function is as predicted; Figure 6.6a. The break point is 

determined by the mechanical eigenva1ue: Electric~l eigenvalues are 

obviously aIl cancelled, as discussed in Section 4.2.1. Since the experi-
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ment was performed with 200 V suppl>, voltage, (against 220 V for the theoretica1 

results, FIgure 4.6b) the break point is now at a lawer frequency, in agree­

ment ~ith Equation (3.51). 

The same results were obtained when the motar was supplied from the 

inverte:r, Figure 6.6b. This shows that the dynamic effects of the power 

supply are negJigib1e at the 60 hz operating point. 

At 30 h: operating frequency, the motor was supplied from the 

inve+ter. - The experimental results again correspond to those obtained 

theoretically, Figure 6.7,,- The perturbation frequency is extended to 16 hz, 

which is not enough to detect the first pair of electrica1 eigenvalues at 

20 ~z. Measurements at higher perturbation frequency wel'e not meaningful, 

since the speed signal becomes very attenuated and entirely buried in noise. 

At 5 hz operating frequency, the measurements deviate from the pre­

dlcted results. The main difference is in the de level and frequency·of 

the resonant peak. This difference,could have been caused br these two 

factors: . 

poor regulation of the motor input vQltage (Figure 6.4b) wh1ch 

is not constant as the load is changed 

inaccurate measurements due to the noise in both speed and 

torque 5 ignals . 

As the spetffi of the operating point is lowered, the nOife falls, into 

the s~~ctrum of perturbation frequencies and cannot be filtered. lt is 

impossible to conclude whether the speed noise was caused by the tachogenerator 

or represents true speed oscillations resulting from pulsating harmonie 

torques. The nç:lise factor made the low speed measurements very difficult and 

unreliable at perturbation frequencies above? hz. The phase measurement was 

pal'ticularly affected. Therefore, the pl'edicted shape of the phase lag 

curve cou1d not be detected with any degree of confidence. 

The following conclusions can be drawn from these results: 
~~. 

(1) The motor dynamic model, used in the theoretical study is found 
, 

to be accurate. Cons equently , aIl theoretical results are also 

valid when the effects of inverter dynamics are neg~igible. 

Since these effects usually have to be taken into account, the 

theoretical results r~present an upper bound on drive performance. 
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(2) The pole-zero cancellatinn occurs for weak electro-mechanical 

coupling~nd the higher operating frequencies, as predicted by the 

Direct Method. 

(3), The antidpated effect of electrical eigenvalues at low operating 

speeds could not be 'measured, as bath speed and torque signaIs 

were swamped by noise. This- is an important conclusion, 

indicating that at low speeds, the noise problem is more important 

than the low damping of the magn.etizing --eigenvalues. As -such. this " , 
resul t points to a maj or source of problems which would have to ,be 

solved before closing the speed loop. At the srume time, these 

results practically disqualify the VYI inverter from most applica­

tions in closed loop drives. 

6.3.2 Speed-Spéed Reference Transfer Function 

When attempting to use the inverter in its original configuration, 

the following two problems were encountered in this experiment: 
c. 

(1) The motor dynamics 'became entirely obscured by the narrow band­

width of the converter-filter group, Figure 6.5a and b. 

(2) The time constants of the frequency and voltage control loops 

dlffered 50 much that the constant Y/hz st~ategy exis~ed only 

when the inverter was in the steady state. It was obvious 

that the results obtained under these conditions would not 

correspond to the predicted ones. 

In order to allèviate these two problems. the following was done: 

(~) The faster frequency loop was slâved to the voltage loop by discon­

necting the frequency input reference from point A, Figure 6.2b, 

and <;onnecting itt ta the dc bus throtfgh an appropriate voltage' 

divider. In this way the_constant Y/hz control was presented at 

a11 times. 

(2) The effects of the converter and de link filter were exeluded from 
.~ 

the results by ealculating the speed-input referenee transfer 
-, ' 

function as: 

.. 

1. 
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where V2 

.. ÔW /6\'2 m 
Ô E/ÔV2 = 

ô w m 
5E 

is the input reference, Figure 6.2b, while 

(6.2) 

E is the • 
inverter de Input voltage. Since the frequency refe~ence is 

obtained frorn this voltage, ôE deterrnines the perturbation of 

both input vol tagé and frequency. If the inverter swi tching 

delays are negligible, the rneasured and the predi~ted results 

should be the same. 
"-
1 

AIl measurernents were performed at rated and thus constant motor 

load. As the dynamometer operates in the re~Jlated current mode, the de 

machine inertia has ta be taken inta account. 

At 60 hz operating frequency the measured and predicted results are 

practically identical, FIgure 6.9. The br.eak point has moved to 1.15 hz. 

reflecting the increased total inertia. 

When resporiding te the Input reference, the induction motor behaves 

as a second arder system and the gain curve ro1ls off at -40 db/decade. 

The lolo. break frequency (1.15 h3) and the -40 db/decade siope made reliable 

measure~ents above 9 hz impossible. 

At 39 hz operating frequency there is again perfect agreement 

between the theoretical and experimental results, Figure 6.10. The previous 

comments also apply here. 

At 10 hz operating frequenc)' the main disagreement- between predicted 
~ 

and rneasured results exists in the different shapes of the two phase curYes. 
, 

As in the measurement of the speed-torque transfer function at 5 h~ input 

frequency. this disagreement i5 caused prirnarily by the difficulty in 

measuring the speed signal accurately at the higher perturbation frequencies 

due to noise. In fact, an attempt was made to find Gl(S) at 5 hz ~peratin~ 

frequency but this was abandoned due to the inability to obtain conslstent 1 
results. In addition to the noise problem. there is a possibility that the! 

1 

inverter also contributed to the disagreement in phase curves by introduci~g 
, / 

a switching time delay. As already pointed out. ~his delay May become / 
/ 

significant ,at low ope-rating fr~quencies. /. 
thos.è 

/ 
/ 

confirmed/ 

From these results the conclusions appear ta be similar to 

reached during the speed-torque experiment: 

The validity of the motor dynamic model is again , 
This then confirms also the validity of the theoretical results. 
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The electrica1 eigenva1ues are' practically unobservable at the 

higher operating freq4encies while at the Iower ones they become 

unmeasurab1e due to the torque and speed signal noise. 

177 

Note that in the addition to the noise, the problem of the converter band­

width and stability would have to b~ solved before the drive could operate 

in a closed speed loop. 

. 
6.4 Large Signal Results 

The dynamic results are extended experimentally to the motor nonlinear 

behaviour by appl)'lng large steps in the input reference and load torque. 

6.4.1 Speed response to step toroue disturbance 

For this group of experlments, the speed reference is maintained 

constant. A step in the dynamometer armature QUrrent gives a step in the 

motor load torque. Although the re,sui ts inc1ude the dynamorneter dynamics, 

their'effect i5 negligib1e due to the 1arger (50hz) bandwidth of the dyna­

mometer Whl~h no~ operates in the current regulated mode. The speed ~hange 
is large enough to'reflect the motor nonlinear behaviour. 

J' 

The re5u1ts were obtained for the same input frequencies used 

during the measurement of the motor transfer functions in order to facili­

tate the comparison. Since the torquemeter circuit includes a 200hz , -
oscillator, the torque signal had to be filtered by a fairly narrow band, 

low pass filter. For this reason, the de armature current is dispIayed 

instead of the torque signal. 
, 

At 60hz input frequency 6-17 and the sinusoidal voltage suppIy, 
• 

the motor responds to a torque stepas a first order system, fig. 6.12. 

Although the speed changes by lOS rpm, th~ resuit is similar to thàt 

obtained by using the motor linear mode1, fig. 4.6a. The only difference 

between the experimental and the theor~tiea1 results is in the rise time, 
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Fig. 6.12: Speed response to a load step input at 60 hz, 

sinusoidal voltage supply. 

Fig. 6."13: 

(Trace allocation and time base sarne as below) 

.. 
Speed response to a load step input at 60 hz, 

inverter supp1y . 

Trace 1: D~amometer refereJ,\ce. 

Trace 2: Dynamometer current 8. 2S AI cm.. 
Trace. 3: Speed 40 rpm/cm. 

Time Base: ().1 sec/ cm. 
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which is now considerably larger. A full explanation of this discrepancy 
1 • 

may be obtained by st!ldying the motor nonlinear equations. However, some 

insight may b~ gaind4 by \ointing out that the motor was overloaded by 60% 

at the moment when the step torque was applied. Thi~, means that it was 

operating close ta the top of the torque-speed curve, in the region of i ts 

decreasing siope. The speed response to the load change is determined by 

the mechanical eigenvalue which i5 directly dependent on this 5 lope, equation 

(3-50). Thus. aS the slope of the speed-torque c~rve i5 decreased. the 

break frequency of the reai eigenvalue is decreased too, resulting in a 

slo\.,er-than-predicted re5ponse. 

Although this explanation i5 only approximate, 5ince the lÏnear mode-l 

is used to interpret motor nonl:i:near behaviour, it should account for at 

least part of the discrepanc)' between measured and predicted resul t5. 

When the motor was supplied frorn the inverter the resu1 ts were the 

same as for a sinusoidal input voltage, fig. 6.13. 

At 30hz, fig. 6.14, the 5peed step response is identical to that at 

60hz and the previous comments would aiso apply here. 
l 

At 10hz J the resu1t is basically the same as before, the only ~ 

difference~being smaU oscillations in the speecl signal, fig. 6.15. It is 

diffiçult to determ~ne whether these oscillations are caused'by motor 

decreased Cia'lllping, pulsating torques or represent simply tachogenerator 

noise. 

At 5hz.. the magnitude of the speed change has increased to 128 rpm. '7 

fig. 6.16 ~lthough the magnitude of the load disturbapce·was the same as 

for the other measurements, This departure from the previous results reflects 

the ,increased motor sensitivity to load disturbances at lower input fre-
1 

- • t 

quencies, as discussed in section 4.2.1. Another important observation is 

that even at such low op~rating ~quencies the speed response is' well 

damped and there is no sign of"motor instability. • \ 
\ 

Qne,may conclude from these resu~ts that the speed response to large 
, . 

torque changes is essentiaIIy the same as predicted by using the motor 

linearized dynamic model, providing that D.lotor operation is -restrieted to 

the stable portion of the torque speed curve. 
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. 
'Fig. 6.15: Speed response to a load step input at ~O hzs 

inverter supp~y. 

(Trace allocation and time"le same as be1aW). 

Pig. 6.16: Speed response to a load step input at 5 hz, 

inverter supply. 

1'r,ace 1: Dynamometer reference. . . 
Trace 2:, 'DyJ)8lb01II4:Ito: c~t 8.-25 A/cm. 

Trace 3: Speed 40 rpm/œ.. 
'. v 

Tim~ a&se: ·0.1 secl C'IJ., 
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Fig. 6.14: Speed response to a 10ad step input at 30 hz, 

inverter supply. 

\ . 

.fig. 6.17 ; 

TrlJ-ce 1: 

Trace 2: 

Trace 3: 

Time Base: 

Speë~m. 

Dynamometer current ~2S A/cm. 

Dynamometer reference. 

0.1 sec/cm. 

~peed response to a step reference at 60 

Trace 1 : ~nverter reference 0.5 V/cm. 

Trace 2: dc link voltage 6 V/cm. 

Trace 3: Speed 38 tpm/cm. 

Time Base: . 0.5 sec/cm. 

hz . 
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6 4.2 Speed response ta step reference Input 

TI1e d~amometer malntalns constant motor torque by operating ln 

the regulated curren~ mode. A step signal is applied at the inverte~ 

reference Input, fIg. 6.3. TI1e measurement procedure used to eliminate 

converter d)~amlCS from the results obtained in the ftequcncy domaln 

was not possible here. Consequently, constant V/hz control was not main­

talned durlng the motor tranSlents. In arder to assess the effects of 

the converted and the dc link fllter, the dc link voltage is also dis-

played. ~ 

At 60hz, input frequenc)', the response of the de llnk voltage was 

relatlvely slow, fIg. 6.17, resulting ln a deviation from the constant 

V/hz control .. As the motor was requlred to accelerate wIth a relatlvely 

dec~eased Input voltage, the developed electrical torque was not very 

large and the speed response ... as slow. 

While the de llnk voltage exhibi ts a small overshoot, reflectIng 

the structure of the converter voltage control loop, the motor speed 

respons~ lS overdamped. 

At 30hz the results are unchanged, fig. 6.18, and the prevlous 

comments apply. 

At 10hz the speed response was noticeably slower while its steady 

state value was decreased by 24 rpm, fig. 6.19. Both changes reflect the 

decrease ln the gain of the forward motor loop (Input reference to speed) 
c , , 

at lower input frequencies. This decrease may be predicted by looking at 
. , 

the s lope of the statlc torque speed curves, ln the lower Input frequency 

range, fig. 2.3. This was also observed in the theoretical results and 

extensively discussed in section 4.2.1. Finally, a 1055 in forward galh 

at low input frequencies was confirmed experimentally, fig. 6.16. 

These results lead to the conclu\ion that the speed response to 

large input reference signaIs is very weIl damped.~ However, it is not 

possible to correlate the experimenta1 and the theoretic'l results because 

they were obtained for 4ifferent airgap flux distributions. The results 

therefore refleet motor nonlinear behaviour for one particular type of 

'power supply. 

"'" , ..... 1 
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Fig. 6.18: Speed response to a step reference at 30 hz. 

Trace 1: Inverter reference 0.35 V/cm. 

Trace 2: dc 1ink voltage, 7.2 V/cm. 

Trace 3: speed 38 rpm/cm. 

Time Base: 0.5 sec/cm. 

1 

Fig. 6.19: Speed response to a step ~eference at 10 hz. 

Trace 1 : Inverter reference. 0.545 V/cm. 

Trace 2: dc link vo 1 tage. 6 V/cm. 

Trace 3: Speed 38 rpm/cm. 

Time Base: 0.5 sec/cm. 
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6.5 Effects of hlgher harmonics 

.' 
As pointed out in Ch apte-r' V, higher harmonies in the input voltage 

may affect the motor speed, especially at reduced suppl)' frequeneies. The 

following two questions have to be answered in arder ta evaluate these 

effects: 

. 1) How much should the motor dynamic model be rnodifi~d in order 

to aceount for the higher voltage harmonies? 

2) What 1S the effect of pulsating torques on speed? 

Since the f1rst questIon lS practieally answered by looking at the ' 

speed frequeney response, fIg. 6.6 ta fig. 6.11, only a few comments are 

added here: 

The linearized dynamlc m~l predicts only the behaviour 

of the speed fundamental harmonie. Any corrections for 

the square wave input voltage have ta be done by super­

position of motor models for each harmonic. This might, 

however, severly test the linearity assumptlon . 

The deviat~on of experimenta1 from predicted results at 

low supply frequency figures 6.8 and 6.11, indieate the 

presence of spe'ed harmonies. However, the measurement 

methodology preeludes any additional quantitative con­

clusion. ore reason i5 that the dynamometer dynamic5, 

decoupled from the fundamental frequency resu!ts, 

affect the speed higher harmonies., Another reason is 

that the speed harmonies appeared as a nonlinear effect 

in the Lissajous figures, which were very diffieult to 

intfrpret. A third reason is that it was i~possible 

to distinguish between true speed oscillations and 

iachogenerator noise. 

In order to gain more insight into the speed harmonie oscillations, 

and aiso to answer the second question about the effects of pulsating 

torques~ a steady state experiment was performed with the motor operating 
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a"t 1-2 ha input frequency. It was hoped that at such low speeds the 

relative Importance of the tacnogenerator noise would èecrease since 

the effects of pulsating torques become moxe pronounced. 

TI1e dynamometer was used ta proVlde a constant load torque by 1 

operating irr the current controlled mode. The inverted frequency 

reference was dlsconnected from point A, fig. 6.3, and connected ta an 

external precision de supply, since it was not possible to obtain proper 

inverted opera~ion at such low frequencies with the original connection. 

The results were disappointing and encouraging at the same time. 
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It was not possible to measure ~ïy speed oscillations caused by pulsatlng 

tcrques. In an attempt ta get sorne measurements, the V/hz ratIo was 

varled by increasing the input voltage withIn the range allcwed by motor 

current consideratIons, but :he oscillatIons slmply dld not materlalize. 

When the load was Increased sc that the motor stalled, small rotor 

vibratIons were c~served and could be felt by placing onels hand on the 

motor snaft. However, the tachogenerator sIgnal was not recorded as it 

contained different klnds of statlc frIctIon and brush noise. The l~rge 

adèled drnamometer Inertla was probably the main reason why the pulsatlng _ 

torques could not produce signlficant speed oscillaticns. 

The conclUSIon is then reached ~hat the effect of voltage 

harmonies depends very much cn drive parameters, in partieular on tne 

total system inertia; that the speed harmonic OSCIllations exist at low ... 
input frequeneies but dId not pose anYocogging problems in the drive 

under study, and finally, that the speed oscillations would become 

amplified in a elosed loop system if a low pass filter was not included 

in the sp,eed feedbaek loop. Such a filter would obviously severely limit 

the drive bandwidth. 

6.6 Summa;y 

A series of experiments was performed on an actual machine in order 

to make the theoretical results,more credible and relevant to practical 

induction motor drives. 

-~--' ---~ 
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The flrst of the stated objectives, confirmation of the motor 

dynamic model, was entirely achieved. ThlS result has very significant 

implications since it also validates the predicted performance of closed 

loop dri v~s . 

The second objective, extension of the dynamic results to the 

reglon of motor nonlinear behaviour was mostly achleved. The speed 

response to large step disturbances' corresponds to that of a first order 

system, as predicted by the motor linear model. 

When large steps were applied to the input speed reference, the 

comparison between measured and theoretical results became meaningless 

due to the presence of a large de link filter ln the voltage control 

loop. This filter caused a deviation from the constant Vjhz control 

during motor transients, as explained in section 5.5 of the previous 

chapter. Consequently, theoretical and experimental results were 

obtained under different transient conditlons and cannot be compared. 

Nevertheless, the measured results show that the problem of marginal 

stability does not arise in this drive. 

The third objective, the assessment of inverter effects on a 

motor transient response. was partially achieved. Only qualitative 

assessment was posslb~e since an alternate power supply with sinusoidal 

voltage and instantaneous response was not available for comparison. 

It was found that the dc link filter slows down conslderably the 

motor response ('as prerlicted ), but does not introduce any instability. 
n 

Very good agreement with theoretical results was oQtained by excluding 

the converter from the voltage control loo~. The results obtained under 

these conditions show at the same time that the inverter switching 

delays .are ,negligible. 
\ 

Of aIl effects, the inverter higher harmonies were by far the 

most important, espeeially at redueed input frequencies. They caused 

some harmonie speed oscillations and, therefore, m~de the frequency 

response measurements difficult and ~nreliable at low operating speeds. 

Cons,equently, the lightly damped electrical eigenvalues, anticipated in 
j 

the speed response at low input frequencies, could not be observed. 

" 

2l 

186 



-f .. J 
·, . . 

.. 
187 

Although the conclusions about the inverter harmonie effects are 

not new, they receive special importance when a closed loop motor operation 

is considerod. In this c~se, the speed harmonie oscillations .make a low 

pas~ filter in the speed feedb~ck loop mandatory, thereby decreasing the 

drive bandwidth. This conclusion then tends to exclude variable voltage 

Input inverters from applications in high performance closed loop drives . 

.J 
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EPILOGUE 
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7.1 Summary 

This thesis presents a comprehensive dynamic study of closed 

loop, variable frequency induction motor drives fon varlOUS strategies 

of motor speed control. 

Three control strategIes were formulated and the correspondlng 

steady state motor characteristics were presented ln Chapter III. 

The basIc methods of time and frequency domaln ana1ysls were , 

188 

revlewed ln Chapter III and arranged in 'a ferm sUltable to thlS study. 

The classica1 notIons of ohservability and controllablilty were exarnlned 

and were found inadequate for the performance analysis of practicai 

control systems. Therefore, the two new concepts çf pseudo-observabiiity 

and pseudo-controilability WhlCh are more relevan( to engineering app11-

ca~ions, were defln~d, In addItion to thlS, two rheorems which lead to 

a new analytical method for predicting the structure of speed-torque 

transfer functions as weIl as the nature and location of their zeros 

were- formulated. The method is sImple, general and applIcable to any 

motor drive, operating in an open or closed control loop and represented 

by a set of linearized equations. The proof of the two theorems was 

presente1 br using the basIc properties of eiectricai rotating" machinerY· 

~e dynamic analysis of ciosed Ioop induction motor drIves, 

described'by a set of linearized equations, was presented in Chap,ter IV. 

The,results were given in bath time and frequency domains, for an easy 

interpretation. An ideal J variable frequency, power source was assumed. 

Cons~quently, theresults of this chapter reflect an upper bound of the 

mOtor dynamic performance, attainable with an·instantaneous response, 

sinusoidal output power supply. The results of Chapter IV were re­

viewed in Chapter V in the Iight of the limitations imposed by the non-, , 
ideal drive components. 
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• 
The experimental confIrmatIon of the theoretical results was re­

ported in Chapter VI. The measurements in both time and ftequency domains 

I.;ere discussed. The use of a variable voltage input Invertar frustrated 

accurate measurements at lowe~ motor speeds and demonstrated the limita­

tIons of a square-\o/ave power supply. 

7.2 Conclusions 

A nurober of conclusIons pertInent to the analysis and the dynamic 

performance of variable frequency induction motor drives are now made. 

These conclusIons are based on the results obtained in this study and the 

experience galned during the experimental work. 

Theoretical resul ts 

1. The speed-torque transfer function G2(s) of any rotating 

machine, which is operating in open loop and which is represented by a 

set of linearized equations, has N-l zeros, N being the number of machine 

eigenvalues. Furt~ermore, aIl zeros of G2(s) are identical with the 

eigenvalues of the machine constant speed electrical system (Theorem -1, 

Direct Method). In most cases the electrical poles and the electrical 
) 

zeros canee l each other, leaving a fIrst arder speed,-torque transfer 

function. The pole of this transfer function depends on the total inertia 

of aIl rotating masses and the slope of the static torque-speed curve. 

2. The speed-torqu.e transfer function of any closed loop 

electrical drive, described by a set of linearized equations'~ has N-l 

zeros. N"being the number of drive eigenvalues. Of these N-l zeros, NI 
are identical to the eigenvalues of the drive reduced system, \o/hile the 

remaining N2 are the eigenvalues of the drive spe~d controller. (Theorem 

2, Direct Method),. Th~ defini tions of the drive reduced system and the 

speed control 1er are given in section 3.3.3. 

3. The dynamic characteristics of an induction motor gene~ally 

depend on the supply frequency and the motor lead. The only exceptions 

are drives where .the airgap flux is maintained constant at every instant of 

.etor operation. In this case, the drive dynamics change only with load. 

\ . 
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4. Constant Volts/hz, open loop drives exhibit a number of 

undeslrable characteris1ics when operating at reduced input frequen­

cies: 

A decreased damping ~f the electrical 

magnetlzlng eigenvalues. Dependlng on 

motor parameters, this may cause dynamic 

shaft oscillations. 

- Poor speed regulation, caused by a 

decrease in the forward motor gain,' 

Consequently. the motor speed is very 

sensItive to load changes. 

- A decrease of motor maXlmum torques. 

These factors make constant V/h: open loop drives SUl table only 

for appllcations where a most elementary speed regulation is required. 

190 

5. Constant Volts/hz closed loop drives ma)' have a very' good 

dynamic performance, prQvided the speed controller and a corresponding 

compensating network are properly designed. In this case, motor dynamic 

characteristics become practically independent of the input frequency. 

At the same tirne, the motor speed becomes almost insen~itive to load 

changes. 

6. Although a constant slip speed control strat~~y yields 

constant power factor operation and reduced harmonie losses at 1ight 

loads, it i-5 not 5uitable for applications where high dynamic performance 

is expected. It was found that a motor wi th constant slip speed control 

and supplied from a voltage source has a slower speed response than when 

operating in an open speed 1oop. Furthermore, the motor characteristics 

depend ~ignificantly on the supply frequency, while the speed was very 

sensitive to the load variations, despite a ~losed lOQP operation. 

/' 
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7. It was found thut a constant airgap f~ux strategy has two 

very 1mportant advantages over any other form of induction motor control: 

a) The drive statlc and dynamic characteristics 

are 1ndependent of the supply frequency, 

b) The mot9r electrical system lS reduced ta 

the rotor circuit. Consequently, the drive 

becomes unconditionally stable and respands 

to an)' input as a first arder system . 

Both factors enable the design of a fixed structure, optimal 

speed controller, which 15 not a comprom1se betwee~ the contradictory 

requirements at the h'o ends of the frequency range. Furthermore, 

Slnce the drive responds as a first arder system, the speed controller 

is not designed ta improve its stabillty but rather to suit the drive 

appl1cation requirements. 
Il 

8. It was demonstrated in this study that any induction motor 

can be made to behave in a desired fashion, ptovided that a correct 

drive structure is chosen. Thus, the most loglcal approach in the 

design of high performance induction motar drives is ta aptimize the 

motor parameters with respect to the efficiency and the steady state 

aper~tion, while using control loops to obtain a desired dynamic 

behaviour. Note that this runs contrary- ta the current research practice 

of searching for the combination of motor parameters which gives the best 

open loop dynamic performance. 

Practical drives 

1. When different limitations of non-ideal power supplies were 

examined, it was found that those mo~t important are: 

.. ~;"a .. 
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(i) rime delays in the,voltage control 

loop, Introduced by a lar,e de Ilnk 

fil ter. 

(ii) Effects of steady state pblsatlng 

torques at reduced input freque~cies. 

The experimental results have confirmed these concluSIons. 

11 
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These two factors practlcally prohibit the applIcatIon of variable 

voltage j'put lnverters ln most closed loop InductIon motor drives. 

The same conclusions were made for Inverters with regulated out­

put current, with the only difference being that the de Ilnk filter is 

now replaced by a large de choke and the effect of hlgher harmonics is 

now much stronger. 

1 
2. 1t was found during the measurements on the open loop, constant 

~olts/hz'drive, that at reduced Input frequencies the antlèlpated effect of 

light1y damped electrical eigenvalues could not be observed due to the 

effect of steady state pulsating torques. This experlmental result implies 

that when the drive lS supplied from a square-wave inverter, the effect of 

pulsating torques overshadows that of' lightly damped eigenvalues. 

3. When pul~e width modulated inverters are applied, excellent 

dynamic pertormance may be achieved with the proper control strategy. In 

this case, the dominant limlting factor becomes the tachogenerator noise, 

as it necessitates the use of a low pass filter in the spèed feedback loop. 

4. The motor nonlinear operation was discussed and the need for 

slip limit during large speed changes was explained. It was fdund that 

the constant airgap flux strategy gives superior drive performance by 

permitting accelerations at very high, constant motor torques. Further­

more, the value 'of the slip limit is constant ov~r the whole operating 

frequency range only with this control strategy. Therefore,-a speed 

control 1er with fixed structure may b~ used without compromising the dri'e 

larg~ signal response. 

J • 



1-· 
!i"", 
~ 

-
" 

1 e 
~, 
" 
~~ 

f' 

1~ 

V 
'-~ , 
l 
~: 
(. 

-: 
't 
l 
1; 
') 

i 
Î' 
f 
~ 

'. 

e' 

'-

The overall conclusion is that the following are necessary for 

the realization of high performance induction motor drives: 

1) Closed loop operation 

2) Constant airgap' flux control 

3) Pulse width modulated lnverter. 

Î.3 Suggestions for future warl. 

The followlng research topics would represent a contlnuation of 

this stud;.:: 

, 

1) Further analysis of the motor nonlinear 

dynamic behaviour. 

2) Effects of dyna.'1lic deviations from a 

particular control strategy due to 

different time, cons ta:1ts in voltage and 

frequency cQntrol loops in variable 

,voltage input inverters. 

~ 3). Investigation of dynamic characteristics 

of pulse width modulated inverters. in 
. t 

pa1"ti-cular wi th respect to switching 

delays. Î 

4) Design of a contz:olled current sOurce 

with a pulse width modulated 'inverter 

and a study of its characteristits. 

( 
Oi.,L 
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M'PENDIX A 

INDUCTION MOTOR PARAMETERS 

The per phase parameters of the induction motor used in this 

study" are given be1ow: 

Primary Leakage Inductance L = 2.22 mhenries 
s 

Secondary Leakage Inductancè L = 2.20 mhenries 
r 

Magnetizing Inductance M = 66.84 mhenries 

Primary Resistançe RI = .440 ohms 

Secondary Resi"stance R2 = .708 ohms 

Nwnber of Pole-Pairs n = 2 
'" 

Rated Frequency r f = 60.0 Hz 

Rated R.\fS Voltage V
ph = 127.0 volts 

Rated Output Torque T 
"" 17.37 Nm 

.,. 
e 

TotaJ Vis cous Friction fT = .0014 Nm sec/rad 

Rotational Inertia J .0500 Kgm t = 

The total system inertia was made equal to the induction 

motor inertia. Therefore: J = J 
T 

\ 

1 

( 
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APPEi'I'DIX B 

PRoor: THEORHI 2 

f1rst, the 5tate equatlon.5_ for the closed loop ddve 

l 
(FIgure 3.3) are establlshed after \\hlCh the proof IS gLven. 

, 

Controiler 2 

Fro'll rlgur~ 3.3 the Input U 2 15:, 
-> 

k 6(u 
t m 

\\herc V 2 15 the change ln the speed referencè Input. 

(C-la) 

Slnee U~ 15 a scalar, [8 2 ] and {02] be~ome column 

vcctors. The outPl!t component 'r 2 l 15 a sealar whlle 

a general case a vector. Thus, the matrices [C:d and 

be Vin tten as: 

lrc
" II [DH J [C2 J and [02 ] = (022] 

\ [C 22 ]_ 

where (Cl zl is a ro\'.' rect$r, [C z 2] lS the remaining 

in [Cz] , Dn 'is a scalar and [Dz:d IS the remainlng 

Y22 1S ln 

;; 
[D 2 ] can 

submatrlx 

column 

vector, The state equ,atlOns for eontroller 2 J10w become: 

(C-2a) 

\ 
'il 
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(C-2b) 

(C-2e) 

Control] er l 

(C-3a) 

(C-3b) 

From FIgure 3.3 the Input UlIS 

(C- 4 .) 

.. here V 1 lS the referenee Input of aU other states except mo.tor 

speed, Y22 l.5 glven by (C-2e), wh:le X
f 

is the veetor of feeà-

bad. states. It can be wntten as: 

(C-5 ) 

where Ôl lS the state vector of motor currents ln the y-o frame 

whlle ~ lS the vector of- aU other m~asured states (except: speed), 

sueh as aIr-gap flux, temperature etc. Using cquation (C-5) TBd 

and [Dl] matrices in (C-4), can be wri tten as: 

[Bd X
f = [B 1 1 B 121 [:1] (C-6a) 

[:i] 
, 

[Dt] X
f = [0 11 D1 2 L (C-6b) 

• • \ 
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Combwing equations (C-2c), (C-4), (C-5), and (C-6) 

\üth (C-3), the state equations for contro11'êr 1 become; 

(C-7a) 

- [D 1d 61 - [012] ~ (C-7b) 

The addltl0nal states ~ depend l.n the genera1 case on 

al! dnve states and aIl inputs. Thus, the state equatlon _fOT ~ 

states 1S: 

,+ [HIt } 6w + [Hs] V1 + [H6] V2 m 
(C-8 ) 

where [H~~ éllld [H 6 ] are respectively the speed-to-'; and, speed 
1 

reference-to-~ coupling column vectors while [Hd 1 [Hd, [H 3 ) and .. 
[115] are the corresponding coupling matrices. The motor input 

voltage vector ln equation (3.39) is: 

where K 
5 

is the gain of the pO\v'er source whi le 

column vector . 

(C-9 ) 

(1 ] v 
is a unit 
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USlng equatlOns (C-2c) and (C-7b) the motor voltage vector 

becomcs: 

~ 

= K {[Cd Xl + [Dl] Vj + ([Dll [C 22 ] + 
5 1) 

+ [1 1 D 21 - [1 ] k 6w } 
v v t m 

(C-10) 

Comblmng (C-2a), (C-7a), (C-8) and (C-10) wlth the motor equatlon 

(3.39), the gener.a1 closed~oop drIve, presented ln FIgure 3.3 is 

descr1hed by: 

'[P ] X = [Q lX.,. U 
0 0 

where 

[L] 0 0 

0 [1] 0 

[P ] = 0 0 [1] 
0 

0 0 0 

0 0 0 

r 

IQld [Ql:!l [Qld 

[H3] [A3] [Hd 

Q = 
0 

-[B11] - [BIZ] [Ad 

hITCJG]+[G]T) 0 (j 

,0 0 0 

'" 

0 1 0 

* 0 0 

0 0 

J T 0 

0 [1] 

[QlIt ] 

[H4 ] 

-[Bd [D 22 ]k
t 

-fT 

-[B 2 ]k
t 

[QlS] 

[Hz] 

[B11[C 2 2] 

0 

[Ad 

(C-ll) , 

(C-qb) 
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,.. 
c, 

X = XI (C-12c) 

6w m 

X2 

u = (C-12d) 

The sub-matncés QI J l.n (C-12b) are: 

[QI11 - - [RJ - n ~11 [G] ,- ri [F] - [D 111 K 
ID c S ., 

(Q12 ] (D12 ] K (' - - s 
-~ [QI3] = - (Cd K s 

(QI4] = - ([DIJ [D:ul + [I ] D21 - [1 ]) K k - n [Gl 1 
v v s t 0 

[QIS] .,= C [Dd [C22] + [1 ] (Cl 2 ] K 
v s 

... 
The drive state equa tian is:' " ; 1 r 

, 

1 
~ ( . 

X = [A] X + [8] U 

where the state [A] and input [B] matrices are defined from (C-ll) 

as: 

, . 

1 
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[A] [P (1 [Q ] 
o 0 

and 

[B] = [P (1 
o 

expllcitly they are: 

[HtJ 

o o 

o o o 

and 

o o 

o [ l ] o 

[B] = 0 o [ 1] 

o o o 

o o o 

0, o 

° o 

o ° 
o 

[1] 

[A ] 

(C-13) 

(C-14) 

(C-15) 

~ 

.. 
(C-16) 

The drive reduced system is obtained by removing the 

speed controller and the mechanica1 system from the drive structure. 

The state matrix [A] of the reduced system is then olYtained br. de-

1eting the corresponding equations from (C-15): 

-[Bll] 

(' 

. IL! 

[A,,] [Hd 

-[B120~\ [Ad 

.. 
_ , . _ • .3.t _. ! Sb: .... ~K 

(C-17) 
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~'I'lth ail neecssary equations defined, one eax. look for the speed-

torque tran5fer funetlon. It is glven by equation (3.40) in 

Chapter II 1. The 5pecd appears on the k-th row where k:; N - N 2, 

N belng the arder of duve 5tate equatlon (C-15), while N2 15 the 

number of equatlons ln contro11er 2. From (3.36) and (C-16) the 

numera/tor !\kk(s) of the speed-torque transfer function is given by 

NU (5) 

where C
kk 

(s) 15 the k-th ro~, k-th eo1umn e1ement of the 

matnx [Co] defined by (3.34a) ln Chapter III. 

(C-1 8) 

The e lement C
kk 

(s) lS obta1ned from equatlons (C-13) 

and (C-15) br uSlng the dehnitlon for an adjoint matrlf and knok'-

lng that the k-th row, k-th eolumn element 

5 + fT"JT' Thus: 4 [5[1] - [A]] is 

Ckk(s)= DET 

s[I]-[Lr
l 

[Qld 

- [H3] 

-(B Il ] 

o 
4 -

The last equation gives: 
~ 

-1 -[L] ,[Q12] 

s[IJ-[A3] 

[812 ] 

o 

< -1 
- [L] [Q13] 

- [H 1] 

s[I]-[Ar] 

o 

• l ' 
-[L]i

1
[Q1S] 

- [H ] 

- [B ] [Czd 

5 [1 - [Az] 

Ckk (5) = DET [5 [1] - [Ar]] DET [s [1] - [A2]] 1 

1 

(C-19) 

(C-20) 

where [A] is the state matrix of the drive reduc d system defined 
r 

by (C-17). The fiest and the se~nd deteminant i (C.20) represent 
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respectiv(1)' the characterlstic equations of the reduced system 

and the spced contro11er. Since on1y the mechanica1 equation is 

taken oût from the dnve state matnx (C-15), Ckk(s) ln (C-20) 

represents a IJOlynoIDl'al of I\-} = t-I 1 Nz degree, where NI and N2 

are respectively the number of equatlOns ln the reduced system and 

the speed controller. 
il 

From equatlOll (C-18) the TOOts of this polynomial are 

the roo:s 0 f the numera tor ~kk (5) . USlng equations (3-40), (C-18) 

and (C-:O) the 5peed-torque transfer function for a general, closed 

loop, mult1-feedback drIve 15: 

Hes) (5-1. ,) 
J 

N 
II 

k=l 
(C-21) 

where \'s are the elgenva1uE's aL,the total s)'stem described by 

(C-ll ), :z., '5 arc 'th'e clgenvalues 'of the dn ve reduced sy5tem whlle 
J 

Z '5 are the elgenvalues of the speed cantroller. 
l 

Q.E.D. 

4::,. 
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