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ABSTRACT 

The main subject matter of this dissertation is to develop 

parameter adaptive rotor flux oriented current fed induction motor 

drive systems for controlled speed operation. The parameter adaptive 

approaches do not require special test signals and softwares in a big 

way. Three easy-to-implement schemes are suggested. One scheme is based 

on airgap power estimation method and takes into account of the 

non-linear magnetic state while tracking the actual rotor resistance. 

The other two methods constitute model reference adapLive controllers. 

They are based on the inverter input vol tage and torque producing 

A 

component of the stator current. The effectiveness of these methods is 

examined by extensive simulation and experimentation with two 

laboratory type induction machines. The experimental set up makes use 

of two microcomputers (1-8006 with 1-6007) and a PC/AT with I3urr 

Brown's PCI system having multi-channel 12 bit data acquisition modules 

for implementing the control algorithms. 

Prior to the description of parameter corrective algorithms, a 

control system suitable for a CSI-fed induclion motor under rotor flux 

orientation is designed and tested by 5n1t7b10 simulation model. Th::i 

the influence of rotor resistance variation in (lie 1:'resonce of 

magnetizing flux saturation has bccn extn:;iv&'iy invest igiLd. A 

two-parameter saturation model (two-term quintic non-linearity) is used 

in all these studies. It is further shown how the machine perforriiancs 

under field oriented condition are affectei t/ inclusion of saturation 

xii 



characteristics. Analytic expressions as well as digital simulaUc'n 

procedures are presented to study the performance of the drive system. 

Robustness of the drive system has been studied applying the 

concept of Kharitonov's theorem and then justified from the simulation 

results of the system for both parametric and torque disturbances. 

'Bond Graph' and 'Nodal method' provide an organised way to write 

equations for a dynamic system. Tedious way of writing equations aud 

their arrangement and re-arrangemet for fraoin stale equations can be 

avoided in the proposed simulation tchniqucs. SinLfl.jLLon stl'103 b:c: 

on systematic modelling and framing of the sy::on cq1:;ions in. the A 

above two methods for the operation 01 cr1l.J C1-hI '.:L 

under normal and abnormal conditic.j 1ivc  

Induction machine, 
 

Saturation, Parameter est.h i 
.. 1, 

simulation, RobusLe55, 
 

Multi-mlcroprocessor_bacd conlifl, 

Resolution, Nodes, Corrector 
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CHAPTER I 

I NTRODUCT I ON 

1.1 BACKGROUND 

The large majority of drives in Engineering and Indust.ry today are 

electrical drives. High reliability, ease of control to meet the 

operating conditions, wide speed range and power ratings, low noise 

level, absence of hazardous influence on the environnent, cleanliness, 

reduced overall size, etc. are the effective features that have 
A 

resulted in their wide industrial applications when compared with other 

types (steam, hydraulic and diesel) of drives. Of course, 

non-electrical drives have their own field of applications 

(transportation, power generation etc. ). The two typical 

classifications of electrical drives are the servo drive systems and 

the adjustable speed drive systems. The former is used in high dynamic 

performance domain, which requires fast response and high precision in 

torque and position control and immunity to load torque perturbation, 

while the latter refers to the speed control type applications over a 

wide range with high accuracy. 

Until the early sixties, the dc motors oving to thuir low electric 

time constants and inherent physical (ccoupng of arnr;ture and field 

circuits were dominating the areas of servo drives and variable speed 

operation. Following the development of silicon controlled rectifiers 

I 
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controlled static 
 

further established itself as a .su ri.or :crvo a3 11 as vari1c 

speed drive in contrast to its ac cai.  

inherent disadvantas aris1r i.or 

frequent maintenance, y r; r- 

atmosphere, limited ca)abifl ty in 

operations. Irifact, the control sCit,' nf Le a:'1 1 as of 

the static power converter couti i:d to ii s u;e. ka.ievor. 

efforts were not lacking to deveic) suiLabJe static ;:;:(--'-r converLi-s 

for adjustable frequency op.irat ion and appro)r lat(2 ooLroi s t LCf  IThr 

variable speed operation of ac aotor, trdio11y c.,;drcd as a 

source of constant speed drive. Owtn to S 11)10 eai robust structure, 

least cost, high reliability Lr itiL .nbili1y and le 

inertia, induction motor, pai- tJcu1rly the r- r.l c;o type, drow 

much attention. By the mid 197a's tiw i.Th s;.' the standard 

lnclu....tlon motors operate rel hbly frs. 0. 1 to l. 0 :u rat d s1:.i 

/ 
driven by solid state conve1- tr/ir1vcr Ler of vryi, confiirations. 

However, with ordinu- y inver ter drivL' characteris t c 

are not so excellent because tL ..•: c - oJ \'o-.: 

current with respective fr-oquency but ca not coiiwanL torque nd 

flux independently. The problem ar1 fie,1 Li COIJJ.. ant non-linear 

relationship of the machine primary currents to  the ercr-atcd torque. 

Current components responsiblo for ;.aL coatrol over-  the machi no 

flux and torque are cori'oini Lto a vr 'do, a:1y, the staLer 

curr- nt, making the fast  

I -,,,  

2 



vector (field orientaticn/co-ordiW.) 

the late sixties and early 'entLs [, i, of Lh f:' aad 

torque components of stator has c tnod ft c Lure 1 ra1c 

the precise control of torque, speod nad po Lion of c motor 

comparable, or even superior perlormsnccs to hose of dc motors. lo 

the beginning, this control techncuo Could not ie much headway owin 

to the lack of implementation requirements. Recently introduced [31 

Field Acceleration Method (FAM), which is convenient to apply in a 

voltage source inverter based system, has created a lot of interest in 

the field of controlling induction motor servo drives. 

A However, the interest in the vector control approaeh rapidly grco, 

and a number of strategies for vector control of induction machines 

appeared over the last two decades and the implementation schemes have 

achieved success. This has been possible due to rapid development of 

power electronic semi-conductor switches and high speed rrdcro--coaputirg 

systems with data acquisition facilities durind the late seventies and 

early eighties. Incidentally, it may be said that vector control 

K principle is also equally applicable to synchronoi.is machines, and 

nuirierous reference in this regard are available in the literature. 

1.2 BRIEF LITERATURE SURVEY 

The vector control strategy has gai n('d still ic ii:it!. motiieiilum In 

enter into the industrial application secter as a powerful tool for 

controlling robots, machine tool spindle drives, different types of 

servo drives, pinch roll drive of the continuous casting plant etc. 

Since through an induction motor staler luot.li the torque and fiu:< 

I- If  
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producing Currents flow, it is difficujt fi 

grasp the principle of field onicnticr 

flux producing channels havin no tath: cxi:] c• on. in the 

literature are avallabl a lir 
 

that discuss the basic principle of field oricnLaLion control, i.e., 

adjustment of the torque angle, or .pcd of the flux and torque 

vectors, with the variation of deman(le(I load torque and sot spccd. 

Normally, the flux vector (rotor, stator or airgap) is kept constant 

for the operating speed lower than the base speed [15, 201 and 

magnitude and phase angle of stator mmf is controlled to generate the 

demanded torque, maintaining linear relationship between the torque 

component of stator current (generated in the controller) and the 

developed electromagnetic torque. Strictly speaking, all categories of 

electrical machines are generic in nature, and each machine is having a 

flux axis and an mmf perpendicular to that axis responsible for torque 

production. If the decoupling of these components could be ascertained 

through internal structure (compensated dc. machine) or external 

controller (FOC-IM), fast dynamic responses with improved stability 

could be achieved. 

It has been indicated that the vector control 
hernes can be 

designed and implemented with reference to any of the three flux 

vectors stator, air-gap or rotor flux. Relative merits and demerits of 

the schemes based on different flux vector orientation 
118, 21, 251 

indicate that easier and stable doCr;Ij  inp,  ,  of torque and flux channels 
is possible with rotor flux orie;'t:tj- while the other flux model 

4 



based schemes contain driv 

and nonlinear torque slip oh r .t'; '' ] Fioi. TL 

compensation loop demands accur :.. •r.L o 

[18 251, that introduce stabiliLy I:oblum in an ar;Tip flux bi .1 

orientation scheme. To avoid derivaLive term in the torque to slij-

producing loop of the controller, the slip frequency i; applied as a 

command input instead of the comm-and torque in [is] for the stator and 

airgap flux orientation that makes the dynauiic responses for torque 

disturbances slower than the rotor flux orientation schc,ie. In [26] a 

vector control scheme is presented that computes torque angle based on 

air gap flux orientation and presents a methodology to cr,:i)Cc torque 

from terminal quantities. The scheme demands the decoupling criterion 

unaffected by rotor parameter deviation. Though most of the vector 

control schemes are based on rotor flux oricntalion,due to the above 

mentioned problems, still the stator and airgap flux orientation 

controllers are drawing incr.asiig attention for cesier measurement or 

computation of flux. 

In the rotor flux oriented drive, insLantaneous position of the 

stator mmf vector (making a dlred torque angle with respect to rotor 

flux vector) is controlled either by wing the po31t1rn of the flux 

vector or by creating certain criLoia that places L. or current 

vector in the desired position to salisly dccoupi lug citci ion. The 

position of the rotor flux can be determined by direct measurement or 

the air-gap flux vector u:irg s; reb coils or s. in;ie t1e 

mackac [1, 211, I ;• P 

5 
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consLruction such as 

application of observers [23, 24) L :n:I v1te; 

and currents. 

The direct flux acquisition r. LhJ is not very pcpiilar as it 

involves modifications to the coiicrcial ly av:i I ahie r ch I es, and the 

flux detectors detect the air gap flux. Apart. fron this, signals are 

noisy, particularly at low speeds, nocea;lta1ing special filters that 

introduce delays in the direct measurement. Detection of flux by 

observer is a dynamic measurement approach and suffers from time-lag 

problems (integration troubles) and iotor paramoLer deviations. 

Alternative to flux detection methods is the feed-forward 

slip-frequency method, proposed by Ias [21 which avoids unwanted 

measurements inside the machine for flux feed-hack and permits the use 

of commercially available machine without any modifications. The 

required signals are generally convenient and easy to measure. The 

strategy utilizes the motor velocity feed-back, feodforward 

slip-frequency command and the torque angle command to determine the 

position of the stator current vector. Velocity feed back signal is 

generally well defined and much less polluted by noise than th flux 

feed, and is easy to obtain. This is espeelally true at low speeds 

where the velocity signal does not suffer by ripples as dor's the flux 

feed-back signal in the direct method. However, this type of control 

strategy is highly dependent on key pau:u'.Leus of-  the Induction mot.ur 

and requires additional circuits and sofiwares for tracking these 

parameter changes and providing necessary corr.ct i oss thereof. 

I 



Selct.ic cf 

controller is  

the ruggedness of ti.  

power devices, para r .- .. .. 

vector conLrollcr is t .v. ... 

references for  

machine to adjust S cicr 

current fed Inverters [is, 11. : . ... 

current components zre u...J L' ............. -. 

-. requires compensation of croc c . . . 
[_ • 

14, 271. Since the i.p.Hance di.. i. c:.y .. ..H . ... (1 L.. 

total voltage drop of th. irH  

control schemes are almost insonlllve to rotor ormeicr, ckviticn 

where as in a currL f..H . ...................... 

producing currnLs  

parameters in tlia  

comparison between the we11 V/Y L. .Hu.1 '.. i vector coLco1 

criteria with voltage fed iliverter in i9 ruvcals that tiic 

vector control is an extenHn of constant volts/hrtz control. 

Inclusion of load depndor t.  

frequencies of the two  

The two forms of curr ives a' ( ) cer, t r&uiaLd 1'I 

inverter (CP ......) -. - -....... - . . ... L..,; 2C1I1 nc  

curroiLs in . . . . 
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in performances of a CSI fed di'jv [3]. 

* It injects prominnL harmonic currents In the imJucL ton motor 

creating torque pulsations. 

* The resultant mmf vector in the machine changcs po;ition in step 

* Due to heavy filtering inductance in series with the stator 

windings of the IM quick response in current control is not 

possible. 

* With small load torque stability problems arise that demands field 

weakening [101. 

However, use of a current source inverter enjoys the following 

advantages 

* Complex coordinate transformations may be avoided to simplify the 

control system. 

* A definite relation exists between the level dc link current and 

fundamental component of stator current. 

* Comparatively easier control of inverter frequency. 

* Low cost and inherent machine terminal short circuit protection 

facilities. 

In application sectors where the sluggish performance of the 

current source inverters are negotiable with its comparable low cost., 

CSI-fed systems are the better choice [17] and a good number of vector 

control schemes based on CSI inverter have been proposed [10, 15, 17, 

29 - 321. For computation of slip speed, q-  axis component of stator 

current derived from actual dc link current is proposed in [10, 15, 171 

that avoids the inaccurate slip frequency esLintion using its command 

'4.  



value [32., 331, duo to  

instantaneous adjustment of th: 
frio.'Y is d roc i 

obtained from the addition of slip speed to rotor 
cd (elecUicl). 

Phase position of st.utor mmf vector is controlled in [10, 
15, 17, 32., 

331 by changing a delay (introdLlCe'.l in fir i ng control of invertr 

thyrlutors) tht is visciy rk;1: to c hiac di ifercnce h t'cn 

the cc.J,rLd vale cf Loro f I : rouc I s Later currea t 

COlilPOilOfi LS. 

Controlling of the dc link curiL is by adjusting the delay 

in firing converter thyristorS to insert a variable voltage on the 

input side of the dc link 110, 32 -341. In [151 nonlinear control of 

converter thyristor firing Is introduced by lnhbiting the gat.e pulses 

for the condition in which actual dc link current is higher than the 

reference value, otherwisC normal firing control is followed. A 

variable structure current controller acting on the firing sequence of 

converter thyristorS is presented in [171. The invert.er 
 input voltage 

and slip speed are both used as feedfor:ard signals in [26]. The scheme 

utilizes torque angle based control of slip speed and adds a voltage 

component corresponding to current error with the inverter voltage 

(feed-forward) for controlling convcrtcr firing. The schcme in 1161 

uses flux calculations for flux feedback in excitation 
tral circuit 

and firing of the inverter thyristorS is done by cooralnate 

transformation of the demanded valueS of the flux and torque components 

of the stator current vector. Converter firing is controlled by the dc 

link current comparator. A Lh.1-egy is proposed in [341 to reduce 



parasitic torque, based on adjust;ent ef the 1' :i' tel vector for 

the six step mmf vector of the CSI. 

Current regulated PWM inverters enjoy the fast iconsc i a current 

control loop and injects sinusoidal curiunts in the stotor phases to 

generate continuously rotating mef vector and is the mot favourable 

one for implementing field orientation control strategy as evidenced in 

the literature [13, 18, 35, 361. To generate reference values of phase 

current, several coordinate transformations are required and the angle 

is computed from flux calculation [19, 351 or from slip and rotor 

speeds [13, 181. One of the drawbacks of these control schemes is 

proper selection of initial conditions that affects transient r 'ponses 

A 
at the starting of the control process. Modern control theories such as 

model reference adaptive control with decoupling of variables [37, 381, 

optimal state feedback for decoupled operation [39] and complete 

decoupling [40] are being introduced in vector control implementation. 

Digital simulation of the drive and power circuits with the 

control strategies is a useful tool for predicting the system 

performances, selection of controller gains, study of robustness etc 

4 
prior to practical realisatlon of the proposed control strategy. 

Digital simulation for a voltage source iriverter-based scheme is 

presented in [42] and for a CRPWM inverter-fed system in [13]. In 

these, power semiconductor devices are considered as ideal switches. 

Simulation study for a CSI fed system under field orientation 

condition is presented in [33] and is based on a mathematical model 

that takes into account the rectifiers, inverter and -  induction motor 

dynamics. 

10 



The staUility of a field OilL:l'ed cro  

decoupling of torque and flux clue1s V, 371 nd in Most of the 

control schemes ordinary P1 cortre11cr: are ud. F:r i.e Uter 

performances PID controller is pr.o!c1 n [1J aad vzrab1 structure 

controller in [17, 43, 44) . For a aL;..h1 o:'ordtIon, Lu21 ref'ercu:e 

complementary controller has been used in [19] for velocity and 

position loop control in addition to vector control. 

A lot of computation steps within a short sampling interval, is to 

be accomplished by a digital controller with utmost accuracy so that 

the controlling is superior to any highly accurate analog system. This 

view point is reflected in implementing a field oriented control scheme 

with slip frequency regulation or flux estimator. In seventies or early 

eighties Intel 8085 based microcomputing systems were used with 

multiprocessor [8] or along with some analog computing aids [131. The 

16 bit microprocessors and math-co--processing chips with complex 

functions are now the widely applied computing devices [10, 15, 17, 19, 

27, 33, 37, 451 where most of the schemes uses i-8086 and i-8087 

combination. The high speed digital signal processors with 12 bit data 

acquisition system and 32 bit floating point calculation facilities 

have been found to be used in implementing observer based schemes [23, 

241. Besides the microcomputing systems, PC's are also being used to 

observe the conditions of controller and power circuit variables and 

for passing on line commands/inputs to the microcomputers and above all 

for development of assembly language programs. The sampling times 

reported in the literature are 0.4 mseu iü [19], 2.178 m•sec i [3:31. 

-q 
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Changes in parameters, spccially in the case of slip regulated 

current fed rotor flux orientation system, severely affect the stcvJy 

state and dynamic performances and these have been the subject matter 

of investigation in a large number of publications [46 
- 52]. 

Temperature variation causes the change in resistance and degree of 

saturation affects the inductances. Most of the studies are concerned 

with the deviations of torque output and flux levels from their command 

values in the steady state [46, 47, 53 - 58J. Reduction of flux, one O F 

particular importance in situations such as field weakening and optimal 

operation [201 where reduced cxcitation can cause the magnetizing 

inductance increase by more than 50%. Studies in respect of dynamic and 

transient responses of field oriented machines under nonlinear 

magnetic state are available in reference [481 and [52]. 

Magnetization curves are normally characterized in two ways either 

by approximate piece-wise linear hard limit saturation curve [591 or by 

a nonlinear mathematical model (Frohlich's equation or a two term 

polynomial [47, 50, 51]. In [49), a polynomial fit for magnetizing 

inductances is considered to study the effect of saturation and rotor 

resistance change in torque, flux, efficiency, power factor and st.ator 

current characteristics. Selection of the flux level for efficiency 

optimization in a field oriented induction motor is presented in 

[60]and for field weakening region in [50, 61]. 

Parameter adaptation schemes in vector control strategy has been 

carried out by direct measurement of the parameters [58, 62 
- 651 or by 

estimating them from terminal quantities [46, 66, 671 or by generating 

12 



an error function fro, the co;pai i.ri of a q;ia I ty ::J 1 ts 

generated reference (sa Lisfyiii; the IieH oil d conji L ba) to 

correct the slip gain {33, '15, c,a, 5, 6 . hI t lye mor Is 

limitations of the various con:::.:. I I on : i - oo; are placated in 

chapter IV. 

1.3 MOTIVATION AND OBJLCTIVES 

The state of the art of vector control of induction motors is now 

almost In the matured state and perhaps no one is doubLful about the 

applicability of vector controlled inductiofl motor In Industrial s e r v o 

drives and speed controlled system. New micro-electronic 2_1 high 

A frequency switching devices are also coming out day by day and playing 

important role In 
implementing control systems involving huge 

computations. Some of the control strategies require complex 

computation circuits and are difficult to implement 
Whatever may be 

the nature of control strategy, the basic question is, 
Are these 

control strategies capable to maintain perfect decoupling of the torque 

and flux"? Physical control systems may not be capable to maintain 

field orientation perfectly due to computation delay, measurement 

errors, external noises, etc., and one must be contented with the 

performances closer to ideal condition as i permitted by J he physical 

constraints of the drive In which the strategy is applied. Increasing 

complexity of control system may improve performances of the drive 

system but at the same time it may be cost prohibitive. 

In current source inverter-fed systems the frequency of the 

inverter is controlled directly frc:. flforixrd slip speed and 

13 
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motor speed [15, 17, 261 To m:iizu tie re f: r a fcc,ftoi. i 

signal representing the spoad volt:h a is ed to the corvrt.r 

controller to generate the dc link voltage :ontrol signal [26 ,31. 

This approach is particularly effective for obtaining fast response to 

speed changes. A current control system with high gain II controllers 

(having large bandwidth) being effective for both torque and speed 

changes is considered in the present study. For controlling the 

inverter, besides its frequency, a phase angle control loop, based on 

d-q components of stator current, is provided in [15 , 17]. Since the 

q-axis reference current is generated from the speed error signal, 

noises in the speed channel will cause improper phase delays in the 

system. Also the slip speed computed from the commanded value of the 

torque component of current deviates from the desired slip speed, due 

to the delay introduced in the current loop by the dc link filter. The 

present study proposes correction to excitation frequency for iriverter 

firing during the transient process. A simulation model developed on 

the basis of the above proposals for studying the drive performance 

under some justifiable assumptions is required to verify the 

effectiveness of the above conniderations prior to the practical 

realization of the circuit configuration. 

The influences of mismatch between the parameters of the machine 

and those used in the vector controller of a slip regulated rotor flux 

oriented system has been the focus of a large number of publications 

[46 - 
521. In these publications, excepting a very few, the 

investigation has generally centered round the study of the effects of 

- - 
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rotor resistance deviation on torque and flux. Saturation effect has 

seldom been treated simultaneously with rotor resistance variation. A 

systematic study Is envisaged to visualize the effects of rotor 

resistance variation in the presence of magnetic nonlinearity. Results 

of simulation studies are given the support by approximate analytic 

expressions indicating the causes behind the effects. Besides the 

effect on torque and flux, considerations have also been extended to 

other variables like voltage and current. The effects of load torque on 

the internal and the external quantities of the machine during the 

detuned operation , caused by rotor resistance change, have been 

examined considering both the linear and non-linear magnetic states of 

the machine. To the author's knowledge, such aspects are not well 

documented. A study of the' effects of parameter change on the transient 

response to step change in speed have been indicated in the present 

study. 

A large number of schemes for detuning correction are available 

[33, 45, 46, 53, 55, 62 
- 691. They have their merits and limitations. 

Some of the compensation schemes are quite involved and some await 

physical realization. Though various control structures, with their 

merits and limitations, for detuning corrections are available, search 

for alternative and competitive adaptive controller, or endeavor for 

introducing innovation in the existing controllers, is still on, and 

this forms, even to date, an area of intense investigation.The present 

study proposes three compensation schemes which not only Consider 

corrective measures for rotor resistance variation but also takes into 

15 



accotmt the magnetic state of themachjne. The first scheme, proposed 

in the present work, is the air-gap power based rotor resistance 

estimation method, and is considered to be an Improvement over the 

algorithm proposed in 1541. The scheme considers the magnetic 

non-linearity and lays down an easy selection criterion of one solution 

out of the two for the rotor resistance. The other two methods use dc 

link voltage and torque producing component of stator current based 

adaptation algorithms for correction to the rotor resistance in the 

slip calculator. 

Study of robustness of a vector controlled system due to 

parametric perturbations is not well documented in the literature. A 

study has been under taken in the present work to investigate in a 

systematic and easier way the stability of the system using the concept 

of Kharjtonov's theorem [90]. Selection of the P1 controller constants 

for robust operation of the system is given a support by Kharitonov's 

theorem. 

A number of papers is available on the simulation of CSI-fed 

A 
systems [70 

- 761 and vector controlled systems [10, 42, 511 

considering different aspects of operations. In almost all cases, 

certain simplifying assumptions have been made that do not always 

reflect the reality of the exact problems involving converter and 

inverter. Quest for an improved model to simulate a system complying 

with the reality as far as possible can not be overemphasized 

Simulation of the vector controlled CSI-IM system using a simplified 

model of the drive system under some justifiable assumptions for both 

16 



linear and nonlinear magnetic circuits is proposed. This is to study 

the transient response and performances of the parameter compensation 

schemes of the drive system. 

The bond graph technique which has been related mostly to the field 

of mechanics, finds very limited applications to electrical power 

engineering. The concept uses power and energy as input-output variable 

and thus provides a very general basis for simulation involving mixed 

components (mechanical electrical and electronics) [77 - 801. ' Bond 

Graph ' approach is applied in this dissertation to simulate a CSI-IM 

system, dispensing with many simplifying assumptions and the necessity 

of considering the changing circuit topologies which are quite often 

the requirements in many studies. A realistic picture emerges. For this 

study diodes of the CS! are represented by their V-I characteristics 

and induction motor in two phase representation. 

The 'Nodal Method' is another generalized approach for simulation 

of a system on a digital computer. The three-phase input to the 

induction motor is retained, and modulated resistance values (low and 

high) are used to represent ON and OFF states of the semiconductor 

switches. This very much facilitates the simulation of CSI-IM system 

under normal and abnormal conditions. 

Summarizing, the salient features of present research work are: 

1. In the case of CSI-IM drive systems, the dc link current and voltage 

have definite relations with the fundamental components of motor 

current and voltage in the synchronously rotating reference frame. If 

I 
- 
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the dc link quantities are made use of, variable coordinate 

transformations are avoided [15, 311. This has been innovatively used 

in the implementation of vector control strategy simplifying steps in 

the hardware and software. 

Influences of saturation have been outlined in details both for 

tuned and detuned conditions of the drive. The effect of rotor 

resistance variation has been accounted simultaneously with the 

corresponding changes in the magnetizing inductance. Fundamental 

component of motor terminal voltage, dc link power and current, and 

the saturation characteristic (expressed in the form of i = a1 A + 

a5A 
5

)  have been used to evaluate the magnetizing inductance for use 

in the general analysis to study the effects of parameter change and 

also for simulation of the drive system. 

All the three compensation schemes take care of both rotor 

resistance and magnetizing inductance variation. The schemes being 

basically dependent on dc link data require less hardware and program 

steps for signal processing. 

Robustness of the drive system has been studied applying the concept 

of Kharitonov's theorem [94] and then justified from the simulation 

results of the system for both parametric and torque disturbances. 

Implementation of the proposed vector control strategy with the 

parameter compensation schemes has been carried out with two 

microcomputers and one PC/AT with data acquisition systems. Two 

microprocessor-based speed estimation methods are developed with 

optical encoders for use with control schemes for two induction 

motors (one squirrel cage and the other slip ring type). 

I 



6. 'Bond Graph' and 'Nodal method' provide an organised way to write 

equations for a dynamic system. Tedious way of writing equations and 

their arrangement and rearrangement for framing state equations can 

be avoided in the proposed simulation techniques. Many of Ihe 

restrictive assumptions in respect of the inverter and motor 

behaviour in simulation study of CSI-IM system are not required when 

the system is modelled by 'Bond Graph' and 'Nodal Method'. 

1.4 DISSERTATION OUTLINE 

- 

Chapter I begins with a general discussion on drive systems, 

Inverters, field oriented control pertaining to induction motor, 

controllers etc. This is followed by an overview of a few selected 

contributions to indicate, in brief, the various studies that have been 

made over the past two decades in the area of vector controlled 

induction motor. The chapter concludes with the objectives of the study 

presented in the dissertation. 

Chapter II commences with the two-axis model of the induction 

machine in a rotating reference frame and proceeds, under justifiable 

assumptions, to obtain a general model involving the dc link and the 

induction motor. Then the principle of field orientation control is 

introduced and key equations relating various parameters and currents 

and voltages of both dc link and machines are derived. An equivalent 

circuit model, valid under rotor-flux orientation scheme, is also 

developed. In the next step, vector control circuit configuration is 

presented and the control sequence is explained. This chapter ends with 
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a digital simulation procedure in which a Continuous model is adopted 

for the rectifier-inverter and induction motor combination in 

synchronous reference frame and linear difference equations for 

controllers. 

Chapter III discusses at length the effects of parameters 

variation on the steady state and dynamic performances of the speed 

controlled system originally set to work under field oriented 

condition. Analytic expressions are presented for qualitative 

explanations of the deviation of key quantities such as torque, flux 

level, current components terminal and inverter input voltages etc. 

Unlike in many publications simultaneous effects of saturation and 

rotor resistance variations are considered. 

Chapter IV proposes three schemes for detuning correction by 

updating the control gains appropriately after identifying the rotor 

parameter deviations. In one scheme, the rotor resistance is evaluated 

from air gap power while the inductance from reactive power. Other two 

schemes make use of the dc link voltage and torque component of stator 

current to compensate for parameter deviations. Simulation results are 
A 

furnished to verify the feasibility of the adaptation algorithm. 

Chapter V presents controller design and robust stability study 

of an induction motor with field orientation control. A possible 

minimum value of IIHII 
co  for the transfer function is ascertained in the 

selection of a particular set of Fl-controller constants with a 

prescribed bandwidth. Robustness of the drive system is studied by 

4 
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testing the segments of the interval plant resulting out of parametric 

variations. 

Chapter VI presents the implementation of the indirect vector 

control scheme, Inclusive of the adaptation algorithms, with two 

microcomputers (8086 with 1-8087) and a PC/AT, using minimal hardware. 

The two microcomputers were used to control the converter and 

inverter, and the PC/AT was to indicate the controller and the drive 

conditions as well as to estimate the rotor parameters and execute the 

algorithms required for the adaptation processes. The programs for the 

PC/AT were in Turbo-Pascal. One of the microcomputer was equipped with 

12-bit data acquisition system and the PC/AT with Burr Brown's PCI 

system having 12-bit data acquisition module. This chapter also details 

innovative methods to estimate instantaneous speed with optical 

encoders. The system was tested on a squirrel cage motor (3.75 kw) as 

well as on a slip ring machine (0.75 kw) both coupled with dc 

generators. The chapter furnishes extensive test results for various 

operating conditions with and without compensation schemes. The 

operating conditions studied were start-up transients, step change in 

A. torque and speed, step change in rotor resistance (for slip ring 

machine) etc. Corresponding predicted results are also furnished. 

Chapter VII presents development of transient models, based on 

'Bond graph' approach and 'Nodal' method, for simulation of CSI-IM 

systems and furnishes simulation results for different operating 

conditions, viz, normal, abnormal and transient conditions. In 
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conclusion it compares some of the results with those obtained by other 

methods to establish the acceptability of the models for simulation. 

1. 
Finally, general conclusions are drawn in chapter VIII with a few 

proposals for further research work related to the present work. 

I 
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CHAPTER I I 

MATHEMAT I CAL MODEL AND S I MULAT I ON 

2.1 BASIC EQUATIONS OF INDUCTION MACHINE 

The study of inverter driven induction motor requires a suitable 

mathematical model that could easily be coupled with the dc system on 

the inverter input side. According to two-axis machine theory, when a 

symmetrical induction motor is described in a reference frame that 

rotates in synchronism with the stator mmf, all the ac phase-variable 

sets get transformed into equivalent dc variables and can readily be 

combined with the variables on the input side of the inverter. Under 

the usual assumptions of no hysteresis, eddy currents, space harmonics, 

etc, the basic system equation of an induction motor in terms of a 

2-phase model (d-q variables) in an arbitrary synchronous reference 

frame is 

VdS R+pL8 LsWe PLm L m(O e lds 

Vqs WeLs R4.pL LmWe PLm 1 qs 
= (2.1) 

O P1-Sm s iL m Rr+PLr Lr Ws i 1dr 

oJ L LmWsi pL Lr Ws i Rr +PLr  J L - qr 

Fig.2.1 shows the spatial relationship between the axes of 

different frames of reference viz. , stator-fixed, rotor-fixed, and 

synchronously rotating d-q reference frames. 
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The electromagnetic torque is 

Tern  = Pp  (Aqr 1dr - Ad r  iqr) (2.2) 

where 

Adr  = Lr 1dr  + L. 1ds (2.3a) 

Aqr  = Lr 1qr  + Lrn  1qs (2.3b) 

The variables Adr  and Aqr  imply linkages with the rotor circuits along 

the synchronously rotating d- and q-axls respectively. 

Substitution of (2.3a) and (2.3b) in (2.2) yields 

Tern  = Pp  L.  (1 S 1dr - 1ds 1qr) (2.4) 

- With reference to Fig.2.1, if 1dq  is the magnitude of the vector 

current 1dq'  the corresponding d- and q-axis currents in the 

synchronous reference frame are 

1ds = Ldq  gds 

1qs = 1dq gqg 

where 

} 
(2.5) 

gd = cos 0 ) 
(2.6a) 

gq sin9 ) 

1qs 
which imply that tan 0 = . (2.6b) 

1ds 

For the current-fed induction motor drive system in Fig.2.2, the 

power-balance equation, with no loss in the inverter, is 

v1 1R = (vdS  1ds + vqs  1qs) (2.7) 

Use of (2.5) in (2.7) yields 

V1 1R = 1dq (VdS  gd8 + Vqs  gqs) (2.8) 

24 
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If the commutation effect is ignored, the stator current of the 

induction motor, supplied by a current source inverter, is a 1200  wide 

square wave of magnitude iR  in each half cycle. Other than causing 

ohmic losses, the harmonic currents have no significant contribution to 

the generation of net torque [75]. Neglecting the harmonics, the 

fundamental component of vector current magnitude 1dq in (2.8) is 

related to the dc link current 1R  by 

idq = 
2V3
—i--- iR (fundamental component) (2.9) 

I 
1R 

Substitution of (2.9) in (2.8) gives 

3V3 
v1 = (vd S  gd + Vqs gq5) 

If 
or, v1 = vdS  gd + Vqs gqs (2.10) 

where 

Tr 
v1 -v1 (2.10a) 

Although the steady state operation of controlled current 

induction motor drives does neither involve the stator input voltage 

nor the rectifier output voltage responsible for maintaining the dc 

link current at the required level, but the transient behaviour of the 

dc link current significantly affects the dynamic behaviour of the CSIM 

drives. Hence, it would be in order to develop dynamic equations 

relating the dc link circuit with system parameters and other 

variables. 

For the dc link circuit (F1g.2.2) the voltage equation is 

VR = V1  + (R1  + p L1) iR (2.11) 

I 4 
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Combining (2.10a) and (2.11), and using the relation in (2.9), yields 

I i IF I # 

)- VR = V1 + (R1  + pLc) 1R (2.12) 

where 

7tVR 
VR =  _____ 

IF 2 
Re ir 

Rf 
- -i:  

2 
y U 

- •- 

L. 18 

Rectifier output power and inverter input are given by (2. 13) and 

(2.14) respectively 

J. 

PR ''R 'R = V i 
(2.13) 

P1  = V1 1R = v1 1R 
(2.14) 

From the relations in (2.5) and (2.9) it is noted that 

iR = 1ds gds + iqs  gqs  

Substituting the expression for 
Vds and Vq8  from (2.1) in (2.10) and 

using (2.5) and (2.9), one obtains 

I I  

VI = (R+pL) 1R + Lm  (gd Pidr+gqs Piqr) 

+ Lm  We  .(gq5 1drgd 1qr) (2.16) 

using (2.16) in (2.12) gives 

v 
= 
f(Rs+R)+(L+L1)p]i1 +L(g

ds   Pidr+gq P1qr) 

+ Lm  wo(gq i_g i) 
(2.17) 

4 
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2.2 FIELD ORIENTATION 

2.2.1 principle and 
basic equations of a field-oriented induction motor 

In one approach for framing the relevant mathematical relations to 

understand and explain the vector control of induction motor, the 

synchronous reference frame is so aligned that its one axis, say the 

d-axis, coincides at every instant with a defined flux-vector in the 

machine. As discussed earlier, the flux-vector may correspond to stator 

flux, air-gap flux or the rotor flux. Derivations and the study to 

follow are for the orientation scheme in which the rotor flux-linkage 

vector remains in space phase with the d-axis of the synchronous 

reference frame. For such constraints 

Adr Lm  -ds + Lr  idr = Ar 
(2. iSa) 

Xqr L iqs  + Lr  iqr  = 0 (2.18b) 

which by (2.5) and (2.9) becomes 

L iR + Lr  idr  = Ar 
(2.19a) 

Lm  -R gqs + Lr  1qr = (2. 19b) 

Elimination of 1dr and iqr in (2.17) by (2.19) gives 

/ , L We  gqs 

yR = [(R + R) + (L + L1)p)i 
+ Lr 

Ar 
Os 

Lm  gds 
+ 

[__ 
PAr (2.20) 

L 
where L (= L - -) is the leakage inductance. 

OS Lr  

I A 
I-i 



Eqn. 2.20 is similar to the voltage equation of a dc machine 

except the last term. Even if the field excitation changes, the 

armature voltage equation of a do machine does not contain any 

transformer emf, but (2.20) indicates that the do voltage applied to 

the inverter must contain a component to counteract the transformer emf 

in the event of the variation of rotor flux linkage. 

Applying the conditions in (2.18) to the rotor circuit emf 

equations, the third and fourth rows of (2.1) can be written as 

I Rr  1dP + PAr  = 0 (2.21a) 

Ws l Ar  + Rriqr  = 0 (2.21b) 

Eliminating 1-dr and 1qr by (2.19), 

Rr I 
A 

= -E;: (Lm l 
- Ar  ) (2.22a) 

Rr  
W 1  Ar = Er 

L 1R gqs (2.22b) 

which can be re-written as 

L. 1ds 
Ar = (1) (2.23) 

and 

Lm  1q 

Tr  r (2.24) 

By the definition of slip-speed, as implied in (2.1), the angular 

speed of the rotor flux vector, i.e.,of the rotating reference frame is 

given by 

Lm  iq8  
= r + 

Tr Ar (2.25) 



211 For constant rotor flux operation, 

Rr 1qs 

L (2.26) r 1d 
 

It is to be noted that 
is the slip speed of the rotor with 

respect to the rotating d-axis (Fig.2.1), i.e., the rotor flux vector. 

Torque angle changes with the change in the operating condition of the 

machine, hence during the transitional state stator rnmf vector must 

move at a speed different from that of the rotor flux vector. Slip 
If 

 
speed w of the rotor with respect to the stator current vector must 

be given by 

sl 
do + 

(2.27) 

Angular speed of stator mmf vector is then 

= + CO81 
(2.28) 

dO  
should be made available in terms of measurable, i.e., transduced, 

and/or estimated quantities. Two methods are Suggested for calculating 

the value of dO- 

Method 1 

For the field oriented condition the torque angle e can be expressed as 

ids  
cos e = 

1dq (2.29) 

iqs 
sin 9 = 

1dq (2.29) 
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For constant rotor flux operation, implying constancy of 
1ds' 

differentiation of (2.29) and use of (2.30) gives 

I 

do ids diR 1 
dt = iqs dt (2.31) 

I 

It may be noted that = i (cf 2.9) 

Use of (2.12) in (2.31) leads to 

I I I I 

dø 1ds 1 

( 

V -V1 
- RfiR

dt lqs ) 
(2.32) -,-- 

L 

Method 2 

Under constant rotor flux operation, elimination of the stator 

currents from (2.23), (2.24), (2.29) and (2.30) gives 

W1 Lr 
tan 9 

= Rr (233) 

Differentiation of (2.33) with respect to time and use of (2.29) then 
yields 

2 
dO  = : 

1ds dc1 

dt dt 
r 

(2.34) 

Lr  
Eliminating -fl-- from (2.33) and (2.34) and writing tano for 
yields 

dO 
- 

1qs 1ds 1 dw1 
at - - dt (2.35) 

Expression for
dt -. in (2.32) and (2.35) can conveniently be 

evaluated by digital processors. These Issues are dealt with in a 

A. 
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latter section. V; in (2.32) needs be transduced while dw1 in (2.35) 
dt 

requires computation. Depending upon the control circuitry and the 

strategies adopted, estimated or measured values are used for the 

remaining quantities. 

By combining (2.2) and (2.18) the expression for the 

electromagnetic torque becomes 

L 
Tern  = Pp -r:-- Ar  iq9 (2.36) 

Alternatively, it is evident from the voltage eqn.2.20 of the 

rotor-flux oriented induction machine that the electro-mechanical power 

ern (cf. eqn.2.13) is 

Lm  'e 8qs Ar  
om =

2 Lr iR (2.37) 

The speed of the reference frame being /Pp mechanical radians per 

sec, the developed torque is obviously 

Pp 
3 Lrn , 

Torn  = em = Pp 
L 

Ar 
e r iR 8qs 

L 
i.e., Tern  = Pp Ar  iqs 

which is the eqn.2.36. 

Er (2.38) 

Irrespective of the transient or steady state condition the torque 

function in (2.38) always holds for field oriented condition. Use of 

(2.5), (2.9) and (2.23) in (2.38) yields the following two widely used 

expressions for steady state torque 

I :• 
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• 2 
L 

Tern  = 
1ds 1qs (2.39a) 

or, Tern  = P R sine co59 
(2.39b) 

2.2.2 Block diagrams 

Eqns.2.23, 2.24, and 2.36 define rotor-flux oriented induction 

machine, and essentially reduce the control dynamics of an induction 

motor to those of a separately excited compensated dc motor. 

Controlling the magnitude of 1d adjusts the rotor flux level through 
a 
first order time delay equal to the rotor circuit time constant, and 

for constant flux operation, generated torque becomes linearly related 

with 1qs• From equations 2.23 and 2.24 and 2.36 the decoupled condition 

of 
an induction motor from the view point of rotor flux field 

orientation can be represented by the block diagram in Fig.2.3. The 

block diagram representation of a field oriented induction motor, 

arising from eqns.2.20, 2.23 and 2.38 is illustrated in Fig.2.4. For 

constant flux operation the block diagram in Fig.2.4 reduces to the 

compact form 
as shown in Fig.2.5, which will be found later to be more 

useful in determining the P1 controller constants and/or in the study 

of the stability problems. Block diagrams in Figs.2.4 and 2.5 represent 

the dynamic behaviour of the induction 
motor in the rotor flux 

reference frame. 

Block diagram representations in Figs.2.4 and 2.5 
always hold for 

a current-fed induction motor. Though unknown, there exists inside the 

machine rotor flux linkage, and stator current vector can always be 

A 
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- T. 

Fig. 2.5 Reduced from the block diagram representation 

in Fig. 2.4 

IL- 

1 

IS 

Wm 

Fig.2.6 Decoupling controLler for rotor fLux orientation diagram and 
stator current vector orientation , rotor flux reference frame. 
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resolved along and perpendicular to the direction of rotor-flux vector. 

However, arbitrary change of the position of stator current vector does 

not lead to decoupled condition, i.e., independent control of flux and 

electromagnetic torque. With the field orientation control strategy, 

provision should exist for independent control of torque and flux 

components of the stator current vector i.e., iqs and 'ds  in the same 

way as used to control armature and field currents of a dc motor, and 

their generation from the command values of torque and flux 

respectively. These components decide the magnitude as well as the 

position of the stator current vector relative to the rotor-flux 

vector. This is achieved by taking the inverse of the model in Fig.2.3 

to form the decoupling controller shown in Fig. 2.6 for realization of 

field orientation of a current-fed induction motor. 

2.3 METHOD OF IMPLEMENTATION 

Based on the preceding analysis a control scheme has been 

formulated. The block schematic for a variable speed CSI-fed induction 

motor, using the field oriented control is shown in Fig. 2.7. The 

scheme uses (2.24) and (2.32) or (2.35) for orienting the stator 

current vector for complete decoupled control. The control strategy 

assumes that there is no variation of flux level and that the nominal 

machine parameters in the controllers and those of the actual machine 

are in agreement. In practice, flux level and its orientation change 

and parameter variation occurs necessitating corrective measures in the 

control strategy. Compensation schemes for parameter mismatch and flux 

deviation are considered in Chapter IV. In the control scheme, 
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Fig. 2.7 Basic structure of a rotor flux oriented controLler for 

adjustable speed CSI- fed induction motor drive 



illustrated in Fig.2.7, the speed controller (P1 type) generates the 

* 

demanded stator torque current iqs  and the magnetizing current 

calculator furnishes the reference for the stator flux current, i.e., 

* 

1ds• As the dc link current of the CSI-IM drive bears a definite ratio 

with the stator current amplitude (fundamental component), the voltage 

reference for the rectifier is produced by comparing the commanded 

value of the fundamental stator current amplitude with the dc link 

current passing through the ratio block, indicated with r in Fig.2.7. 

This strategy of adjusting the stator current equal to its commanded 

value through the dc link current avoids the matrix coordinate 

transformation. The current error is processed through a P1 controller 

to obtain the required output voltage from the converter. 

Under field orientation condition, the rotor flux vector and the 

flux component of the stator current vector are supposed to remain in 

space phase and for constant flux operation ids  in the machine ideally 

* 

must remain equal to 1d$  This is assumed in the scheme. By reference 

to Fig.2.7, the stator torque current 1qs  in the machine must then be 

1qs =  'qs (2.40a) 

where 

/ ,2 * 2 

iqs = 1R - ids (2.40b) 

Since a definite time will elapse before the actual stator current 

attains its commanded value, the slip frequency should correspond to 

actual stator current components 1qs  and ids (=i, by the scheme) 

* * 

rather than correspond to 1qs  and 1d• This may lead to excessive or 

1 -.' 



inadequate estimate of the slip frequency, particularly, during the 

initial period of the transient. Secondly, during the transient period 

stator mmf vector must move at a speed different from that of the d-q 

reference frame i.e., of 1dg  vector. Then the slip speed of the rotor 

with respect to the stator mmf vector is obtained by adding a 

corrective term given by (2.32) or (2.35) to determine the frequency 

for proper alignment of the stator current vector. Limits for dO/dt is 

incorporated for both the sides as a safe guard against the situations 

of highly changing current or any abnormal condition of the drive 

operation. It is noted from simulation study and later from 

experimental observation, that computation for slip frequency angle 

(integral of w1),  rotor position angle and knowledge of command torque 

angle may be dispensed with if an appropriate frequency is imparted to 

stator current. 

2.4 DIGITAL SIMULATION 

2.4.1 Motivation 

Successful operation of a field oriented induction motor can not 

be achieved without feedback and/or feedforward control circuits. In 
A. 

fact, whatever may be the control strategies for controlling the motion 

of CSI-fed induction motor drives, control loops must be added for 

stabilization and to realize a desired operating condition. Such 

importance of feedback control calls for a detailed simulation study to 

understand the steady state behaviour as well as the dynamics of the 

drive system before embarking on the hardware realization. This is 

especially valuable to eliminate trial and error exercises on the 

1 
I r 

4 
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experimental set up, and also to assess the appropriateness of the 

control strategy and the various gain constants in the control loops 

that are supposed to produce desirable drive dynamics. 

2.4.2 Mathematical model - induction machine and dc link 

A mathematical model for the rectifier, inverter and induction 

motor combination has been established earlier in terms of two-axis 

equations in a rotating reference frame synchronous with the rotor 

flux. For simulation of the induction motor coupled to the dc link it 

-4. is found convenient to model the induction motor in a reference frame 

synchronous with the stator excitation frequency and with the d-axis 

aligned along the stator current vector. For such realignment of the 

reference axis, the induction motor model, coupled with dc link 

quantities becomes 

yR = [(R+R)+(L8+L1)p] 1R + L. P1dr - L. Ws  1qr (2.41a) 

I I I F 

0 = L M pIR + (Rr  + PLr ) 1dr - Lr  Wsi 1qr (2.41b) 

F 

0 = LrnWS 1lR + Lr  Wsi 1dr + (Rr  + Lp) lqr (2.41c) 

It may be noted that the d-axls being aligned along the stator 

mnif-vector eqns. (2. 41) are obtained from eqn. 2. 17 and last two rows of 

eqn.2.1 by setting 94,  =1, gqs = 0' 1qs = 0 and replacing 1ds by 1R' 

1dr by 1dr  and 1qr by 1• By eqn.2.4 the electromagnetic torque then 

becomes 

Tern = - P, L 1R 1qr (2.42) 
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The torque balance equation is written as 

dWm I I 

ar Pp Lm iR lqr BC)m TL (2.43) 

Equations (2.41) through (2.43) in state variable form becomes 

p2i = L1 [ Rx + u ] (2.44) 

where 

KI 

T I 

21 = ( i j  idr  iqr  Wm I 

T 
U tVR 0 0 -TL] 

(2. 44a) 

(2. 44b) 

I 

S 

1-(R+R1) 0 w Lm 0 1 
I I I 0 Rr ()siLr 0 I 

I I (2. 44c) , I 
Lm st Lr Rr 0 I 

3 1 I 
[ 0 0 PpLm iR B j 

L8+L1 Lm 0 0 
 1 

L L. Lr 0 0 

( 0 0 Lr o 
2. 44d)

l  

I 0 0 0 JI 
I- 

The magnitude of the rotor flux vector in the machine at any instant is 

given by 

Xr = %/(Lm  iR + Lr  1dr )2 + ( Lr  1 
2 

qr ) (2.45) 

Differential equations in (2.44) are solved by Runge-Kutta-Gil1 

method for a time increment St giving the value of 21  at the instant 

41 
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tk+1 = tk + 3t. Such a method of computation tacitly assumes that yR in 

and w81  and w,  in [R] are known. They are taken to be the values at 

tk = kT remaining constant over the interval kT t (k+1)T where, I 

is the sampling time. New values are assigned to them at tkl1= (k+l)T 

for subsequent computation for x over the interval (k+1)T < t < (k+2) T 

with the usual time-increment 5t till t = (k+2) I is arrived at. 

Computation for yR , w., and w are furnished in (2.53) (2.27) and 

(2.28) respectively. 

2.4.3 Mathematical model - controllers 
I 

The control strategy is formulated for implementation through 

digital processors. Linear difference equations are used for various 

controller sections, and are formed from discrete transfer function 

(Z-transforms) of the controllers. 

A P1 controller (Fig.2.7) in frequency domain is represented as 

H(s) 
k1

=  E(s) s K + - (2.46) 

11) 
 Applying the bilinear transformation s 

= T(1  + 
with T as the 

sampling time and then taking the inverse z-transform gives 

k1  T kT 
m(kT) = m(k-1 T) + (k 

+ 2 e(kT) - (k - — 
  

--) e(k-1 T) (2.47) 

where e(kT) and m(kT) are the respective values at the kT-th instant. 

If the rotor speed is passed through a first order filter 

(Fig.2.8) one can obtain 

k 
Wm(S) (2.48) 
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where kf  is the gain of the filter and tf  is the time constant of the 

filter. The difference equation to determine the input to the speed 

I 

WM  

I-TfiLIIIIIiIi1---- 
comparator 

I 

to speed 
 from speed transducer 

Fig. 2.8 First order filter in speed feedback loop 

comparator is obtained by applying the above bilinear transformation 

and taking the inverse Z-transform. 

T k1  
T-2t1  = (Um(kT) + Wm ( Tfl- TJ Wrfl f (kiT T) (2.49) 

2.4.4 Set values 

In order to obtain the reference value for the torque component of 

the stator current difference equation (2.47) is applied to the PT 

controller 1 (Fig.2.7). 

* * k11T k11T iqs(k) = lqs(k1) + (k 1  + 
-.---_ ) e(k) 

- (k 1 
 - 

2 )e (k-i) (2.50) 
* 

where e 
= Wm 

 - mt w 

Magnitude of the commanded current vector is given by 

1 * 

" 'qs + 1ds 
(2.51) 

Application of the difference eqn.2.47 to the controller 2 
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(Fig.2.7) yields the control voltage v(k)  for the converter at the 

kT-th instant. 

k12  T k12T 
v6(k) = v(k-1) + (k2 + 2 

e1(k) - (k 2  - ---- )e1(k-1) (2.52) 

where e1  = iR -  iR 

converter output voltage yR is given by 

If it 
VR(k) = k v(k) (2.53) 

The required angular velocity of the rotor-flux vector at any 

instant to attain the desired position with respect to the rotor is 

calculated from (2.54) which, in the discrete time system, is expressed 

as follows 

Rr  1q8(k) 
= Pp  mf(k) 

+ E- * 
r j 

(2.54) 

The adjusted angular speed of the stator mmf vector at the instant 

t = kT to maintain the required space phase angle, i.e., the torque 

angle, from the rotor flux-vector is given by 

* 
iqg(k) 1ds  [(1o) - w61(k-1) 

= + (2.55) 
Tfi2k w91(k) ] 
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2.4.5 Flow chart - simulation algorithm 

The sequence of computation for the complete simulation of the 

CSI-IM drive system, based on the above continuous model of the dc 

lthk-IM system and the discrete-time equations for the controller 

sections, is summarised in the form of a flow-chart in Fig.2.9. The 

flow chart has the provision of starting the machine from rest. 

2.5 SIMULATION RESULTS 

The performance evaluation of the control scheme was made by 

simulation on a digital computer (HP1000). Parameters of the squirrel 

cage motor (Machine I) and the dc link filter as well as the P1 

controller gains used in the tests are listed in Appendix I. Sampling 

time for the speed and the current controllers was 2ms. Rotor flux 

command was set at its rated value and the stator magnetizing current 

* 
(1ds) was obtained from the nominal magnetising inductance. Series of 

digital simulation tests were carried out and some typical results are 

demonstrated in Figs.2.10 through 2.12 that present the behaviour of 

some important control variables following the start up and step 
I 

changes in torque and speed. 

Fig. 2.10 shows the starting of motor from rest with set speed 105 

rad(mech) per sec and load torque 6.5 Nm (including friction). The 

drive attains its set speed quite fast with little overshoot (8%) over 

a short duration and the flux level shows minor ripples around its set 

value during the transient period. The identical profiles of Tern  

and iq6  and the almost linear relation between .the curves indicate the 

capability of the drive system to work in a decoupled manner. In spite 
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Fig. 2.9 Computational sequence for simulation 
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of the absence of flux feedback the results of the start from rest are 

indicative of the effectiveness of the control scheme. 

Fig.2.11 presents the behaviour for sudden change in the set speed 

from 105 rad/sec to 130 rad/sec. As before, simulation results confirm 

decoupled operation. This is evident from Fig.2.11(e). Minor deviation 

of the rotor flux from its set value is noted during the settling 

period, and 1dr (Fig.2.11g) too departs very little from the zero value 

to which it settles in the steady state. The drive responds to the new 

set speed quite fast with little overshoot. 

Lastly, Fig. 2.12 demonstrates the response produced by a step 

change in the load torque from 6.5 to 9.0 Nm. The response to the 

changed torque shows negligible deviation in speed and minor 

oscillations in the rotor flux during the transient period. In the 

figure w 1 , Tern  and iq$  ( Figs.2.12c,2.12b,2.12d) maintain near linear 

relations and display the similar variations in their plots. Deviation 

of Tern  from  TL ( Fig.2.12b) in the steady state is due to viscous 

torque. 
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CHAPTER III 

EFFECTS OF PARAMETER DEVIATION 

3.1 INTRODUCTION 

Precise decoupling torque and flux channels requires information 

regarding instantaneous rotor flux position and its magnitude, and the 

appropriate orientation of the stator current vector in relation to the 

rotor flux vector. In the direct method of field orientation control 

A. (DFOC) the rotor flux vector is ascertained from direct measurement of 

air-gap flux vector using sensing devices in the machine. In the 

indirect method of field orientation control (IFOC) rotor flux-vector 

is estimated either (i) through flux observer using motor line 

voltages, phase currents and machine parameters or (ii) from the 

commanded values of flux and torque (speed error) and the estimated 

slip-angle and rotor angle. For correct tuning, the torque and the flux 

components of stator current-vector and slip value inside the machine 

must agree with the reference values (i s,  i and w) generated 

outside by the controllers from the reference values of torque (speed 

error) and flux. (cf. eqns. 2.23, 2.36, 2.24 and 2.28). The key 

relations involving the commanded values and the nominal parameters of 

the machine are (cf. eqns. .23, 2.36, 2.24 and 2.28) 

.* 
Lr  

1ds = 11+ 
.--- P1 Ar (3.1a) 

L ' R ' m r 

I. " 
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• 2 Lr  Tern  
iqg 

= 
— 5; 

(3. ib) 

• Lrn Rr • 
'81 = 

—i— qs 
(3. ic) Lr Ar  

• 
* do 
1'- 

dt (3. id) 

The above equations indicate the dependence of indirect field 

orientation control strategy heavily on the machine parameters used in 

the feedforward control algorithm. Any mismatch between the parameters 

A 
used in the controllers and those of the motor results in detuning. 

Rotor resistance of the machine changes with temperature and may exceed 

its nominal value by 50% for a temperature rise of 1300 above the 

ambient value, and the inductance values depend on flux levels. In 

certain cases flux levels either need be varied to get better 

performance [78) or be weakened [82] for operation at speed above the 

base speed. The inductances may vary from 80 to 120 percent of their 

nominal values (at rated flux level) for the change in the magnetic 

state of the machine over a wide range [46]. 
Iq 

The influence of parameter deviations on the performances of 

indirect rotor-flux oriented Induction motor drive has been the subject 

of study in many references [46-58, 83, 841. Any disagreement between 

the actual parameters of the motor and those used in the controllers 

has pronounced effects on the steady state and dynamic performances of 

the drive. Detuned settings of the controller gains of slip calculator 
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make the flux level differ from the commanded value. Over-excitation or 

under excitation results in the loss of linear input-output torque 

relation making the drive unsuitable for torque control applications. 

In general, detuning leads to increased losses owing to over flux 

and/or over current condition resulting in a detrimental effect on the 

thermal rating of the motor. In the dynamic operation, the fast torque 

response to change in torque command is adversely affected because of 

the change in flux level that is associated with large rotor time 

constant, and the transient response to torque command exhibits 

oscillations in torque and flux response [471. However, in speed 

controlled drive, the oscillations In transient response are taken care 

of by the outer speed loop controller but the delay and the 

non-linearity remain. 

This chapter presents analytical approach in respect of the 

effects of magnetic flux saturation and rotor resistance variation on 

the performance of field-oriented speed controlled induction motor 

drive shown in Fig.2.7. Unlike studies In many publications, the 

analysis considers simultaneously the influences of these two changes. 

Saturation level is not only influenced by the excitation component of 

the stator current and torque level but also indirectly affected by 

rotor resistance deviation. Rotor resistance variations, if not 

accounted for in the controllers, not only causes detuning but may 

aggravate the situation by affecting the saturation level. 

The presentation in the succeeding sections is organized as 

follows: 

V 

53 



(a) Representation of saturation characteristics and accounting for the 

variation of magnetizing inductance through nonlinear analytic 

expressions; (b) study of the effects of detuning on steady state 

performances caused by rotor resistance deviation taking into account 

of both linear and nonlinear magnetic models; (c) effects of magnetic 

saturation on steady state characteristics with rotor resistance 

unchanged for both oriented and non-oriented condition; (d) parameter 

variation effect on transient performances. 

3.2 MAGNETIC NON-LINEARITY AND MAGNETIZING INDUCTANCE 

Magnetic state in the stator and the rotor iron depends 

respectively on the total stator and rotor flux linkage which in turn 

depend on the radially directed air gap flux and circumferentlally 

directed leakage fluxes. Strictly speaking, leakage inductances are not 

independent of operating conditions, and are influenced by the degrees 

of tooth saturation. With normally designed machines, the teeth are 

usually under saturation until air gap flux falls well below its 

nominal value. Thus in the region of interest, leakage inductances can 

be treated as constant when flux level does not show wide variations 

and the stator and rotor currents do not attain very high values. By 

such considerations, the effect of iron saturation can be accounted for 

by appropriate adjustment of the value of the magnetizing inductance 

Lm  based on the saturation curve of the machine, considering leakage 

inductances as constant. 

The magnetizing current in terms of d-q variables can be 

expressed as 

I 
I •' 
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1mag 

2 2 
= 

/

(I'j. + dr + (qs + iqr) (3.2) 

The variable magnetizing inductance is a function of magnetizing 

current. Let 

Lm  = f( 1mag (3.3) 

To obtain information on (3.3) for the experimental motors, whose 

nominal parameters are furnished in Appendix I, the machine under test 

was driven at synchronous speed by an auxiliary motor and the stator 

was supplied from a constant frequency variable voltage source. The rms 

saturation curve in Fig. 3.1. (for Machine I) was plotted from the 

recorded ammeter, voltmeter and wattmeter data after subtracting the 

stator resistance and leakage-reactance drops. Then, following the 

procedure outlined in [118], the true saturation characteristic in the 

following two-term quintic form was then evaluated from the rms 

saturation ,curve 

5 
1mag = a1 A + as  A. (3.4a) 

The following alternative form of (3.4a) in terms of magnetizing 

energy is found sometimes to be of convenience to study the saturation 

effect 

Am  imag  = a1  Am 
2 

+ as  Am 
6 

(3.4b) 

The derived true-saturation curve for the experimental motor (SC) 

is shown in Fig. 3. 2a and the variation of L with imag  in Fig.3.2b. 

Lm imag  curve was divided in three segments each of which was given a 
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polynomial fit of the form 

Lm  = b0  + b1 1mag + b2 ag (3.5) 
> 

Plots based on the model in (3.5) are shown in Fig.3.2b for 

comparison. Similarly, for machine II, the constants a1  and a5  for the 

magnetization curve and b0, b1, b2  and b3  for the polynomial fit 

(cubic) describing Lm  - 1rnag curve was obtained. The constants for both 

the machines are listed in Appendix - I. 

3.3 ANALYSIS FOR PARAMETER VARIATION EFFECTS FOR SPEED CONTROLLED 

DRIVE 

3 
With reference to the last two equations in (2.1) the following 

two equations in synchronous reference frame can be written for the 

rotor circuit under steady state operation. 

si Lm  -qs + Rr  1dr w 1  Lr  1qr = 0 (3.6) 

(i)81 Lm  1ds + 'si Lr  1dr + Rr  1qr = 0 (3.7) 

Solution to above for 1dr  and 1qr yields 

1dr 

Rr  ws , Lm si Lr  

( 
tqs 

- Rr idsj (3.8) 
R2  2 2 
r + si Lr  

Rr  Wsi Lm 'si Lr  

- 2 2 2 1ds + IqsJ (3.9) 
Rr +()s1 Lr 1 r 

Eqns. 3.8 and 3.9 are useful in determining detuning effect 

corresponding to any d-9 reference frame defined by 1ds' i and 



The electromagnetic torque in terms of orthogonal current components 

) 
Tern  = P P  L (iqs  1dr Lds  iqr) (3.10) 

Use of (3.8) and (3.9) in (3.10) gives 

2 
Rr  W.i  Lrn  

Tern Pp 
2 2 2 + is ) (3.11) 

Rr + Ws1  Lr  

For closed loop speed controlled system command torque gets 

adjusted until the developed torque by the machine equals the load 

torque, i.e., 

Tern  = TL (3.12) 

. 
From (3.11) and (3.12) and since 1R = 

2 + 2 
1ds 

2 2 2 
TL Rr 4 Wsi Lr  

in 
= 

2 
2  5; 

Rr WsiLrn  

(3.13) 

Denoting the parameter or variables in the controllers with 

superscript of asterisk (like x), the commanded slip by the proposed 

control scheme in Fig.2.7 is 

* * 

* 
R L 

i I * * R d
*
8 2 

r  rn 

) (3.14) S1 L r r 

Equating the expression for 'R  in (3.13) and (3.14) 

2 2 2 * * *2 

I 
2 TL Rr + ()si Lr Wsl Ar  Lr  

3 Pp 2 ) - • 
* ) - 1ds = 0 (3.15) 

Rr WsiLrn " Rr*  

As the angular slip frequency is directly transmitted to the motor 

* 
= s1 (3.16) 
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Under this condition 

2 * ' 2 
( 2 TL R + U81  Lr Wsi  Ar  Lr 2 

3 P, 2 • ) - . • ) 
- 'ds = 0 (3.17) 

Lrn Rr  U81 Rr  L in 

Actual rotor flux in the machine under the constraints (3.12) is given 

by 

2 2 TL Rr  
Ar  = 5 

; :ç-- (3.18) 

- Command torque is given by 

- 

L • 
. . 

Tern  = 1D p • sl 1ds (3.19) 
Rr  

under the constraint (3.12) TL/Tem  is the ratio of actual developed 

electromagnetic torque to command torque. 

Furthermore, for the control algorithm in Fig. 2.7 steady state 

operation yields 

iR = (3.20a) 

1q = 1qs (3.20b) 

Equation (3.17) is the key equation to start with. Non-linear 

equations derived above require numerical solution. Equations (3.17), 

(3.14), (3.8), (3.9), (3.2) and (3.3) are taken up in sequence for 

their numerical solution to study the influence of parameter variation 

on the performances of an induction motor under the field orientation 

control strategy in Fig.2.7. Fig.3.3 outlines the sequence of 

computations following a change in the rotor resistance for controlled 

Ei1 
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speed operation driving a given torque load. The program also 
- ' 

accommodates variation in the values of L. and Lr  to take into account 

of the saturation effect. 

3.4 STEADY STATE SIMULATION RESULTS UNDER DETUNED CONDITION FOR ROTOR 

RESISTANCE DEVIATION 

Based on the procedure outlined above, the steady state 

performances of the field oriented CSI-IM drive system under closed 

loop operation, were studied for rotor resistance variation using both 

linear (constant inductance) and non-linear (saturation) models of the 

magnetic flux paths. 

Mismatch between the rotor resistance in the slip calculator and 

that of the machine model gives rise to incorrect slip-frequency 

estimation which in turn affects the rotor flux as is evident from 

(3.18). This change in the flux level inside the machine alters the 

value of the rotor inductance making it differ from that used in the 

slip calculator, which may further adversely affect the gain of the 

I slip calculator. 

To study the influence of load torque on the extent of detuning 

caused by rotor resistance change, Machine I and II of Appendix I were 

examined for three different load torques (for machine I: 5 Nm, 12.5 Nm 

and 25 Nm; for machine II: 1 Nm, 2.5 Nm and 5 Nm). 

3.4.1 Effect on mutual inductance 
. S 

The effect of change in the rotor resistance on the values of 

mutual inductance for the speed control strategy without adaptation is 

I 4.' 
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shown in Fig.3.4. The increasing influence of load torque on the 

effective value of mutual inductance is distinctly noted for both the 

y machines. 

3.4.2 Effect on torque output 

The variation of the ratio of developed torque (load torque) to 

command torque with the ratio of actual to nominal values of rotor 

resistance are shown in Fig. 3. 5. 

For constant inductance (saturation neglected) model, the 
* 

variation of Tern/Tern  for low developed torque is found to be inverse to 

that for high developed torque. For low load torque the torque ratio 

curves for saturation and linear models show similar trend in their 

variations (Figs.3.5a and 3.5d). For high load torque (Fig.3.5c and 

3.5f) the saturation effect makes torque curve droop beyond Rr/R 
* 
r  = 

while the constant inductance model Indicates an upward trend though at 

* 
a slower rate above Rr/Rr  = 1. For an intermediate torque load the 

torque curve, considering saturation effect, droops steadily while that 

for an unsaturation model indicates a rising trend initially and then 

A droops. 

* 
An insight into the nature of the torque ratio (Tern/Tern) profile 

* 
as a function of (Rr/Rr), presented above, can be made in a generalized 

way for steady state conditions as follows. 

As the command angular slip-frequency w 
* 
 is directly transmitted 

to the motor, i.e., w = :1, substitution of the expression for 
* 

w81(3.1c) in (3.11) and rearrangement of terms give 
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2 • 
Lrn  Rr . 
- tqs 1ds 

Lr  Rr  
Tern  = Pp 

* 2 + ') (3.21) 

2 

I 

L Rr  •I 
1ds qs 

Lr 1 r  J 

The expression for the commanded value of torque under steady 

state can be expressed as (cf eqns.2.23 and 2.36) 

L • * 

Te
. 

 rn  = Pp lct 1qs (3.22) 

Lr  

-4 Application of (3.22) in (3.21) yields 

Tern  
= f1  x f2 (3.23) 

Tern  

where, 

2 * 

Lm Rr  
(3.24a) 

Rr  1. rn 

*2 

1+ 
*2 

1ds 
and f2 = 

• 2 * 2 

+ 

(3.24b) 

1 {Lr 

Rn 1qs 
*2 

Lr  Rn) ids 

As leakage flux is a small percentage of the total flux-linkage 

with the rotor circuit, we may reasonably write 

Lrn Lr 
(3.25) 

* * 

Lm Lr  



Expressions for f1  and f2  in (3.24) can then be re-written as 

Lm  
fi 

= 
x (3.26a) 

Lm  

*2 
iq s 

(1 
+ *2 

s 
f2 = *2 

2 1qs 2 
l+x (* ) 

1ds 

* where 
Lr  Rr 

x=—- 
Lr  R 

(3. 26b) 

Fig.3.6(a) shows the linear variation of f1  as a function of x 

* 

with Lrn/Lm  as parameter to consider the influence of saturation, while 

Fig. 3.6(b) shows the variation of the factor f2  as a function of x 

with ic /icjs  as parameter indicating the extent of the influence of 

load torque. For linear model Lm/L = 1. The following general trend 

can be inferred from the plots of Figs.3.6 which are indicative of the 

* 
likely pattern of variation of Tern/Tern,  with  Rr/Rr  in Figs.3.5 for 

induction motor under detuned condition. 

* * 

For low torque, i.e., iq8  < ds, the factor f1  affects the torque 

ratio (Tern/Tern) as f2  departs not much from 1. Hence for Rr  < Rr  (i.e., 

X < 1) Tern/T rn  < 1. Reverse will be the case for R > Rr. This holds 

for both saturated and unsaturated model. These are noted in Fig.3.5a 

and 3.5d. 

* * . 
For linear magnetic circuit and 1qs > 1ds (high torque), when Rr  > 

Rr  (i.e., x > 1) the torque ratio Tern/T m  < 11  f2  being the overriding 
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factor. On the other hand as R becomes less than Rr  (i.e. X < 1), 

torque ratio Tern/Tern  initially exceeds 1, but not going far above 1, 

and afterwards exhibits a downward trend as f1  predominates. 

* 
iii) In the case of linear magnetic model f1  = x = Rr/Rr  but in the 

case of non-linear magnetic model f1  < X < Rr/Rr  for  Rr/Rr < 1, and f1  

. * * 

> X > R
*
/R for Rr/Rr > 1. As a result for iqg  > ids, f1  < 1 is the 

* * 

overriding factor when Rr/Rr  < 1, thus making the torque ratio Tern/Tern  

< 1. On the other hand for R;/Rr  > 1 the product f1f2, i.e., Tem/T:rn  

first exceeds unity and then goes below unity. 

3.4.3 Flux linkage variation 

Variation in the rotor flux linkage, under detuned condition, 

for the same load torques are shown in Fig.3.7. 

It is noted that for low load torque rotor flux linkage remains 

constant except for a minor steady variation with the linear magnetic 

model. In the case of medium load torque, linear magnetic model shows 

significant change in the rotor flux linkage moving from below the set 

flux to above the set flux as the ratio Rn  Rn  changes from less than 

1.0 to greater than 1.0. On the other hand, saturated model depicts 

practically no significant change in the rotor flux linkage except at 

* 
low (Rr/Rr).  For high load torque, both the magnetic models indicate 

significant variation in the rotor flux linkage but the variation is 

less with the non-linear model than with the linear model, particularly 

this is evident with the increased value of the rotor resistance. 

In order to comprehend the logistic behind the different trends in 

the rotor flux linkage profiles with linear and non-linear magnetic 

- 
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models an approximate analysis for a qualitative explanation can be 

made. The ratio Ar/A 
* 

r  deviates from unity as Ar  changes from its set 

value during detuned operation. Even under detuned operation Adr  is the 

dominant component of the rotor flux linkage. 

So, the change in this direct axis component of the flux due to 

variation in Rr  of the machine from its nominal value will be 

indicative of the profile of the variation of the flux linkage ratio. 

The variation of the d-axis component of the flux linkage due to change 

in the ratio Rr/R 
* 

r  is presented in Fig. 3.8 (for both the machine). 

Identical nature of changes of Adr  in Fig. 3.8 for the two machines 

* 

under different loading conditions with those of Ar/Ar  in Fig. 3.7 

proves the above proposition. The d-axis component of the rotor flux 

linkage under steady state detuned condition can be expressed, using 

(3.8) in (2.3a), as 

I * Lmw81  Lr * * 

Adr= Lm  LdS + 
2 

(Rr  1qs - Lr  Ws i ids) (3.27) 

Rr  + (Lr  

As w 1  is equal to its command value, eqn. 3.27 can be re-written 

in the form 

* 

1qs 
X 
- 

ids 
Lm  * * 

Adr  = 
_-_ 

Ar  + Lm * (1 - x) iqs (3.28) 

L 2 m 
1+x2( * ) 

Lds 
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where x, as before is 

* 
Rr  L 

-4 x=— * 
Rr  Lr  

Expression in (3.28) indicates explicitly that i, i.e., the 

* 
commanded torque has direct influence on Adr  for Rr  # Rr. For linear 

model, the first term remains constant and the magnitude of the second 

term is influenced by the deviation in Rr  from its nominal value. For 

the non-linear magnetic model the first term is not a constant and the 

magnitude of the second term is governed by the factor x and the two 

terms have compensating effect. That is why much deviation in Ar  from 
-4 

* 
'r is observed with the linear model than with the non-linear model. 

This is evident in Figs.3.7 and 3.8.. But the actual picture for 

* 
deviation in Ar/Ar  transpires by considering the effect of quadrature 

component of flux linkage in conjunction with (3.28). 

Under field orientation condition the quadrature axis component of 

rotor flux linkage is zero. Under steady state detuned condition the 

following expression for Aqr  is obtained by substituting (3.9) in 

(2.3b). 
2 * * 

* Ws i L.  Lr  iqs + Rr WS1 Lm 1ds 
Aqr  L. 'qs - Lr 2 2 

(3.29) 
Rr + (w1 Lr) 

Replacing w,l  by its command value, given by (3.1c) and 

re-arrangement of the terms yields 

* 
Lr  R * 

Aqr  = f3  11 - -i--- ) qs (3.30) 
Lr  Rr  

I 
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where, 

Lm  
4 f3 = * - 

*-Rr Lr 1qs

)  

2 

Rr Lr IdS  

For very low values of torque, i.e., i << j, f3  has negligible 

effect on Aqr  and so with linear model Aqr  varies almost linearly with 

respect to Rr/Rr. It can be visualized from (3.30) that for Rr  > 

Aqr  is positive, while for Rr  < , Aq , is negative. This is dis- 

tinctly evident in Fig.3.9. Under the non-linear magnetic model, the 

ratio Lr/Lr  deteriorates the factor x further in the same direction of 
* 

Rr/Rr, and that is why q-axis rotor flux linkage under non-linear 

condition is larger in magnitude than that found with linear magnetic 

model. The effect is pronounced with increasing value of i (i.e. 

torque). Furthermore, It is noted from (3.30) that for a given value of 
* *  
iqs/ids the factor f3  assumes a higher value with Rr > R

* 
than that 

* * with Rr  < Rr. It makes the Aqr  value more for Rr/Rr  > 1.0 than for 
* * 

Rr/Rr  < 1.0. Plots of Aqr  as a function Rr/Rr  in Fig. 3.9 with 

different load torques reveal these aspects. 

3.4.4 Effects on dc link and machine voltages 

The influence of motor parameter deviations on dc link voltages 

are shown in Figs.3.10 (a-f) in terms of the ratio of actual inverter 

input voltage to the ideal voltage under field orientation condition. 

Close correlation of the nature of variation with those of torque 

ratios (Figs.3.5 (a-f) indicate that for current regulated systems 

developed torque bear almost direct relation with the dc link voltage. 

Such correlation is evident from certain relations derived earlier. 
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If dc link and stator resistance drops can be considered 

negligible when the speed is not low enough, the converter output 

voltage ratio (actual to field oriented condition) can be approximately 

expressed as (cf. eqn.2.20). 

Vi Lm  1qs Ar  Lr  

-. = --- • 
- (3.31) 

vi' Lm  1qs 1R Ar  Lr  

The torque ratio (actual to command) by the expression in (2.38) is 

expressed as 

Tern  Lm  L Ar  1qs 
= —i--- - ---- -- (3.32) 

Tern  Lm  Lr  Ar  1qs 

The constraints in-force are 

* 
, I - 

- 
(3.34) 

In such a case, the ratios in (3.31) and (3.32) must assume the 

same values. This is reflected in Figs. 3.5 and 3.10 for both constant 

inductances and variable Inductances caused by saturation effect. 

Figs.3.11 show the variation of the ratio of actual machine 

terminal voltage to the terminal voltage under field orientation as a 

function of rotor resistance. The nature of variation is the same as 

those of flux ratio variation in Fig. 3.7. This is the natural 

expectation. The expressions for the components of stator voltage can 

be written from (2.1) after some simplifications as 

I 

77 



r 

1.0 

0.5 

1.5 

(a) 

TL 12.5 Nm 

1.0 

( b) 
0.5 

Saturation 
model 

Linear 
model 

0.5 (c) 1.0 Rr / R 
1.5 0.5 ( f 1.0 Rr / Rr 

1 .5 
(_ -p.. 

Fig. 3. Effect of rotor resistance and load tc;ue on machiine 
terminal voltage ( fundamental.) a, b. C - Machine I; 

d, e f - Machine II 

& 

> 

0.5 

1.5 

A 

I 

1.0 

0.5 

It, 1.5  
> 1.0 

> 

0.5 

TL 25 Nm 

10 

TLD.O Nm j 



L L. 
VdS  = R. 1qs + we  CL8 

 - Lr 
+ Wet r - Xdr  

L Lm  
Vq8 = R8 ids We CL8 

L 
) 1qs - We( i- Aqr 

r  

If leakage inductance and resistance drops are considered 

negligible, the relationship between the machine terminal voltage and 

the flux-linkage becomes 

V5  = / V 8  + VdS W 8 
 Lr  / Xd r  + Xq r  

-4 
____ i.e. V 

1 
_
L 

) W 8 ;:  
Lr  

(3.35) 

The approximate expression for V5  in (3.35) explains the 

similarity in the profiles of machine terminal voltage ratios and the 

flux-ratios in Figs. 3. 11 and 3.7 respectively. 

3.4.5 Effects on dc link current 

The effect of changing rotor parameter on the dc link current 

under controlled speed operation is shown in Fig. 3.12 for the same 

three specific load torques on the machines. For low torque operation 

dc link current is seen to be practically insensitive to rotor 

parameter deviations (Fig. 3.12a & 3.12d). With high load torque and Rr  

* 
< R, the link current decreases for both linear and non-linear 

* * 
magnetic models as Rr  approaches  Rr,  but, for Rr> Rr  the link current 

gradually increases under non-linear magnetic state, while it droops 

slowly if the magnetic state of the machines remains unaltered. 
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The above pattern of link current variations can easily be 

visualized from the flux-ratio change, shown in Figs. 3.7 and the 

expression for electro-magnetic torque. Under the constraint that the 

load torque is equal to electromagnetic torque for controlled speed 

operation 

TL = P 
LM 

Xr 1qs 
(3.36) 

Lm  to Lr  ratio does not change significantly with the change in the 

magnetic state of the machine as the leakage inductance is usually a 

small percentage of the magnetizing inductance. Hence, for constant 

-4 
torque load operation, 1qs will vary inversely as Ar

, and so will be 

approximately the current vector magnitude. This explains the reverse 

pattern of variation in Fig. 3.12 when compared with those in Fig. 3. 7. 

3.5 EFFECT OF MAGNETIZING FLUX SATURATION 

3.5.1 Field Orientation Maintained 

The torque production in a CSI-fed induction motor is highly 

dependent on the degree of saturation even under field oriented 

condition. Besides affecting the maximum torque production and the 

maximum torque per ampere squared the saturation level affects the 

linearity of the torque response of field oriented machine by making 

the actual machine inductances differ from those used in the 

controllers. Degree of saturation, i.e., the magnetic state, in the 

machine is decided by the rotor flux which in turn, as can be seen from 

(3.18), depends basically on the electromagnetic torque and the 



feedforward slip forcing the current vector to a position that changes 

the excitation component of stator current. Thus in an indirect field 

oriented induction motor Inappropriate transmission of angular slip 

speed may result in overfiuxing or underfiuxing in the machine. This is 

illustrated in Fig. 3.13 for machine-I (Table A.I of Appendix I) for 

three different values of developed torque. In a normally designed 

machine, flux levels well above the rated value are unacceptable from 

the operational point of view as the corresponding large magnetizing 

current will reduce severely the torque producing component of current. 

Fig. 3.14 demonstrates the nature of the effect of saturation on 

the torque characteristics of a CSI-Fed Induction motor. Steady state 

torques under field oriented condition for three specific values of 

stator current are plotted as a function of the ratio of the torque 

component to flux component of the stator current with and without 

saturation. The effect of flux saturation that are apparent from the 

field oriented plots are: 

The torque characteristics under the influence of saturation 

effect are more flat than those corresponding to linear models. 

The magnitude of peak torque/ampere squared with saturation 

considered, decreases for high and medium link currents but increases 

for low values of link current when compared with the non-satura.ted 

machine. However, for increased slip speed values saturation effect 

yields better torque/ampere square. 

The peaks of developed torque, under nonlinear magnetic state, 

occur at a ratio of iq,  to 1ds  which is larger than unity and going 
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higher for increased values of link current. As expected from the 

torque function in (2.38) and noted in Fig.3.14 the peak torque for 

unsaturated machine occurs at Iqg/ids = 1.01  i.e., when iq, and ids  

each equals 70.70% of the magnitude of the stator current vector. The 

reason for the shift towards higher values of iqs/ids  for the peak 

torque to appear in the case of saturated machine can be found in the 

torque producing function in (2.38) when viewed along with level flux 

saturation characteristic in Fig. 3.15 . Because of the slow rate of 

increase of the rotor flux with magnetizing current beyond the knee 

point, two segment linear level-flux saturation model in Fig.3.15 in 

place of the exact saturation model of Fig. 3. 2a can be considered to be 

sufficient for qualitative examination and reasonably good approximate 

quantitative assessment of the influence of saturation on the field 

orientation characteristics. 

For rotor flux-based vector control the torque equation is 

Lrn  
Tern  = Pp '

-Pr 
Ar  1qs (3.37) 

The Lm  to Lr  ratio will show slow change with degree of saturation 

> if the leakage reactance is small and magnetizing current is not too 

large. So for a given stator current i, Tern  will take on maximum value 

Tem,rnax  when the product of Ar and iq, attains maximum value. 

Maximum value of Ar  is given by Ar,rnax  = Lrno  1do (Fig.3.15) . As 

magnetizing current greater than ido is ineffective in raising the flux 

level further, best effect for given 1R  will be produced when 

2 

iqs  = AR 1d0 (3.38) 

1 - 
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Hence Tern, max  will be 

2 

3 Lmo 1,2 2 
__ Tem, rnax  = 

Lr o 
1d0 - 14o (3.39) 

and in the Tern  - 1qs"1ds plane, will lie on a straight line whose slope 

by (3.38) and (3.39) is given by 

2 
Tem, max Lrno 2 

T 

= 
2P L 1d0 (3.40) 

qs ro 

indicating a shift in the Tem, max  position unlike in non-saturating 

induction machine. 

Tern , max 
By taking the derivative of 

'2 
with respect to 

iR 
'J '  iR 

Eqn. (3.39) indicates that maximum value of torque per ampere squared 

will be produced for the stator current 

'11 = V 1do (3.41) 

Table 3.1 compares the values of Tern  max and (qsds)  at. which 

Tem, max  occurs using the saturation curves of Fig. 3.2a and Fig. 3.15. 

Discrepancy may be attributed to very approximate fit of the level flux 

saturation curve on the exact magnetization characteristic. However, 

such limit flux saturation curve brings out the salient aspects of the 

effects of saturation on the torque characteristics of CSI-fed field 

oriented induction machine. 

The effect of excitation on developed torque under field oriented 

[.1IJ 
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TABLE 3.1 

Lro = 0.2323L Lmo = 0.2188FL Ar,max = 0.93Wb at 1d0 4.25A 

current - 

A 
curve Nm 

(1 2.75 34.38 

15 (2) 3.38 37.79 

(3) 1.00 45.00 

(1 2.18 26.56 

12 (2) 2.64 29.48 

(3) 1.00 28.82 

1 1.60 19.75 

9 (2) 1.86 20.84 

(3) 1.00 16.21 

In the table 

Based on actual saturation curve (Fig 3.2a) 

Based on level flux saturation curve (Fig. 3.15) and eqns. 3.37 

& 3.39. 

Based on constant parameter model (Fig. 3. 14a) 

condition was studied by varying id s 
 for both saturated and constant 

parameter models. Saturated model uses (3.5) to accommodate the 

variable inductance. Results of simulation studies are shown in Fig. 

3.16(a). In both the cases (saturation and unsaturation) peak value of 

torque/amp2 
 occurs at increasing values of ids with increase in load 

torque. However, the values of 1ds 
required for saturation model are 

lower than those cor
responding to constant parameter model. The slip 

frequency characteristics in Fig. 3.16(b) indicate that for saturation 

model the characteristics are flat for high values of 1ds 
and slip 

values increase linearly with torque. This is expected as indicated by 

(3.18). Owing to the decreased ability of the magnetizing current to 

4 
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increase the rotor flux under saturation condition torque producing 

component of stator current must, therefore, increase linearly with the 

torque and with it the slip. At decreased level of 'ds actual magnetic 

state demands less value of slip speed for field orientation than those 

indicated by constant parameter model. 

3.5.2 Non-oriented condition 

The inductances of the induction motor change with the saturation 

level which in turn depends on 1ds Effects resulting from the mismatch 

between the inductances used (nominal value) in the slip calculator 

and the actual machine inductances are shown in Fig. 3.17 which 

presents the plots of total rotor flux linkage, link current and 

quadrature axis rotor flux as a function of 1ds with rotor resistance 

unchanged. For comparison, characteristics with unchanged inductances 

are shown in Fig. 3.18. Though expressions in (3.2) and (3.3) suggest 

adjustment in the values of Lm, and hence of Lr,  with changes in torque 

load torque for the same 1ds but the typical simulation results, as 

applied to machine-I (SC type), in Fig. 3.17 indicate that tuning will 

be practically maintained for all load torques if the inductance values 

in the slip calculator correspond to the command value of d ( d )• 

However, the changing of ids  will lead to detuned condition as are 

noted in Fig. 3. 17, where inductances are not adjusted in the 

calculation of slip gain. 

3.6 EFFECT ON SPEED RESPONSE DUE TO ROTOR RESISTANCE DEVIATION 

The effect of change in rotor resistance on the transient 

performance was examined by simulating the drive system in Fig.2.7 for 

Vif 
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a step change in speed command from 1000 rpm to 1400 rpm with 16Nm 

load torque for the conditions mentioned below. Simulation results are 

I- 
shown in Fig. 3. 19. 

The rotor resistance in the machine model is increased by 20% of 

the nominal value and saturation not incorporated, while nominal 

parameters are retained in the controller. 

The rotor resistance in the machine model is increased by 20% of 

the nominal value and saturation effect included but nominal parameters 

are retained in the controller. 

Rotor resistance in the machine model and in the controller are 

enhanced by 20% of the nominal value but saturation is considered only 

with the machine model. 

It is noted from Fig.3.19(c) that the instantaneous torque 

overshoot for condition 2 due to change in speed reference is less than 

those arising in the cases of conditions 1 and 3, which is reflected in 

the corresponding speed responses (Fig.3.19a). It is indicated that the 

speed response suffers if no parameter adaptations are considered in 

the controllers for parameter deviations in the machine. From 

Figs.3.19(b) and 3.19(c) it is evident that overshoot in iqc. for the 

three conditions are almost similar and for condition 2, i has 

higher value than the others but due to coupling effect it fails to 

develop the same torque overshoot as in condition 3. This can be 

attributed to insufficient increase in X. owing to enhanced magnetizing 

I...; 
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current (than the tuned condition) and the speed response is slower due 

to reduced developed torque. In the detuned condition 1 almost similar 

torque overshoot occurs as in the tuned condition 3. This is due to 

linear increase in flux (Fig.3.19d) with increased magnetization 

current (linear model). The traces of Xqr  for the three conditions 

indicate the relative detuning for the three conditions of operatlofl. 
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CHAPTER - Iv 

It PARAMETER ADAPTAT I ON 

4.1 INTRODUCTION 

A slip frequency controlled field oriented induction motor drive 

system works satisfactorily if the feed forward slip frequency is 

evaluated correctly. This requires either an on-line tuning or 

estimation of the correct slip gain by other means [84]. For perfect 

tuning all the parameters of the induction motor used in the 

controllers need be updated as they change during operation. But 

identification of all the parameters makes the control system very much 

complex and cost prohibitive. For general applications, this is not 

feasible as well as desirable. It is found to be sufficient to focus 

attention on such key parameters whose deviations seriously affect the 

performance of an indirect field oriented induction motor. These key 

parameters are rotor resistance and rotor inductance in rotor flux 

orientation scheme. 

Relevant literature reveals two broad categories of parameter 

adaptation schemes based on the following fundamental approaches: 

(1) Direct or indirect measurement or identification of rotor 

parameters [62 - 67]. 

(ii) Creating an error function related to the deviation of 

certain physical variables from their ideal values satisfying field 

orientation criterion [45, 53, 68, 69]. This error function is used to 

W. 

4. 
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correct the slip gain in the manner as to bring the error to zero. This 

is generally known as model reference adaptive control [MRAC]. 

I 

The relative merits and demerits of parameter corrective schemes 

are related to speed of computation, complexities of implementation, 

ease of sensing, sensitivity of the variation to parameters and 

parameter dependence of the created reference values. 

A detailed classification of parameter compensation schemes are 

available in [841. The direct measurement of key parameters requires 

signal injection and call for a very careful processing of the output 

signals for determining the parameters [58, 62 - 651. Some of them [531 

require additional circuitry for measurement. On line implementation of 

these schemes increases complexity of the control system. M.V.Reyes et 

al [661 propose parameter estimation algorithm for the machine 

parameters that call for program stepping up in a big way and is 

difficult to implement. Scheme in [64] is stator resistance dependent 

and heavily computation based. It requires flux estimation from 

terminal quantities in the determination of rotor parameters. In this 

method nonlinear differential equations are solved with initial 

conditions for each step of integration. The scheme proposed by Ohm et 

al, [54] computes rotor resistance from dc link power measurement and 

is stator resistance dependent. C. Wang et.al. [58] have described a 

method of evaluating rotor time constant by injecting single phase and 

dc currents to the induction motor and observing certain criteria that 

relate the nature of transient currents (ac and dc) with rotor time 

constant. For fine tuning linearity in Tern  vs.  iqs  characteristic is 

utilized in this scheme. 
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Model reference adaptive systems may use torque 1155, 681, air gap 

power [691, reactive power [45, 53, 551, stator voltage components 

[55], etc, to generate error for updating the gains of the slip 

frequency controller. In [33] error in torque is generated by 

determining the changes in quadrature axis stator current reference and 

rotor flux components from steady state operating condition. The error 

function produces a compensating slip speed which is added to the 

nominal slip speed for tuning the control scheme. Scheme in [551 

estimates the developed torque from the measured stator voltages and 

currents and the reference torque from the d- and q-axis components of 

stator current with quadrature-axis rotor flux set at zero. The scheme 

requires extra transducers and evaluation of initial conditions. The 

tuning procedure described in [681 uses coherent power of model 

reference error generated from torque. In this case slip gain of the 

feedforward path is modified according to the error. One of the earlier 

contributions [53], using reactive power as the variable, is dependent 

on stator leakage inductance for computation of error function. The 

detuning corrective measure in [451 uses modified reactive power which 

is also stator leakage inductance dependent. The voltage regulator 

schemes in [551 are dependent on stator leakage inductance and correct 

slip gain for tuning. A line voltage sensing scheme in [117] proposes 

to compute line voltage from the switching conditions of the inverter. 

The voltages are to be used to compute the reactive power. The tuning 

method based on observing the linearity in speed response following the 

application of square wave reference torque input is presented in [681. 



This chapter endeavourS to present three methods of adaptation 

schemes for tuning the indirect vector control system. The first method 

estimates the rotor resistance from the air gap power following almost 

the procedure outlined in [54] but with certain modifications. The 

proposed method uses updated values of inductances evaluated from the 

magnetic energy. Neglecting the effects of inductance deviation leads 

to incorrect estimate for the rotor resistance. The estimated 

resistance is directly fed to the slip speed calculator for maintaining 

the decoupled operation. The second method uses dc link voltage to 

generate an error function while the third method uses torque component 

of stator current. In the latter two schemes (MBAC) only one variable 

requires to be computed and the other one is obtained directly from 

power or control circuit. The adaptability of the MRAC schemes is also 

discussed. The schemes use only dc quantities which are easy to 

transduce so that hardware requirement is minimal. 

4.2 AIR GAP POWER BASED ROTOR RESISTANCE ESTIMATION 

4.2.1 Basic equations 

Use of air gap power for the development of adaptation algorithm 

to update the rotor parameters (rotor resistance or time-constant) in 

the controllers offers certain obvious advantages when compared with 

compensation schemes that utilize instantaneous voltage and current 

signals from the drive motor. Measurement and processing of dc link 

power and current require less hardware in the control circuit 

implementation and uses simple program steps in the signal processing. 

Two earlier papers [54, 691 have forwarded adaptation algorithms to 

• \ 
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correct the detuning for the rotor resistance change based on the 

measurement of air gap power. In (69] air gap power equivalence, 

computed from the dc link side, is matched against reference 

synchronous watt for slip regulator tuning of a vector controlled 

induction motor servo drive. But generation of reference air gap power 

in the case of speed controlled system is a problem. Secondly, 

suggested equivalent rotor resistance change to take care of the 

changing rotor inductance may not lead to decoupled torque and flux, 

particularly for a speed controlled system. This is because even under 

non-oriented condition an induction motor at a suitably adjusted slip 

can develop the same air gap power as that of the reference making the 

error between the commanded and the actual values of the air gap power 

zero. In [541 rotor time constant is calculated by solving a quadratic 

equation constructed from air gap power measurement. But the adaptation 

routine to select the appropriate one, out of two time-constant values, 

requires prior detailed experimentation, other than routine tests, in 

respect of the temperature characteristic of the individual motor. 

Secondly, rotor inductances, if not duly corrected for saturation 

effect, would lead to incorrect estimates for rotor resistance (time 

constant) and may even make the roots of the quadratic equation in 

R(eqn. 4.3) complex leading to the failure of adaptation routine. The 

paper does not lay down the approach to include the saturation effect 

which is needed for the updating procedure to work well. The following 

sections present rotor parameter adaptation scheme, which uses air gap 

power on the lines in [54] to track the changing rotor resistance, 

includes saturation effect in the calculation and selects the 

•1 
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appropriate solution for the resistance out of two values from the 

motor terminal voltage observation. 

From (3.11) steady state torque of an induction motor under 

balanced operation is 

2 
,2 SWe Rr Lrn  

Tern  = Pp R 
2 2 2 2 

(4.1) 
Rr + S we  Lr  

Air-gap power is 

Tern  We  

Pag p (4.2) 

'V 

Combining (4.1) and (4.2) leads to the following quadratic 

equation in Rr  

2 3 
IR 2 2 2 2 2 

Rr 
2 1 a  g SW

e Lrn Rr +S (e I r =0 (4.3) 

Solution to which gives the actual value of Rr  provided all the other 

variables inclusive of rotor inductances are available. Eqn.4.3 

requires a proper estimate of the value of P,g  from quantities that are 

directly accessible. Subtraction of stator copper and inverter losses 

from the time average value of the instantaneous inverter input power 

gives us an estimate of the actual air gap power as follows 

1ag = lDlnv 
- Pst,loss - Pi,ioss (4.4) 

where, 

= inverter input power 

= stator copper loss 

PI'loss = inverter loss 
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Assuming quasi-Square wave motor currents of 
1200  width, the above 

losses can be estimated using the following expressions 

Pst,ioss = (2 lB2  R8) 
(4. 5a) 

P,ioss = 2(Vth + Vd) 'B 
(4.5b) 

in which Vth ( = 1.1 to 1.4 V) and Vd ( = 0.7 V) are the thyristor and 

diode drops respectively. 

4.2.2 Selection of Ry. 

Solution to (4.3) gives two values of Rr  one of which is only 

related to the operating state of the machine. By virtue of the framing 

of eqn. 4.3 on the basis of (4.1) and (4.2) both the solutions satisfy 

the developed torque and input current conditions for the chosen values 

of other parameters and quantities in eqn. 4.3. However, out of the 

two solutions that will be the required value of Rr  which will satisfy 

other conditions of operation such as terminal voltage, slip value, 

degree of saturation giving rise to the value L. used in eqn. 4.3 etc. 

Under detuned operation, command values for the d-q axis currents, 

namely, i and i do not match the actual values of the flux- and 

torque- producing current components 1ds and iqs existing inside the 

machine. For the selected value of the rotor resistance, say Rr,s, the 

values of ids and 1qs are given by 

Rr,s  
(4.6) 

1ds = 'B  

2 222 
Rr,s + S We Lr  

S we  Lr  
(4.7) 

1qs =  IR 
4 2 222 
Rr,s + 5 We Lr  
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The following two conditions must be satisfied simultaneously for the 

selection of the correct solution. 

Condition I: 

As the commanded value of slip is directly transmitted to the 

motor. 

1ds * 

Rr, s  = Wsi Lr 
iqs 

(4.8) 

The product of two solutions for Rr  being S2  W Lr2, the higher value 

is selected if ids > 1qs' otherwise the lower value. 

Condition II: 

When the selected value of 'r is used in (4.6) 1ds must produce 

that level of saturation for which the value of Lm  must match the value 

used in (4.3) to calculate Rr. 

Alternatively, the measured motor terminal voltage must agree with 

the computed motor terminal voltage (fundamental component) based on 

the selected solution to eqn. 4.3. and which corresponds to the 

magnetic state prevailing in the machine and used in (4.3). 

4.2.3 Saturation level and selection of L. and Lr  

The variables 1R' s and we  are transmitted to the motor from 

outside. A very sensitive as well as a decision making parameter in 

(4.3) is the value to be assigned to L and this requires careful 

cons iderat ion. 
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With reference to the equivalent circuit in Fig.A.2 (Appendix II) 

the reactive volt-amp input to the motor under steady state condition 

is 

2 
,2 Lm  2 

Q = (L 'R + 1ds ) W (4.9) 
r 

If V is the rms value of the fundamental component of the motor 

line-to-line terminal voltages, the volt-amp input to the motor is 

I ,  

Sin = 
V2 

(4.10) 

where 'R  ,by definition, is the peak of the fundamental component of 

the stator current wave form. From (4.4) power input to the motor 

Pst = inv - Pt,ioss (4.11) 

From (4.10) and (4.11) an estimate for steady state reactive volt-amp 

input Q to the stator is 

=S, 
- ps (4.12) 

Equating the expression for Q in (4.9) and (4.12), and 

re-arrangement of the terms give 

Lr 2 12 
Ar  1ds = 

( 3W 
- 

-L I 
) 

(4.13) 

where, by definition, under steady state condition 

Xr  = Lm  1ds (4.14) 
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Although dependent on machine inductances, expression in (4.13) 

obtains us an estimate for steady state value of Ar  ds with reasonable 

Lr  
accuracy since L and the ratio - do not show significant variation 

0's Lm  

with the saturation level over the usual operating range of flux. 

Circuit transducers directly provide us with the quantities on the 

right-hand side. Use of the calculated value of Ar  1ds by (4.13) in the 

saturation function, defined by (3.4b) enables us to separate out the 

values of 1ds and Ar. This tacitly assumes that 1ds very closely equals 

1mag (vide eqn. 3.2b). Then the operating values of L. and Lr  or the 

values close to the operating point are obtained. The extent of the 

validity of this assumption is examined in section 4.2.4. 

4.2.4 Summary of air-gap power based parameter estimation algorithm 

and an observation 

As indicated in the above sections, the air-gap power and the 

reactive volt-ampere input to the stator can be used to estimate the 

actual rotor parameters for tuning the slip calculator. For a 

reasonably good dynamic responses correction should be applied to the 

controller at an interval which should be short compared to the rotor 

time constant. The sequence of computational steps for parameter 

adaptation algorithm should be as follows: 

Following the acquisition of data pertaining to dc link current 

and voltages to the inverter and the stator terminal voltage 

(fundamental component) estimate Pst ,  P and SI,  using (4.11) and 

(4.4) and (4.10) respectively. 

Use (4.13) to obtain Ar  1ds and then saturation function (3.4b) 

I
to separate Ar  and i. Obtain Lm  and  Lr. 
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Solve (4.3) for Rr.  Two values of Rr  are obtained as solutions. 

Calculate 1ds  and iqs  by (4.6) and (4.7) respectively for both 

solutions. 

Select that solution which yields same id.  as that under step II. 

Check further the condition I under section 4.2.2 i.e., whether 

1ds is greater than the corresponding 1qs  (step IV) in case the 

selected solution is higher. For lower value it will be 

otherwise. 

-11 Alternatives to steps IV to VI ( based on phase or line voltage 

comparison) 

Using the estimated values of L. and Lr  calculate machine 

terminal voltage for each solution of Rr  for the given stator 

current, slip and inverter frequency. 

Select that solution for Rr  for which the calculated terminal 

voltage is close to the measured terminal voltage. 

Results of rotor parameter estimation for machine II (Appendix I), 

using the aforesaid algorithm, with nominal parameters in the slip 

calculator and step wise change of actual rotor resistance in machine 

model are shown in Fig. 4.1. Rotor parameters were estimated 1 sec. 

after the change in the actual rotor resistance was effected in order 

to obtain the steady state operation. Results show that the estimated 

value of Rr  and tr  agree well with the actual values if the rotor 

parameters do not deviate significantly from those used in the slip 

calculator. Larger deviations undermine the assumptions made in the end 

of section 4.2.3. However, if the parameters in the slip calculator are 
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updated each time with the estimated parameters, the tracking of 

actual rotor parameters would be possible inspite of significant change 

41 in the rotor resistance. 

4.3 INDIRECT ADAPTIVE CONTROLLER FOR DETUNING COBRECTION 

Detuned condition of an indirectly controlled field oriented 

induction motor results in the deviation of certain physical variables 

from the values that would exist under properly tuned condition. These 

idealised values under field oriented condition are generally referred 

to as model reference. Two adaptive controllers based on (1) DC link 

voltage model reference and (ii) quadrature-axis current reference 

model are addressed in the following subsections. In these schemes 

discrepancy between specific model reference quantity and the 

corresponding estimated or the measured variable is passed through PT 

controller(s) to continuously modify the gain of the slip calculator 

until the error is driven to zero. 

4.3.1 DC link voltage based rotor resistance adaptation scheme 

4.3.1.1 Principle of the adaptation scheme 

This section presents an easy-to-implement adaptation method for 

rotor resistance change, and the strategy makes use of the dc link 

voltage for sensing detuned condition of the controllers with respect 

to field orientation condition and takes necessary steps for subsequent 

correction in the slip gain to restore the decoupled state in the 

machine. The proposed adaptive controller makes provisions for 

generating a dc link voltage reference model from the set value of 
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flux, nominal values of inductances and dc link current satisfying the 

field-oriented condition. Subtraction of the dc link voltage drop from 

(2.20) and setting p(E -_-) = 0 result in the following field oriented 

inverter input dc link voltage model reference under steady state 

operation 

'Ref , L1  
V1  =RSIR+ . 

Lr  

Rr Lr Ci):i * 

*2 • * 2 e 'H 
Rr  +(w81  Lr) 

(4.15) 

where, 

'Ref — 1( Ref 
VI  

rotor flux-vector speed (elect-rad/sec). 

Rr, Lm  and Lr  refer to parameters, nominal or adjusted as the case 

may be, used in the controllers. 

Rotor slip speed relative to the rotor flux vector is given by 

(cf. 2.24) 

  

C * 

* '-qs Rr  

= * * 
Lr  ide  

(4.16) 

C
S 

/ '2 *2 
= 'H - ide  

 

I 1* 

In (4.15) actual dc link current 'R  is retained in place of 'R 

because if flux orientation really exists in the machine with Ar , 

eqn.4.15 must be the controller reference model. 

The complete block diagram for the control strategy with parameter 

adaptation scheme obtained from the comparison of actual dc link 

i voltage V1  with its reference V1 
Ref 

(4.15) is shown n Fig. 4.2. The 
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error so generated from the difference is processed through a P1 

controller to provide the slip calculator with a rotor resistance 

•1 
correction term. The adaptation process may be continued for an 

interval and be made operative observing the mismatch in the two 

voltages or setting some other criteria to invoke it. The other control 

loops are similar to those in Fig.2.7. The realization of the 

generation of rotor resistance correction signal is achieved by using 

high performance microcomputers for which suitable digital algorithms 

must be derived. 

An alternative expression for generating V1
'ref

using eqn. 2.20 and 

eqn 4.26 (derived latter under the section 4.3.2) is 

' ' I 2} i 
ref 

O's e * ' (4.17) V1 = (R + L Sp)iR 

+ 
/ S - P 

. 
- L w 

1ds LR 

4.3.1.2 Adaptation ability of the proposed system 

Does the equality of the two voltages (model reference and actual 

voltage) ensure 'parameter adaptation? Correct tuning of the slip 

calculator will be achieved if at the zero error signal the parameters 

in the controllers agree with those of the actual machine. This aspect 

requires investigation. Actual scaled dc link voltage is given by an 

expression similar to (4.15) with actual parameters and variables. As 

the reference current and the frequencies are directly transmitted to 

the machine, we can make 

I 

IR = IR (4.18a) 

sl 
* 

= sl (4.18b) 
0 

= we  
* 

 We (4. 18c) 
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Indicating the adapted rotor resistance in the slip calculator as 

the error function can be expressed as 

Ref 
cv =vI -VI  

•2 ad • 
Lm  Rr  Wsi • 1* 

= We IR - 
R 

ad * 2 
+(W• i Lr  ) 

LRr Wsi 

Rr 2+(Ws i Lr)2 
We 'R (4.19) 

For a normally designed motor leakage inductance is a small 

percentage of magnetizing reactance. In such a case 

Lr Lm  
(say) (4.20) 

Lr Lm  

Use of (4.16), (4.18) and (4.20) in (4.19) and subsequent 

simplification give:: 

*2 2 *2 2 
c 22 

1 S 
+ i5)_ 1ds - 1qs OC  (3 

} 
ev 

 = - 'R (4.21) 
C C 

{1+2132( 
1qs 

) 

2 1qs 2 

1ds  
'ds -ds 

in which a is R/R. 

If the saturation level could be communicated to the slip 

calculator, or if the saturation level could be maintained 

corresponding to nominal inductances, 0 takes the value 1.0. Then for 

zero error function, factorising the numerator and equating it to zero, 

we have 

*2 2 

(idS - is a) (a 0 (4.22) 
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That is, either 

ad 
R Rr  (4. 23a) 

*2  

ad 1ds 
or, R 

= 2 Rr (4.23b) 

'qs 

Actual rotor resistance, as indicated by (4.23a) will be generated 

by the rotor resistance adaptive controller if the level of saturation 

corresponding to Lrn  could be maintained. 

4.3.2 Quadrature-axis current model 

The indirect vector control structure, proposed in chaPter II uses 

the commanded value of flux producing stator current, viz., 1ds in the 

slip calculator. Under field orientation condition the actual flux and 

torque producing components of stator current vector inside the machine 

must agree with those in the vector controller. This particular 

criterion points out that the q-axis component of stator current in the 

slip regulator may be taken as reference in the model reference 

adaptive control strategy. The other variable necessary to generate the 

error function by comparison with the model reference should be the 

actual quadrature axis component of stator current in the machine. 

By reference to the vector diagram of stator current components in 

Fig. 4.3 when field orientation is restored the vector current component 

ab, used in the slip calculator, becomes equal to oc, the torque 

component of stator current vector existing in the machine. The model 

reference (=ab) is 
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/

1R
,2 ,2

iqs,reç( i. $) = - 1ds (4.24) 

Since the actual torque component of stator current vector, i.e., 

oc is not available, it can be estimated from the developed torque as 

follows: (cf. 2.38) 

Tern  Lr  
2 (4.25) 

1qs =3 P, Ar  L 

where, Tern  is the estimated or the measured developed electromagnetic 

torque. Tern  can be estimated from the dc link power outlined in 

section 4.2. 

-ç 
By (4.13) for the condition prevailing inside the machine 

Lrn  Ar 2 1 
2 ,2 

- L 'R = F. (say) (4.26) 
O 1ds = e s Lr  

,2 
. . 

Combining (4.25) and (4.26) and using 1R = (i 
2  
ds + 1 

2  
q ), we have 

-. 

I = (4.27) 
gs 

PP  

The estimated value of = qs) is compared with the field 

oriented reference for the q-axis current iqs,r,f and the difference 

( qs,rei qs) is processed through a P1 controller to provide a 

corrective term to the nominal rotor resistance used in the slip 

calculator. As in the previous scheme the improvement on this 

corrective term will cease when the error signal is driven to zero. The 

schematic for the rotor resistance adaptation implementing q-axis 

1 
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current reference model is shown in Fig. 4.4. The complete block 

diagram of the drive system is similar to that in Fig. 4.2. except the 

rotor resistance corrective block which is replaced by the scheme in 

Fig. 4.4. 

4.4. SIMULATION STUDIES 

4.4.1. Studies envisaged 

In order to establish the feasibility and credibility of the 

proposed parameter adaptation schemes digital simulation of the vector 

controlled induction motor drive system, using its transient model, was 

carried out, and adaptive ability of different schemes was evaluated 

for certain operating conditions. Parameters of two motors (squirrel 

cage and slip ring), used in the simulation test, as well as various 

controller gains are furnished in Appendix I. Details of the simulation 

of the vector controllers and motor for a speed-controlled drive 

system have been dealt with in Chapter II. Transient model of the 

machine contains the actual parameters which the motor is supposed to 

have during its operation. On the other hand the slip calculator works 

either with the nominal parameters or with the updated parameters that 

are transmitted from the parameter adjustment blocks or calculators. 

The effectiveness of the schemes was tested by introducing changes in 

the rotor resistance In the transient model of the Induction machine 

and then observing how the updated resistance from the controller 

tracked the new changed resistance. Further observations were noted In 

respect of rotor flux, rotor slip speed, rotor currents in field 

co-ordinates etc. to see whether the scheme could restore field 

V 
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orientation. Changes in the rotor resistance were made from nominal 

value (i) in step and (ii) in ramp. The simulation traces of various 

drive quantities, obtained on the application of the proposed parameter 

adaptation schemes to speed controlled system, are presented in Fig. 

4.5 through Fig. 4.15. The dc link voltage based scheme was tested 

using both the reference voltage models represented by (4.15) and 

(4.17). The simulation results are furnished corresponding to the 

voltage model in (4.17). 

4.4.2 TunIng by Rr  estimation from airgap power 

Fig.4.5 presents the variation in Ar , ?qr, Ws 1, etc., when a ramp 

change in rotor resistance of the slip ring machine is allowed and 

adaptation is invoked at every 2 seconds. It is noted from the plots in 

Fig. 4.5(b) and Fig. 4.5(d) how Ar  attains its nominal value and Aqr  

reduces to zero as the slip calculator is provided with updated 

estimate of the rotor resistance. Tem/lqs  as observed from Fig. 4.5(c) 

tends to restore Its value set for field orientation condition,and slip 

speed (Fig.4.5(e)) is found to increases in proportion to the adapted 

resistance operation. Fig. 4.6 shows the step wise change in rotor 

resistance of the slip ring machine, and in each step adaptation is 

delayed by 1.5 sec. Here too it is noted from the variation of Ar and 

Xqr  how effectively field orientation is restored. 

Fig. 4.7 depicts the slip speed and rotor flux linkage variation 

in machine I (SC) for ramp change in rotor resistance with adaptation 

set in every 2 sec for two different load torques (6.5 Nm and 16.5 Nm). 

C 
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4.4.3 DC link voltage-based scheme 
1. 

Fig.4.8 presents simulation results for both uncompensated and dc 

link voltage based compensated system when Rr  of Machine I increases 

linearly from 1.50872 to 2.252. Fig. 4.8a shows the adapted rotor 

resistance in the controller corresponding to actual value in the 

machine. Plots in Figs. 4.8(c) and 4.8(d) illustrate the loss of field 

orientation in an uncompensated system and the restoration of it due to 

adaptation mechanism. The restoration of field orientation is evident 

from the traCQ: of Aqr  which gradually reduces to zero as the 

controller progressively adapts the value of resistance approaching to 

that of the rotor. From Fig.4.8b w 1  is found to change linearly as 

the adaptation mechanism proceeds. In the speed controlled system motor 

speed is not affected (Flg.4.8(e)) and the dc link current shows no 

significant change (Fig.4.8f). 

Results shown in Figs. 4.9 and 4.10 are in respect of the slip ring 

machine when the rotor resistance changes in step and in linear fashion 

respectively. Here are also noted fairly satisfactory working of the 

compensation schemes as small deviations in A r  and Xq r  from their 

idealised condition. In the simulation study 2.0 ms was taken as the 

sampling time. 

Fig.4.11 illustrates the simulation results for dc link voltage 

based rotor resistance adaptation scheme for which linear variation in 

rotor resistance and step increase in speed during the adaptation 

process. The plots in Fig.4.11 shows no significant effects of the 

transient condition on the adaptation process. 
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4.4.4 QuadratureaXiS component of stator current based adaptation of Rr  

Simulation study depicted in Fig.4.12(a) shows how the resistance 

in the slip calculator tracks the actual machine resistance. Fig. 

4.12(c) compares the ratio Rr  to Lr  adapted in the slip calculator to 

that actually prevailing in the machine. A slight depression in the 

ratio (Rr/Lr) in the beginning is due to increased value of the 

transmitted slip causing a decrease in the saturation level ( increase 

in Lr). Though in the steady state condition a deviation (very small) 

is noted between the parameters used in the controller and those 

actually existing in the machine model, field orientation is restored 

for all practical purposes as are evident from Figs.4.12(b) and 

4.12(d). Results in Fig. 4.13 and 4.14 are in respect of linear 

variation in rotor resistance of Machine-I and step wise changes for 

slip ring machine (Machine-Il) respectively. Here also the effective 

working of the adaptation mechanism can be noted. 

Fig.4.15 indicates the insensitiveness of step change in torque 

when adaptation process based on q-axis stator current was in progress 

for ramp change in Rr. 

4.5 CONCLUS IONS 

Three parameter adaptive schemes have been proposed to update the 

gain of the slip calculator to offset the effects arising out of rotor 

parameter deviation. Simulation results for the steady state and 

dynamic conditions show the effectiveness of the compensation schemes 

that do not require complex control operations. 
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However, the reliability of a parameter compensating scheme 

depends on the extent of the use of motor parameters in the scheme 

itself. An influencing parameter affecting the adaptive schemes, 

proposed in the above sections, is the stator resistance which is 

dependent on temperature. As a result the estimated torque from the dc 

link power measurement will suffer from accuracy if the stator 

resistance change is not duly accounted forithe adaptive algorithms. 

This estimated torque has been used in the analytic calculation of 

rotor resistance (eqn.4.3) and in the quadrature-axis current model 

(eqn. 4. 27) of the HRAC technique. This short coming can be offset to 

significant extent if the stator resistance is assumed to change at the 

same rate as that of the rotor. In the MRAC scheme with inverr input 

voltage model (eqn.4.17) the effect of the variation of stator 

resistance drop due to temperature can be ignored for higher speeds. 

But at low speeds, accuracy of the voltage model will depend upon the 

stator resistance drop owing to the reduced value of speed emf. This 

invariably calls for a correction to stator resistance drop. Here also, 

under the conditions of equal change rates of stator and rotor 

resistances [124] compensating action will be significantly improved. 
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CHAPTER V 
I 

CONTROLLER SELECT I ON AND ROBUST STAB I L I TY 
p 

5.1 INTRODUCTION 

The vector controlled induction motor system described In Fig.2.7 

consists of two P1 controllers which should be properly designed for 

stable operation of the drive system. Normally, a rotor flux model-

based vector controlled system is more robust than other flux models 

[18, 211. A CSI-IM system suffers from stability problems in the open 

loop [75] and at low loads [10]. In the case of feedforward slip 

frequency control strategy any deviation of motor parameters in the 

controllers from their actual values in the machine causes loss of 

orientation. To counteract such parameter deviation effects, adaptive 

controllers are used to restore the decoupling state, and this in turn 

results in the change of the transfer function of the system. In such 

eventuality, selection of controller constants will be such that it 

will fulfill the demand for fast response and at the same time must 

-k 
ensure good margins for stability limit so that perturbations arising 

out of the change in parameters, uncertainty in modelling, torque 

disturbance, measurement noise, etc. , do not destabilise the system. 

Operation with a sufficient stability margin is desirable in selecting 

controller constants. 

Robustness consists in delineating the parameter space into finite 

regions about the nominal model for which the stability of the system 
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is preserved. There are two types of disturbances which create 

stability problems in a system, and the robustness of the system is 

expressed in terms of stability margins against such disturbances. The 

stability margins are (i) the structured stability margin for 

parametric perturbations, and (ii) the unstructured stability margin in 

respect of unmodelled dynamics or external noises. 

A number of methods exist in the literature to determine the 

stability and robustness of control systems. From the classical point 

of view, the important ones are the Routh Hurwitz criterion, the 

Nyquist plot, the Bode plots, etc. Direct application of these methods 

to determine robustness of control systems with parametric variations 

is difficult and appears to be almost insurmountable. An epoch making 

method to check stability of plants with parameters varying within 

known intervals was first reported in 1978 by V. L. Kharitonov [90]. 

The H 
CO 
-norm control along with Kharitonov's theorem has aroused 

considerable interest for studying robustness of control systems under 

parametric perturbations and unmodelled dynamics. A very limited number 

of references on the study of robustness of field-oriented induction 

motor due to parametric perturbations are available. Studies reported 

on the robust control of field oriented induction motor are mainly 

based on robust selection of observer poles or constants of adaptive 

controllers [23, 371. Y-y. Tzou and H-j Wu have proposed a 

complementary model reference type controller for stable operation of 

an ac servo motor. LQG and Kalman Filter- based robust controller 

design for CSI-fed induction motor is presented in [30] 
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In this chapter, first, selection of P1 controller constants for a 

suitable norm-bounded stability margin with an appropriate bandwidth is 

presented, and then study of robustness of the control system is 

carried out. Since Kharitonov'S polynomials produce conservative 

results for linearly dependent coefficients, study of robustness is 

carried out by testing the segments resulting out of generalization of 

KharitonoV' s theorem. 

5.2 BLOCK DIAGRAM OF CSI-FED INDUCTION MOTOR UNDER FIELD 

ORIENTATION CONDITION 

The voltage equation of a field oriented induction motor, viewed 

from the rectifier output terminal and expressed in (2.20), with 

constant rotor flux linkage and no change in torque angle can be 

written as 

Lm  gqs Xr  

VR = (Re+ LeP) 1R + Lr 
( W + Ws i) (5.1) 

The schematic block diagram of the rotor flux orientation control 

of the CSI-fed induction machine condition extracted from the system in 

Fig.2.7 is redrawn in Fig.5.1 which includes the block diagram 

representation of the induction motor under field orientation condition 

based on eqns. 5.1, 2.37 and 2.43. Physically, the factors g and gqs 

determine respectively the commanded value and the actual value of 

torque producing component of normalized current ('R) from the current 

* 

source inverter. In the steady state conditions, gqs is equal to gqs 

The signal flow graph of the system in Fig.5.1 is shown in Fig. 5. 2. 
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Fig. 5.1 Simplified block diagram for field orientation control and induction motor 



ni  1m 

Fig.5.2 Signal flow graph of the vector controlled CSI -IM 

Drive system 

Using Mason's gain formula [1191 the following transfer functions 

are deduced. These transfer functions are used to select the P1 

controller constants and study the stability of the system. 

J k,2 (B k 2  + J k 2)s + B k12  

G1(s) = 3 2 
IR(S) J L S + (B L+J C4) S + (B C 4 +J k12+C2)s + B k 2  

(5.2) 

c3{ k 1  k 2  s2+ (k 1  k12  + k 2  k 1 ) 5 + k12  k 1} 

G(s) * = 
c m(s) 5(s) 

(5. 3) 

$ ( L S2  + C4  S + } 

G1(s) TL(S) 
s(s) 

(5.4) 
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where, 

a(s) = J L s 4+ {B L + J C4  } s3+ {B C4  + J k12+ C2  + C3  k1k2 2 )s 

+ {B k 2  + C3( k 1k12  + s + C3k11k12  

Lm  gqs 12 
l=l 

Lr 
 JRr 

Lm gqs 

Lr A
r  * 

gq s  

(5.5) 

( P L gqs  Ar  2 

L I 
r ) 

- (5.6) 

C4  = R + k 2  + C1  

5..3 SELECTION OF ROBUST P1 CONTROLLER CONSTANTS 

In selecting the controller gains emphasis is placed on the 

reduction of H -norm of the transfer function. The roots of the 
00 

characterstic polynomial are prescribed to be as deep in the left half 

plane as practicable and satisfying simultaneously a prescribed 

bandwidth specification. To accommodate the effects of parametric 

perturbations and unmodelled dynamics, higher order filters based on 

H  00 -norm optimal controller design are required for a suitable stability 

margin. However, for ease of implementation, H- norm based 

P1-controllers are selected on trial-and-error basis to satisfy the 

above mentioned criteria as far as possible. The basic ideas of H co -norm 

are included briefly in the following subsection. 

5.3.1 The H 00  -norm and sensitivity 

The H 00 -norm of a transfer function F(jw) is the maximum value of 

its modulus expressed [1221 as 

11 F 11.  = sup ( I F(jw) I : w ER } (5.7) 
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4. 

The mathematical definition in (5.7) implies that the H CO  -norm 

(Ill) 
may be expressed as the distance of the farthest point on the 

Nyquist plot from the origin. A suitable margin that qualitatively 

indicates the internal stability of the system against unknown 

perturbations may be assigned to a control system in terms of H 
00 

-norm 

by properly selecting the controller constants. For the study of 

robustness against perturbations like unmodelled dynamics, parametric 

deviations, etc., an important relation between the complementary 

sensitivity function and stability of the system due to model 

uncertainty is presented in [95]. The stability criterion is defined as 

sup I T0(J) BM()I < 1 (5.8) 

where, T0(s) {s m jw} is the complementary sensitivity function with 

nominal parameters and BH(w)  is the magnitude bound on the uncertainty 

GN(Jw) at frequency w. By definition, from Fig.5.3 

MODEL UNCERTAINITY I Measurement 

I noise 
Process n(s) 
disturb once 

d(s) 

r(s) + 

referencT 

e0 
CO(5 ) . i G ( s) —;.-~+4 + + 

ControtLer I Nominot 
I I 

I model I  
I I 

I I y(s) I 

Output 

Fig. 5.3 A physica' control system configuration representing 

model uncertainty and noises. 
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G. C0(s) 
T0(s) 

= 1 + G0(s) C0(s) 

5.3.2 Selection of P1 controller constants 

The second P1 controller denoted by the transfer function G2(s) in 

the block diagram of Fig. 5.1 converts the current error signal to 

rectifier voltage VR  while the transfer function G1(s), incorporating 

the first P1 controller transforms the speed error signal into the 

current command 'R The controllers in the current and speed loops are 

designed with the objective to attain fast and non-oscillatory dynamic 

response as well as to maintain the robustness of the system. To say 

explicitly, the constants in each controller are determined in such a 

way that the poles associated with the respective transfer function 

lies inside the negative half plane and that the H 
 00 
-norm is as small as 

practicable. Secondly, in nested loop approach, the loop bandwidth 

increase inwardly. In practice, the bandwidth of the current loop is 

made much greater than that of the speed loop [108]. 

70 The transfer function G1(s) of (5.2) with nominal set of 

parameters and quantities becomes 

G1(s) = 
8.7997 k 2s2+ (0.4824 k 2  + 8.7997 k 2) s + 0.4824 k12  

c5 (s) 

(5.10) 

where, 

1(s)= s  3  + { 29.647+8.7997k 2} s2+ { 220.387+0.4824 k 2+ 

+ 8.7997 k12} s + 0.4824 k12  

4 
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The selection of suitable values for gain constants was carried 

out for different combinations of k 2  and k12  after having got their 

initial guesses following the ideas in [1081. and using the CC program 

(Ver. 3). 

Finally, the following sets were arrived at for the current 

controller 

k 2  = 30 and k12  = 10 

for which H -norm is 0.899 and roots of 51(s) are - 0.01515, -1.000 and 
CO 

-292. 53. 

Using the above mentioned controller constants the speed loop 

transfer function in (5.3) becomes 

251.64 { 30 
2 

S + ( 10 k 1  + 30 k 1) S + 10 k11  

G (s) = w s(s) 

where - - - 
 

s(s) = s 4 + 293.635 s 3 + { 322.86 + 7549.2 k 1  } s2  { 4.824 + 

+ 2516.4 k 1  + 7549.3 k11  } s + 2516.4 k 1  

00 Adopting the same procedure as in the case of current control 

loop, the Fl controller constants for the speed loop become 

k 1  = 2.0 and k11  = 0.5 

for which H - norm is 1.0035 and the roots of 8(s) are -0.26566, CL) 

-0. 31052 and -225.33. The bandwidths for the speed and current loops 

are 62.0 rad/sec. and 230.0 rad/sec. respectively. The unit step 

response for the closed loop system using CC program is shown in 

Fig. 5.4. 
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5.4 STABILITY PROBLEM AND ROBUSTNESS STUDY 

In a physical system both the parametric perturbations and 

uninodelled dynamics are assumed to take place simultaneously, and 

normally in H-norm based robustness study, the unstructured stability 

margin is found out by applying reasonable level of structured 

perturbations to the system and then the maximum norm-bounded 

unstructured stability margin is computed. A procedure of determining 

unstructured stability margins after introducing the parametric 

perturbations is presented in [97]. 

5.4.1 Considerations of parametric perturbations 

The performance of a vector controlled induction motor is 

characterized by the transfer functions shown in eqns.5.2-5.4. The 

coefficients in the polynomials are subject to changes due to 

deviations in the parameters and/or the operating point and errors in 

the instrumentation. The parameters of an induction motor which are 

normally subject to changes with operating conditions are discussed 

below: 

Rotor resistance (Rr) : The rotor resistance is a function of 

rotor temperature and in an extreme condition the value may increase by 

50% from its nominal value [46] which we consider as the maximum for 

our study here. On the lower side a reduction of the value by 20% from 

the nominal value is considered to take into account the fall in 

ambient temperature and measurement error. 

Stator resistance (R9). Like the rotor resistance, the 

variation of stator resistance is considered over the ranges from 80% 

to 150% of its nominal value. 
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(c) Mutual inductance (Lm) : The mutual inductance changes due to 

nonlinearity in the magnetic circuit. In this study, magnetic 

saturation effect and operation in the linear region are considered by 

attributing a range of variation to both L. and Lr. 20% changes of L. 

in both the directions from the nominal value is considered to be 

sufficient to take into account of the decrease in the mutual 

inductance due to magnetic saturation and operation of the induction 

motor in the linear region. L. and Lr  are computed by adding leakage 

inductances to Lm. 

Apart from the induction motor parameters, the following operating 

point dependent quantities are also considered which are responsible 

for deviations of dynamic conditions and stability and are considered 

as generating structured perturbations to the system. 

Rotor flux linkage (Ar).  Field orientation control may require 

adjustment of the rotor flux linkage of the induction motor. Variations 

may also be caused by extraneous factors.A ± 20% variation of Ar  from 

the set value of the flux is considered. 

Torque producing factor (gq ). The factor gqs  is expressed by 

(2.6). This factor is mainly dependent on disturbance torque TL.  A 

constant torque of about 4 Nm due to bearing friction is considered and 

a maximum disturbance torque 20 Nm is considered to act on the motor. 

This Is considered by selecting an interval 0.2-0.8 for gqs 

Mismatch factor (gq /gq ). This ratio has a value of unity 

under idealized conditions. The deviation of mismatch of this ratio 

from unity is due to difference in reference and actual values of 
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torque producing component of current subjected to speed or torque 

disturbances for the closed loop control. This ratio is considered to 

vary over the range of 0.2 to 0.8. 

5.4.2 Stability and the Box Theorem 

Kharitonov's theorem [90) provides an easy method to study the 

robustness of interval plants with independent variations of the 

coefficients but offers conservative results when applied to study a 

real system in which the coefficients of the characteristic polynomial 

are dependent. In this case, generalization of the theorem is required 

by considering the variation of the coefficients within a prescribed 

box and stability study is conducted for a prescribed number of line 

segments. The theorem named as 'Box Theorem' [94) suggests that if a 

system (plant and controller) is stable then the characteristic 

polynomial of the system should remain stable within the prescribed 

parametric perturbations if the segments defined by the expression 

(1 - A) Evp(S)rnax  + A Ev (s)m i n  + (1- i) Eo, (S)max 
 + j.L Eo (5)m i n  

(5.12) 

.4 
are stable for all possible A and i in the interval 

A E [0, 11 and P E [0, 11 

where, E(s)  and E041(s) are odd and even parts of the characteristic 

polynomial. 

5.4.3 Test for robustness of the proposed control scheme 

The control scheme is tested for robustness using Kharitonov's 

segments [94] with the parametric variations indicated in Sec 5.4.1, 
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and the unstructured stability margin is evaluated. For the test of 

robustness only the transfer function Gm(s) is considered here. The 
r 

coefficients of the numerator and denominator polynomials are found to 

vary within the following intervals: 

d0  e ( 5.1077, 31.746), 

d2  E (62.476, 386.34), 

E (35.804, 222.27), 

d3  E (2.9372, 3.225), 

d4  E (0.010341, 0.01038), no  E ( 5. 1077, 31.746), 

fl1 E (35.754, 222.22), n2  E (61.292, 380.95) 

The minimum and maximum values of the odd and even functions of 

the characteristic polynomial are 

Ev (S)m t n  =5. 108 + 386.34s2  + 0.01034s4  

Ev (S)max  =31.746 + 62.476s2  + 0.01038 

Eo(S)mtn =35.864s + 3.2245 

Eo (S)max  =222.27s + 2.9372 

Applying the criterion in (5.12) gives 

(0.01034 + 0.00004A)s4  + (3.2245 - 0.28681)s + (386.34 - 323.844A)s2  

+ (35.864 + 186.406i)s + (5.108 + 26.638A) 

(5.13) 

By Routh's criterion, the polynomial (5.13) for both A and i varying in 

the interval [0,1] is found to be stable. The numerator of G w 
 (s) can 

also be written in the fashion as (5.13) containing two more 

parameters, say, 8 and K. The parameters A, .t, 3 and K are so selected 

that the H -norm of the closed-loop transfer function assumes maximum 
CO 
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value which is found to be 10.088402 (at w = 0.103673). The 

unstructured norm-bounded stability margin for the worst case is, 

therefore, equal to 0.099124. 

5.5 SIMULATION RESULTS AND OBSERVATIONS 

The validity of the robustness study using Kharitonov's segments is 

justified by simulating the induction motor model in (2.44) with the 

controller structure in Fig.2.7. Results for a typical simulation study 

for simultaneous changes in motor parameters and set flux with torque 

disturbances is shown in Fig.5.5. In this case, Rr  and R were 

increased by 50% from their nominal values and rotor flux was increased 

by 10% from its set value at a certain instant of steady state 

operation. Saturation was incorporated in the machine model. At the 

same instant of introducing the above mentioned changes a torque 

disturbance ( step increase from 5Nm to 10 Nm) was applied. For such 

simultaneous changes with the uncomperisated and dc link voltage based 

parameter adaptive system, stability of the control system is 

distinctly observed. It may also be noted that for the non-adaptive 

system the response is poor than the parameter adaptive system. 

The stability margin predicted by the H 
Co 

- based control theory is 

found to be small. But the worst situation has been considered for this 

study and this is unlikely to be met with in practice. 

I 
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CHAPTER VI 
I-i 

HARDWARE AND SOFTWARE I MPLEMENTAT I ON OF THE 

VECTOR CONTROLLED CSI - IM DRLVE SYSTEM 

6.1 INTRODUCTION 

The effectiveness of implementation of an indirect field oriented 

induction motor drive system depends on the accuracy with which the 

quantities such as voltage, current and speea are meauiu allu 

processed to generate desired signals and estimate parameters for 

detuning correction. Sampling time is another important factor in 

digital processing. It is desirable that the sampling interval is as 

small as possible to ensure stable and effective performance of the 

system. Compensation due to parameter deviation in the drive system is 

also necessary to avoid degradation of performance. The following 

aspects are to be kept in mind in the overall implementation of the 

system. 

Floating point computations are preferred to minimize 

discretization error. 

Use of minimum hardware components and framing the software in 

modular form with utmost flexibility suitable for multi-m1cr0c0mPuter 

based system. 

A good man-machine interaction providing scope for checking the 

parameter estimation results and commanding the compensation schemes to 

) 
work in the right direction. 
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4) To keep the sampling time at its minimum possible value. 

In this chapter, starting from the generalized functional diagram, 

hardware and software implementation of each control aspect are 

discussed. For a better appraisal of the proposed vector control 

structure and compensation schemes, tests were conducted on two 

laboratory type induction motors (squirrel cage and slip-ring type) 

whose nominal parameters are listed in Tables A.1 and A.2 under 

Appendix I. Circuit topology and software were the same for both the 

motors excepting the speed sensing arrangements. 

A general layout of the drive system and its hardware and software 

details are presented in the subsequent sections without going into the 

details of the principle of operation of the power conditioners and 

the characteristics of the devices and components. Extensive tests were 

carried out and certain test results are furnished in support of the 

operating principle and associated algorithms of the proposed control 

system. 

4 6.2 THE DRIVE SYSTEM 

6.2.1. Functional diagram 

The proposed control methodology in Fig.2.7 with compensation 

schemes (Chapter IV) for parameter deviation basically comprises of a 

number of functional blocks. From the implementation point of view 

their interactions can be described through the generalized functional 

block diagram in Fig.6.1. This diagram, in fact outlines the mutual 

action between (i) software and control block on one side and (ii) 

transducers, power circuits, and other necessities, such as, storage, 
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mode selector etc, on the other side. A general description of the 

drive system hardware and software is presented in the following 

sections. 

6.2.2 Software description 

The overall software and control algorithms are shown under one 

block in Fig. 6.1. The overall software is divided into a number of 

tasks and each task is subdivided and processed by some modules. An 

elaborate pictorial representation of software blocks used for the 

control strategy is shown in Fig 6.2 indicating the direction of 

interactions (analog and digital). The major tasks assigned to the 

'software and control' functional block are: 

(1) Generation of control voltage (P1-based) for the cosine law 

controller to adjust the do link current through the three phase 

converter. 

(II) Processing the output signal from the optical encoder to 

obtain the instantaneous speed. 

Computation of slip speed and dO/dt, and control of 

4 
frequency for the inverter. 

Parameter identification and execution of the algorithm for 

the selected compensation scheme. 

Operating mode selector enables one to choose particular control 

strategy for the drive as well as to give commands for recording 

desired data to study system behavior. For such utilities modular 

programming approach has been used. 
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6.2.3 Hardware description 

Functional block diagrams of Fig. 6.1 and the overall system 

configuration in Fig. 6.2 require the following basic systems. 

Microcomputers with peripherals for external communication and 

data acquisition. 

PC/AT with instrumentation modules. 

Pulse generating and processing circuits for speed 

measurement. 

Three phase fully controlled bridge converter with gate 

triggering circuit. 

Three phase current source inverter with triggering circuit. 

Transducers for sensing voltage and currents of the power 

circuit. 

Figure 6.3 shows the hardware configuration of the drive system. 

Two microcomputers, each with 1-8086 CPU and 1-8087 math co-processor, 

are used for non adaptive operation of the drive system (implementation 

of the control system strategy in Fig.2.7) and generating the gate 

signals for the inverter and the input voltage for the cosine wave 

gating circuit of the converter. When adaptive control is required, 

parameter estimation/correction is carried out by PC/AT with the help 

of its data acquisition modules and the results are sent to the 

microcomputer used for slip computation. The following section outlines 

in brief, the key features of the digital processors. Photograph 1 and 

2 show the experimental set up. 
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Photogrop 2 : Induction motorg with loads 
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6.3 DESCRIPTION OF COMPUTING AND DATA ACQUISITION SYSTEMS 

Two microcomputers, namely, Microfriend MF8679 and the Microfriend 

Y 
Star-86 were used for implementing the non-adaptive system. During 

simulation study sampling period of the order of 2.5m sec was found to 

be adequate for desirable operation of the system. The above 

microcomputers were capable of meeting the requirement. PC/AT with Burr 

Brown's instrumentation module PCI20000 was used when parameter 

estimation adaptation and storage of variables were required. The 

systems are described In brief in the following sub-sections. 

6.3.1 Microfriend MF-8679 microcomputer 

The dual board microcomputer Microfriend MF-8679 (8086/8087) is 

supplied by Dynalog Micro-systems, Bombay, India, with the following 

interfaced ICs. 

* A daughter board with IC 8279, key board, EPROM programmer with 

ZIF socket, 8X7 LED display and two 8255-A for interfacing the 

following peripheral devices. 

* Two 8255-A on the mother board. 

4' 
* Two counters of 8253, namely C II 0 and C 14 2. 

* One USART 8251 with accessories for serial communication through 

RS232. 

* Two 2764 EPROMs loaded with monitor programs. 

* 16 k-byte static RAM for temporary storage of data. 

Certain Important Features of MF8679 are: 

* The microcomputer provides easy expansion of RAM and ROM 

memories via blank sockets. 
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* It provides easy communication with external world through 

serial and parallel ports. 

* 86-pin multi-bus connection facility for expansion of 

interfacing 

* The clock frequency is 4.77MHz and pclk(peripheral clock) 

frequency is 2.38636MHz. 

Computing and controlling tasks carried out by MF8679: 

* Detection of instantaneous speed of the motor. 

* Computation of w 1  and dO/dt. 

4 
* Control of frequency for the CS-Inverter. 

• Receipt of adjusted value of Rr  in the case of adaptive control 

from the PC/AT through a digital port. 

6.3.2 Microfriend Star-86 microcomputer 

The single-board 'Microfriend Star 86' microcomputer from Dynalog 

micro-systems, Bombay (India), comprises of the following processors, 

ICs and interfaced devices 

* Central processing unit, 1-8086. 

* Math-Co-Processor, 1-8087. 

* Two 8255A one for users' purpose and another for keyboard 

interfacing. 

* One counter of 8254 is available for user application. 

* One 8150 hART for Serial Communications through RS232. 

* Two 2764 EPROMS with monitor programs 

- * Two static RAIlS each of 8 kbytes with battery backup. 
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The important features and peripherals interfaced with the Star-86 

microcomputer are 

bO 
IBM expansion slots for interfacing ADC (PCL 207) and DAC (PCL 

204) modules or other modules, if necessary. 

The ADC module (PCL 207) uses AD 574AJ as the A/D converter 

chip. Multiplexing is used to have 8 input channels. PCL 207 also 

contains single channel 12 bit DAC (AD754 AKN) on board with 30 psec 

settling time. The ADC is used in trigger mode for start of conversion. 

Like PCL 207, the 8- channel 12 bit DAC module PCL 204 (AD 7521 

based) can be easily interfaced with star 86 through the IBM expansion 

slots. 

The Star 86 provides RAM expansion sockets to have a very large 

space for data storage with RAM type selectivity through jumpers. 

The Star-86 is called for to execute the following operations. 

* Taking in 1R'  v1  and reference speed through ADC with 11 bit 

resolution (bipolar operation) and motor speed through digital 

port 

1 * 
* Computation of 1qs  and 1R 

* Generation of control voltage for the cosine law firing of the 

converter. 

6.3.3 PC/AT with data acquisition 

The PC/AT for data acquisition and tuning for the proposed 

indirect field oriented control system is from Samsung Semiconductor 

and Telecommunications Co. Ltd. (Republic of Korea) and uses intel 

.fr 
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80286 as CPU operating at 10 MHz. Burr-Browns PCI 20000 system for data 

acquisition can easily be installed as plug-in boards in the expansion 

slots. The use of PC/AT with the PCI system provides the facility of 

writing programs in high level language and a large storage space for 

results. Another important advantage is the provision of better on-line 

interaction between the users and the control system through keyboard 

and video display. 

The data acquisition and interfacing devices used by PCI 20000 

system are all modular type and can be tailored effectively by choosing 

the modules according to requirement. The PC/AT has three expansion 

slots and two of them can be used by PCI system. Communication between 

the modules and the PC/AT takes place through carrier boards. Each 

carrier board can extend connection up to three modules and provides a 

32-bit digital communication link. The carriers are connected as memory 

mapped i/o devices and each occupies 1k byte of memory space and each 

module can occupy 256 bytes of memory locations. The absolute address 

of the register of any module is set through a number of switch groups 

and is expressed as: 

Absolute address of register = Carrier base address + module block 

address + local register offset. 

For data acquisition and communication with external world through 

the modules, absolute address of its register is required if 

programming is done in assembly language but in high level language an 

"initialization software package" takes care of it and also configures 

each module or each digital bit according to the information supplied 
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by the user through the "header software" utilities. Only segment 

address of the carrier, module type and channel number are required for 

initializing configuration. The structure of a PCI bus system called 

the i (Intelligent Instrumentation Interface) bus is shown in Fig. 6. 4. 

In the proposed control scheme PCI 20041C-2A, the high performance 

carrier with high speed data transfer capability was used along with 

the modules listed below 

Module name Module Characteristics 

PCI 20002M-1 AID: 16 single ended or S differential input 

12 bit resolution, 25iisec conversion time 

4% linearity error. 

PCI 20003M-4 D/A: 2 output channels (voltage or current) 

12 bit resolution, settling time 30iisec. 

4-byte digital i/o: Each bit/byte can be individually programmed 

as input or output through bidirectional 

buffers. 

6.4 SPEED MEASUREMENT 

Accurate measurement of speed over a wide range is a basic need 

for desirable operation of speed controlled systems. Specially, the 

efficacy of high performance drive systems, such as field orientation 

control, depends on the accuracy of the measured speed. Ordinary 

tachogenerators fail to meet this requirement [5]. 

A number of methods have been developed to measure the average 
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speed over an interval using optical encoder and microcomputer 

combination. These are termed (i) rn-method, (ii) T-method and (iii) 

mIT-method, where m is the number of encoder pulses over the detection 

period T. Relative merits and demerits of these methods have been 

discussed in [991. The mIT-method shows better performance in respect 

of accuracy over the range of measurement excepting in the low speed 

region. To improve the accuracy throughout the range of measurement an 

adaptive optimization technique is suggested in [100] which 

automatically adjusts the sampling time according to the width of the 

encoder pulse. The technique computes average speed of the drive over 

an interval which causes phase and gain errors with respect to actual 

speed at a particular instant for variable speed drive systems. If such 

average speed is used to generate control signal for highly dynamic or 

vibratory drive systems with large detection intervals degradation in 

performance and instability may result [101] 

Considering the above problems, two methodologies are presented to 

obtain instantaneous speed of the induction motor for the proposed 

111 speed control system. 

A 
6.4.1 Scheme 1: Instantaneous Speed Detection by Ta/I Optimization. 

6.4.1.1 Principle of operation 

In the case of varying speed the smaller the value of T, the 

closer will be the average speed to the instantaneous speed. For 

estimation of instantaneous speed the m/T method is used with rnaxrnum 

detection time T (or m) optimized according to speed and the time 

available for the microprocessor between the firing instants of two 
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consecutive inverter thyristors. In each step of measurement, time 

elapsed for a particular number of encoder pulses is detected through a 

I 
programmable counter interfaced on board. Let there be m number of 

encoder pulses for which n number of counter clock pulses of frequency 

f. are counted, then the detection period 

T n 
fc  

(6.1) 

If M pulses are generated by the optical encoder-pulse generator per 

rotation of the motor shaft, the average speed in rpm 

i.e., 

60 m (6.2) Nr  = 
- T' 

60 fc m 
N (6.3) r nM  

Since H and fc  are fixed the frequency of encoder pulse, or the 

width of encoder pulse, at any instant depends on actual speed of the 

motor. From (6.3) resolution [991 can be expressed as 

6Ofm 1 

= H (ni) 
(6.4) 

n - 

Since n is proportional to detection interval it reduces if m is kept 

constant. Therefore, resolution becomes poor at higher speeds. 

6.4.1.2 Optimization procedure 

In the proposed control system the speed measurement by 

microprocessor is a part in the process control. So the speed detection 

time is constrained by the availability of time between two consecutive 
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firing instants of inverter thyristors. In the present case 

microcomputer MF 8679 is used to measure speed and compute slip, and 

also to control the firing of the inverter thyristors. Firing intervals 

of inverter thyristors is inversely proportional to the frequency of 

the stator current of which motor speed is the dominant part. At low 

speeds, firing interval as well as detection period is large. But bit 

size puts a constraint and also averaging over a long interval causes 

considerable deviation of the detected speed much from the 

instantaneous value. So at low speeds m should be kept low. At medium 

speeds (1000rpm) m attains its maximum value (6 here) and again 

decreases with speed. The speed ranges with optimum values of m are 

stored in the computer memory. Optimized values of m for different 

speed ranges are selected through logical statements and the updated 

value of m corresponds to the previous measured speed. 

6.4.1.3 Hardware description 

The proposed speed measurement system works by sensing pulses 

produced by rotation of an optical encoder. The pulses are sensed and 

counted through ppi-8255A interfaced on board by testing the falling 

edge of encoder pulse. The hardware configuration of the system is 

shown in Fig.6.5. The pulse generator circuit comprises of an aluminium 

disc having single row of 128 holes and uses infra-red LEDs as optical 

devices for both emitting and receiving. The output of the receiver LED 

is applied to a 555 timer (pins 2 and 6) used as level comparator to 

generate a square wave. The resistor Rk is adjusted for appropriate 

swing of the input voltage (less than 
1  VCC 

 to greater than V) to 

the level comparator. 

On  

nsTn-WV' ) 
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- 6.4.1.4 Software description 

The computation of speed is done by detecting n for a previously 

selected number of encoder pulses. The number of counter clock pulses 

(f=2. 38636 MHz) is counted by the programming counter 0 of 8253 in 

mode 0. Computation of speed is carried out by math-co-processor 8087 

in real format. Data transfer, logical statements etc, are done by the 

CPU 8086. The computational execution sequence for the proposed speed 

measurement technique is explained through the flow diagram In FIg.6.6. 

It may be noted here that the initialization shown in the flow diagram 

is actually accommodated in the main program (vide section 6.7). 

6.4.1.5 Experimental verification 

The proposed scheme of measurement was tested for determining its 

accuracy at different speeds of a separately excited dc motor and the 

measured speed was compared with that indicated by a calibrated 

tachometer. A good agreement between the two sets of measurements in 

the range of operation was noted. To study the closeness of the 

measured speed with the instantaneous values for fast changes, the 
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scheme was applied to measure the speed rise of a dc motor starting 

from standstill. The plots in FIg. 6.7 (a) compare the measured values 

I 
with those indicated by a tachogenerator coupled with the machine set. 

The portion of the plots during the acceleration period are presented 

in Fig. 6.7 (b) on expanded time scale. 

6.4.2 Scheme 2 - instantaneous speed estimation from average speed. 

This scheme proposes some modifications over the m/T method [99] 

for estimation of the instantaneous speed from the average speed. The 

modifications imparted are: 

I) Adjustment of detection time according to speed of the induction 

motor. 

ii) Computation of detection time for integral number of encoder 

pulses. 

After determining the average speed of the drive, the speed at the 

end of the detection interval is estimated considering linear variation 

of speed over two consecutive detection intervals. 

6.4.2.1 Principle of computing average speed. 

The computation of average speed is based on obtaining the 

detection interval accurately by correcting the preset interval for an 

integral number of encoder pulses. If the number of encoder pulses 

counted is m, for the detection interval T second, the average speed in 

rpm is given by 

60 m 
- Nr TM 

(6.5) 
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A preset detection period I is made equal to the sum of a 

suitable number of firing intervals of the inverter thyristors. If  fc  

is the frequency of the counter clock (used for inverter firing 

control), the preset •detection time I spanning k number of inverter 

thyristor gating intervals between the consecutive instants of speed 

detection is 

K K 
T = T1 

= 3- E n, (6.6) 
1=1 C 1=1 

where n1  is the number of counts corresponding to AT j, the firing 

interval between two consecutive thyristors. 

The difference between T and T is evident from Fig.6.8(a). The 

correction time ATP  should be added to T for accurate determination of 

T. This is implemented by testing the rising edge of the encoder pulse 

through digital port prior to detect the number of encoder pulses. 

So, that 

T = T + ATP (6.7) 

The average speed Nr  in (6.5) can be written as 

60 m  fc  
Nr= nM 

(6.8) 

where n is the total number of counter clock pulses over the period T. 

6.4.2.2 Accuracy and range of measurement. 

The resolution Qn expressed in (6.4) indicates that the scheme is 

capable to compute detection time with a very small resolution. As the 

peripheral clock frequency is very high (2.38636MHz for the present 
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study), n is a large number and n 
2 becomes very large if the detection 

time is of the order of some tens of milliseconds. The resolution is 

also controllable by adjusting the value of k. The error in the 

detection process depends on the missing of optical encoder pulses. The 

hardware is designed to generate the exact number of pulses, however, 

if one pulse is assumed to be missing, then percentage error in 

detected speed is expressed as: 

e = . 100 P m 
(6.9) 

Equation 6.9 indicates that the detection time should be increased 

to have a count of more number of encoder pulses to reduce the error. 

However, increased detection time is not allowable for a highly dynamic 

speed control system. For the present drive system, detection time is 

adjusted with speed of the motor and m varies within a narrow band (due 

to variation of slip speed) which is selected by choosing k. For a 

specific case, with k = 6, w 1  = 0, and the optical encoder generating 

360 pulses per revolution of the motor, Table 6.1 indicates the 

accuracy, resolution and other variables of interest. 

Table 6.1 

Speed N, 
rpm 

T 
sec 

m e 
in % 

n Qn  Qn/N 

300 0.1 180 0.55 2.38636E+5 1.26E-4 4.19E-7 

600 0.05 180 0.55 1.19318E+5 5.03E-4 8.38E-7 

1200 0.025 180 0.55 5.96590E+4 0.020 1.67E-5 

3000 0.01 180 0.55 2.38636E+4 0.126 4.20E-5 

Since the detection interval is determined by inverter firing frequency 
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and in the preparation of Table 6. 1, slip speed is assumed zero. It is 

seen that the number of encoder pulses and accuracy remain the same for 

41 
all the speeds under study. Qn is showing a tendency to increase with 

increase in speed. However, Q/N is a very small quantity and does not 

increase too much. The maximum detection time possible with 16-bit down 

counting is 0.165 sec (for k = 6) and the minimum speed to be measured 

is approximately 10 rpm. 

6.4.2.3 Instantaneous speed estimation 

It has been discussed in the previous sub-section that the 

sampling time is a vital factor for accurate detection of average 

speed. The indirectly field oriented controlled induction motor drive 

system requires instantaneous speed for effective operation. The 

difference between the average speed and instantaneous speed is 

illustrated in Fig.6.8(b), in which n1  stands for speed at t=tj, and N1  

average speed over the interval T1  = (t1 -t1 _ 1 ). In this subsection an 

approach is presented to estimate the Instantaneous speed of the 

induction motor from average speed values. 

A. Estimation of instantaneous speed from moving average speeds for 

an equi-sampling interval scheme has been developed and used by Saito 

et. al [1011. For the present case, estimation of speed is carried out 

by considering a linear variation of speed over two consecutive unequal 

intervals. Let this linear speed variation be represented by 

n(t) = a t + b (6.10) 

To estimate the speed n1  at any instant, it is necessary to find out 

the constants a and b from the moving average speeds. If the origin is 
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shifted at t = t..1  (Fig. 6.8(b)) the average speeds for the intervals 

T1  and T1 _1  are given by 

T1  

N1  = 
_ f (a t + b) dt = a T1  + b (6.11) 

0 
1 r 

a T1 _1  + b (6.12) N1 _1 (a t + b) dt - 

-T11  

Determining the coefficients a and b from (6.11) and (6.12) the 

estimated instantaneous speed at the t1-th instant is written as 

T1  

n1  = a T1  + b = Ni  + (N1  - N1_1) * T

I i 
+ .

l-i 
(6.13) 

6.4.2.4 Hardware description 

The accuracy of detected speed depends on the number of encoder 

pulses generated per revolution. To have large number of pulses, the 

encoder disc is provided with 360 equi-spaced holes arranged 

circumferentially in four rows as shown in Fig.6.9(a). The encoder is 

equipped with infrared LEDs for both emitting and detecting purposes. 

The circuit arrangement for pulse generation and subsequent shaping is 

shown in Fig.6.9(b). The output of the LED detector is applied to pins 

2 and 6 of 555-timer that compares the levels (1/3 V and 2/3 V)  and 

generates rectangular waves. After reducing their widths the four 

signals are ORed and then passed through a monostable to have well 

conditioned pulse trains. The encoder pulses are finally applied to the 

clock * 0 of programmable interval timer 8253. 

p 
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6.4.2.5 Software Description 

-ï 
The counters 0 and 2 of the on board programmable interval timer 

8253 are operated in mode 3 for counting encoder pulses and for 

incorporating delay between the firing instants of two consecutive 

thyristors. Counter 0 is clocked by the encoder pulse while counter 2 

is clocked by pclk of 2.38636MHz. Since in mode 3 the counter register 

decreases by 2 for each clock pulse, the average speed in (6,8) for 360 

pulses per rotation of the encoder disc is modified as 

60m/2f mf 
m 

Nr 
= 360 n/2 = 6 n = 6 - i- (6.14) 

02 
The correction time ATP is obtained from the difference of the 

counts (Present Value - Previous Value) by which the microprocessor 

waits in a loop and then converts it to time as 

no. of clock pulses in the loop 
ATP  = (Count1  - Count1 _ 1) tp. clock frequency 

(6.15) 

The initialization for this case is done in the main program in Sec. 

6.7 though presented in the flow-chart diagram of Fig. 6.10 for 

convenience. 

Flow diagram in Fig. 6.10 presents the sequence of computation for 

the proposed speed measurement scheme. Counter 2 is loaded at each 

instant of inverter thyristor firing and the counter loading is used to 

compute the incremental time for each step. All the computations are 

done in floating point by the math-co-processor 1-8087. The correction 

time is sensed by testing the encoder pulse through a ppi 8255 port. 

,1 
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6.4.2.6 Experimental verification of the scheme 

The proposed scheme was first tested for accuracy under steady 

state operating condition for different values of speed ranging from 

300 rpm to 1500 rpm. A close agreement with the readings of a 

calibrated tachometer was observed. To confirm the usefulness of the 

method to measure the instantaneous speed the speed rise of a dc motor 

given by the proposed method is shown in Fig.6.11. The difference 

between the detected average and estimated instantaneous values is 

evident from Fig.6.11(b). 

6.5 ISOLATION AND SIGNAL CONDITIONING CIRCUITS 

In a controlled drive system certain variables from the power 

circuit need to be transduced to decide on the controlling variables. 

Owing to non-availability of common signal ground and difference in 

voltage levels, the signals are processed through isolating devices 

with linear reproduction characteristics. The transduced signals are 

duly conditioned for compatibility with controllers, data acquisition 

systems, etc. and also of proper level for good resolution. 

Hardware schematic of the drive system in Fig.6.3 requires sensing 

of the followings besides the speed. 

The level of dc link current, 

the level of inverter side link voltage and 

the rms value of the machine phase voltage (fundamental 

component). 

H' 
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Corresponding to maximum variation of these signals, the maximum 

excursion of the output from signal conditioning circuit should equal 

to or lie within ±5V. The following sub-sections present in brief, the 

signal sensing and conditioning circuits. 

6.5.1 DC link current sensing 

Fig.6.12(a) presents the circuit to obtain a signal proportional 

to dc link current over the wide working current range. The voltage 

output from the CTs and the rectifier combination on the input side of 

- the converter is filtered to eliminate the high frequency components. 

The cut-off frequency of the low pass filter (LPF) is chosen 10 Hz. 

Considering the setting of the ADC module PCL 207 and the size of the 

drive system, the output of the LPF was adjusted to 5 volts for 15A. 

6.5.2 DC Link voltage sensing circuit 

Sensing circuit for the dc link voltage consists of a differential 

amplifier with high input impedances and a low pass filter (LPF) as 

shown in Fig.6.12(b). The resistors for the differential amplifier(A 

tZ 741 based) are selected for balanced operation, so that the output of 

4 the differential amplifier Vod is defined by the gain expressed as 

Vod R3  R4  

Ad 
= = = -i; (6.16) 

The second order LPF with 10 Hz cut off, follows the design of the 

Butterworth filter. 

6.5.3 Line voltage sensing circuit 

The measuring circuit for obtaining the rms value of the 
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fundamental component of the machine terminal voltage is shown in 

'1 
Fig.6.12(c). The rms line voltage (fundamental component) is related to 

rectifier output voltage by 

Vd c 
VL_L = 1.35 (6.17) 

Differential amplifier and LPF represented by the blocks in the 

figure follow the same circuit configuration and design as in 

Fig.6.12(b). Small inductor between the rectifier and machine terminals 

are to reduce the effect of spikes. 

Ar 6.6 CONVERTER FIRING CONTROL 

Fully controlled thyristorized bridge converter is utilized for 

controlling the dc link current. For linear relationship between the 

control signal and the converter output voltage, cosine law firing 

scheme is used [28]. Fig.6.13 presents the gate triggering circuit for 

thyristor 1 (Th1). The gate triggering circuit configurations for other 

thyristors are similar. The flow chart for the converter control 

software is shown in Fig.6.14. Computations are done on NDP 8087 in 

real format for a selected value of magnetizing component of stator 

current 1. Speed errors e(n) and e(n-1) (Ref.Fig.2.7) are used to 

compute the command value of 1c' the torque component of stator 

current, and current errors ej(n) and e1(n-1) to compute control 

voltage C for converter firing. The variable i, is not allowed to go 

beyond a preset (maximum) value depending on drive rating. Similarly, 

the signal Cv  is limited to the value less than the maximum value of 

the cosine wave. 
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6.7 CURRENT SOURCE INVERTER (CSI) FIRING CONTROL 

Ir The six thyristors of the CSI shown in Fig.6.15(a) are triggered 

in the sequence of Th1, Th2  ..., Th5, Th6, Th1  .....Gate triggering 

interval for two consecutive thyristors is computed and firing instants 

are controlled by microcomputer HF 8679, as shown in Fig.6.3 with the 

help of counter 2 of programmable interval timer 8253 (initialized in 

mode 3). The firing control logic generated by the output of C#2 of 

8253 along with the gating pattern of the inverter thyristors is shown 

in Fig.6.15(b). Pulse generation in sequence is done by shift register. 

The shift register controls six bit binary pattern according to the 

input signal pulses and at the falling edge. of the signal out of timer, 

the pattern is changed as shown in Fig.6.15(c). Circuit for triggering 

pulse generation is shown in Fig.6.15(d). In the experimental set up, 

task required of the shift register was accomplished through Wp 8085 

cpu in conjunction with PPi-8255. 

It is indicated above that appropriate loading of a counter (CIt2) 

of 8253 initialized in mode 3, controls the firing instants of the 

inverter thyristors, this is achieved through the microcomputer HF 8679 

with the following modules (Fig.6.16). 

Modulo_slip : for computation of w 1  

Modulo_ do : for computation of dO 

Modulo_ speed : for computation of instantaneous speed. 

Modulo_invf. for computing delay in terms of binary number in 

inverter firing. 

Two speed detecting schemes have been discussed in section 6.4 
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which requires initialization routines differing slightly for the two 

drive systems and a minor modification in the main program of flow 

chart 6.16(a), where the speed calculating routine is called after a 

definite number of intervals (k = 6 here). The initialization modules 

are represented in Figs.6.16(b) and 6.16(c). The computation of w 

follows the sequence (Fig.6.16(d)), which requires alteration for 

adaptive and non-adaptive implementation of the scheme. A preset index 

determines through a logical statement, the selection of adaptive or 

non-adaptive control algorithm. To guard against the situation (e.g. 

during starting period or transient state) of iR'  becoming less than 

a minimum value of slip is preserved in the feed forward path as a 

measure to avoid saturation. 

The computational sequence for dO/dt shown in Fig.6.16(e) is based 

on eqn. 2.35 under chapter II. Limitations on both the sides for the 

variable is provided in the software (not shown in the flow-diagram) to 

guard against highly changing conditions. The module invf in 

F1g.6.16(f) computes the inverter firing frequency. The computed value 

of Inverter frequency is converted into an appropriate binary number 

(corresponding to 1/6th of the time period) for loading into the 

register of counter 2. The counter register is released with the new 

delay every time at high level of signal from the pin out 2 of 8253. 

6.8 DATA ACQUISITION, PARAMETER ESTIMATION AND TUNING 

It has been mentioned in Sec.6.3.3 that PC/AT with Burr Brown's 

PCI 20000 system is used for data acquisition and subsequent 

processing. All the channels of A/D module are configured for unipolar 



operation for which the absolute resolution of a detected variable x is 

expressed as: 

 

 

Q 1 
x 2 

12- = 4096 
(6.18) 

Exact value of w 1  at any instant is obtained directly through digital 

port (b0-b7) of the microcomputer MF8679 ana all other variables are 

acquired in the PC/AT through AID converters. 

The software implementation of the proposed parameter compensation 

techniques is written in Turbo Pascal. The complete software consists 

of a number of modules which can easily be selected for any one of the 

following operational modes. 

For observation of steady state and transient performances: 

Mode 1 : Data acquisition and storage. 

Data acquisition and tuning based on: 

Mode 2 : Estimation of Rr  using air-gap power. 

Mode 3 Adaptation of Rr  using dc link voltage. 

Mode 4 Adaptation of Rr  using torque component of stator current. 

The programs under the mdes 2, 3, and 4 are based on the 

methodologies detailed under sections 4.2, 4.3.1 and 4.3.2 of ChapterlV 

respectively. In mode 2, average value of rotor resistance from a set 

of consecutive estimated values is applied to the slip calculator. This 

is to reduce the effects of external noise and measurement error. 

6.9 CONTROL SCHEME IMPLEMENTATION AND TEST RESULTS 

In order to study the viability of the control schemes formulated 
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in the previous chapters, the microprocessor-based controllers 

Implementing the indirect field orientation algorithms were applied to 

two laboratory type induction motors. They were 3.75 kw squirrel cage 

(machine I) and 0.75 kw slip ring (machine II) induction motors whose 

nominal parameters are furnished in Appendix I. The load to the 

induction motors was chosen to be separately excited dc generator 

supplying an adjustable resistive load. An X-Y plotter was interfaced 

with the PC/AT for obtaining various plots. The closed loop dynamic 

responses of the drive systems were studied under the following 

conditions. 

Starting of the system from stand still condition. 

Step change in speed at constant torque 

Step change in torque at constant speed. 

In all these studies i for the 3.75 kw machine (squirrel cage) d s 

was set at 5.85A, while for the 0.75 kw machine (SR) was set at 3.85A. 

Besides the above, experiments were also conducted to verify the 

feasibility of the rotor resistance estimation/adaptation schemes and 

study certain steady state performances. The following sections present 

some of the experimental observations. 

6.9.1 Start up from rest 

The induction motors were started with load through the software 

control of the drive system. Prior to start, rated ac voltage was 

applied to the converter and the field current of the coupled dc 

generator was set at a particular value while the armature was 
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connected to a specific resistive load. Such a loading condition made 

the load torque on the induction motor assume closely the following 

V 
form [102] (neglecting the effect of dc machine armature inductance) 

TL = KL N + Ti. (6.19) 

where 

KL : a constant defined by the emf constant of the generator at 

the specific field excitation and armature and load resistances 

N :speed in rpm. 

T :frictional torque 

Computer plots in Figs. 6.17 and 6. 18, through data acquisition 

show the speed and two current values as a function of time for 

motor-I and II respectively when they were accelerated from rest to set 

speeds (step response for set speed from rest) with torque load given 

by (6.19). Set speeds for machines I and II were 825 and 975 rpm 

respectively. During the start up process parameter adaptive algorithms 

were kept inoperative (run being of short duration) for both the 

machines. Speed profiles in Figs.6.17(a) and 6.18(a) reveal quite fast 

response of the machines to reach their set speeds. Current overshoot, 

particularly, in respect of torque producing component, occurs when the 

load torque is found to be well below the rated torque output. This is 

evidenced in Fig.6.17(c) but not in Fig.6.18(c). 

Figs In PL-1 and PL-2 present the oscillographic records of the 

plots given in Flgs.6.17(a&c) and 6.18(a&c) respectively. Oscillo- 

graphic record in Fig. PL-3 shows the speed and dc link current for the 

machine 2 corresponding to plots in Fig.6.18(a&b). For the same 
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starting conditions, digital simulation results for machines I and II 

are shown in Figs.6.19 and 6.20 respectively. 

Though not an exact agreement, an overall correspondence between 

the recorded test results in Flgs.6.17 and 6.18 with the corresponding 

simulation studies in Figs.6.19 and 6.20 (a,d,f) respectively 

indirectly indicate the working of the implemented drive system in the 

field-oriented condition. The discrepancies can be attributed to 

assumed load characteristics given by (6.19), measurement noise, 

neglecting harmonics and assumptions in the saturation model. 

6.9.2 Step change in speeds 

The observed dynamic response of the drive system with machine I 

to step change in reference speed from 400 to 800 rpm is shown in 

Fig.6.21. Almost identical profiles of the developed torque and the 

quadrature axis stator current indicate the presence of constant flux 

level and field orientation. The ratio of their values (average) is 

found to be close to 2.0 over the entire transient period as well as 

during steady state operation before and after the speed setting. 

Fig. 6. 22 presents the simulated responses of the system for the same 

change in set speed. 

6.9.3 Step change in torque 

With speed set at 525 rpm and initial torque load at 4.5 Nm the 

machine I was given a step change in torque (3.5 N.m) making the total 

(torque load of 8.0 N.M. Fig.6.23 shows the recorded response of 

torque, torque component of state current (i 9) and speed. For the same 

.4 
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step change in torque the simulated responses are given in Fig.6.24. It 

may be noted that the correlation of icq.  and Tern  of the simulation with 

4 
those of recorded responses, though not exact, is reasonable. Fig. PL-4 

shows the oscillographic record of speed and dc link current. Good 

agreement with the simulated response can be noted. 

6.9.4 Rotor resistance estimation by air-gap power 

In order to establish the validity of approach for rotor 

resistance estimation from air gap power measurement (see chapter IV) 

and the criteria for selecting the appropriate value of resistance, 

(one of the two solutions) test was conducted on machine-Il with 

external adjustable resistor in the rotor circuit. The system was 

operated without correcting the gain of the slip calculator 

incorporating the estimated rotor resistance and the external 

resistance was changed in steps over a period of 20 minutes. 

Fig.6.25(b) shows the plot of total rotor circuit resistance, referred 

to stator, with respect to time. The plot-i in Fig.6.25(a) gives the 

estimated rotor circuit resistance Rn , while the plot-2 gives the 

other solution Rr2  which is non-acceptable. The decision is indicated 

by the plots in Fig. 6.25 (c) where it is noted that the calculated 

motor terminal phase voltage Vph corresponding to Rn,  runs quite close 

to the measured terminal voltage (Vph,actuaj) while Vph, corresponding 

to Rr2, differs significantly. The traces in Fig.6.25(e) shows the 

variation of estimated rotor resistance with respect to total rotor 

circuit resistance. The deviations from the desired values at higher 

values of external resistance corresponds to those observed in the case 
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of Fig.4.1 due to the causes mentioned thereof. This discrepancy can 

also be attributed to the possible measurement error, noise in the data 
4 

acquisition system and the assumptions involved in the estimation of 

inverter and stator losses. Plots in Fig.6.26 pertains to machine 

I(SC). The machine was run at varying speed. Results in 6.26(a) gives 

the accepted (out of the two solutions) estimated rotor resistance as 

indicated by the proximity of the estimated terminal voltage (v2) with 

measured terminal voltage, Vs,actuai (Fig. 6.26(c)). The variation of 

speed (Fig.6.26(b)) does not seem to affect the rotor resistance 

estimation. 

6.9.5 Air gap power- based Rr  estimation and compensation 

Fig.6.27 shows the results of the application of detuning 

correction scheme, based on air gap power method to machine II. In 

Fig.6.27(a) is shown the manner in which the external resistance in the 

rotor circuit was changed in an arbitrary manner. The continuous line 

in Fig.6.27(b) shows the total estimated resistance (external plus 

rotor itself) estimated rotor resistance as a function of time. The 

parameter correction in the slip calculator was not made in a 

continuous process; rather estimated rotor resistance along with the 

inductance was incorporated in the slip calculator in a step wise 

manner (dashed line in Fig.6.27b). Fig.6.27(c) shows how Aqr  took near 

zero values when correction was effected. The scheme as a whole 

presents detuning correction for steady state operation. Simulation 

results for such types of rotor resistance variation (not exact) and 

accompanying correction, are shown in Fig. 4. 6. 

4 
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6.9.6 DC link voltage-based Rr  adaptation scheme 

Results of parameter adaptation in the slip calculator, based on 

the comparison of actual dc input voltage to the inverter and its model 

reference (4.15) are shown in Figs.6.28 and 6.29 for squirrel cage 

(machine I) and slip ring (Machine II) machines respectively. In the 

case of machine I, initially, a value of rotor resistance less than its 

normal value was used in the slip calculator to introduce detuning. 

Fig.6.28(b) shows how the resistance in the slip calculator improves 

its value after the adaptation process was set in. When the two voltage 
I 

ref actual V1 and V1 became practically equal, adaptation process ceased 

and Rr  in the slip calculator attained the value of 1.572, which is 

little higher than its nominal value. This was expected, as the test 

run was for a short duration. It is noted from Fig. 6.28(c) that 

magnetizing current decreases and approaches to set value ' * lds as the 

decoupled condition is restored. 

In the slip ring induction motor rotor resistance was changed in 

two steps at instants to  and t1 and adaptive scheme was made 

inoperative over the period (t2-t1) and restored at the instant t2. 

Plots in Fig.6.29(a) and (b) show how the rotor resistance in the 

controller (slip calculator) gets adjusted as V1
ref 

 and V1
actual 
 become 

closer. Fig.6.28(c) indicates how the quadrature axis component of 

rotor flux, arising out of detuning condition, decreases to very low 

value indicating the correct adaptation for rotor resistance in the 

slip calculator. 
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6.9.7 Torque component of stator current-based Br  adaptation scheme 

4 The ability of the adaptation scheme based on the torque component 

of stator current is shown by two sets of results in Fig.6.30 and 6.31. 

The difference (icq,  - qs) was used for generating the correction terms 

for the rotor resistance in the slip calculator. Fig.6.30 pertains to 

machine I. After having made deliberately the rotor resistance in the 

slip calculator more than its nominal value, the correction process was 

set on. Fig.6.30(b) shows how the adapted resistance in the slip 

calculator gradually decreased and came to actual value when when 

and iqc,  agreed. As expected, magnetizing current gradually increased 

and approached to i. 

In the case of slip ring machine (machine II) an external 

resistance of approximately 0.42 ohm was inserted making the total 

rotor resistance to the order of 1.240. Fig.6.31(b) shows a how the 

resistance in the slip calculator adapted the rotor circuit resistance 

when iq8  and iqc s  became almost equal. Fig.6.31(c) illustrates the 

gradual decay of X. to zero average value while Fig. 6.31(d) shows how 

magnetizing current approached id s  as decoupled condition was restored. 
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CHAPTER VI I 

4 GENERALIZED APPROACHES FOR SIMULATION OF CSI - IM SYSTEM 

7.1 INTRODUCTION 

Computer simulation of adjustable frequency ac drives is a very 

valuable tool to study the complex dynamic behaviour of systems and 

also to investigate the effects of various parameters on the system 

performances prior to their hardware realization. Based on different 

assumptions and circuit topologies, studies for analyzing performances 

of controlled current fed inverter with asynchronous motor have been 

differently carried out over the past one and half a decade, and this 

is evident from the extensive literature on the subject [70 - 76, 103, 

1041. Various modes of normal operation have been studied by many 

investigators [70-71). They have assumed dc link current as constant 

and quasi-square wave pattern for the currents to the motor. Counter 

emf and its change and phase shift are not properly considered in most 

of them. On the other hand, very limited references are available in 

regard to the study of the transients and fault conditions in 

controlled current inverter driven induction motor [72-74]. Those are 

based on various restrictive aspects of the composite rectifier-filter-

inverter-motor system. Llpo [72] and McMurray [731 have presented 

hybrid computer simulation to study both normal and abpormal operations 

of controlled current ASCI (auto sequentially commutated inverter) on a 

large scale analog computer having a complete logic component. Both 
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studies have employed the inverter models in considerable details but 

have taken a simplified model of the induction motor which is 
4 

represented as an essentially sinusoidal counter emf in series with an 

inductance and a relatively small resistance. Work in [73] considers an 

ideal source of steady current while that in [72] retains dc link 

filter inductor in the simulation but the input voltage is modelled as 

an Idealized, adjustable amplitude dc voltage in place of a thyristor 

bridge. Consoli and Abela [74] have presented a general digital 

simulation model of ASCI-IM system to study normal and abnormal 

operational modes as well as transient working conditions. However, the 

A method is not amenable to study the behaviour of the system following 

the short circuit between two machine terminals or the opening of any 

motor terminal. Secondly, a small inductor in series with each diode 

has been inserted to monitor the diode currents and also to allow one 

to write sufficient number of independent equations for defining the 

system. But this considerably enhances the total running time for 

computation by introducing small time constants. These inductances have 

to be kept low to conform to the reality. Both the simulation 

processes, referred to above, require writing series of algebraic and 

differential equations by inspection of the equivalent circuit, and 

their judicious blending, particularly, in the case of digital 

simulation process, to arrive at a suitable simulation model. 

The work presented in this chapter provides simulation methods 

based on 'Nodal method' [105] and 'Bond graph technique' [78 - 811 to 

develop computer aided algorithms to facilitate study of ASCI driven 

10 
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induction motor under both normal and abnormal modes, inclusive of 

fault conditions of the inverter operation. They are based on more 

realistic modelling of the CSI-IM system dispensing with many 

assumptions for simulating the system by the conventional circuit 

theory. 

7.2 NODAL METHOD BASED SIMULATION 

Nodal method is a routine procedure that one using it, need not 

write any governing equations (algebraic, differential or integral) for 

the equivalent circuit from basic laws and to manipulate them to 

converge on a simulation model. The labour saving routine methodology 

of the Nodal method is particularly advantageous for an extended 

network with asymmetry in it. Our study retains all the structures, 

viz, bridge rectifier, dc link inductor, inverter bridge and induction 

motor in their generalized circuit model. The induction motor is 

represented in three phase (a-b-c) stationary coordinate system in 

which each rotor phase contains a counter emf expressed as functions of 

magnetising currents and rotor currents of other phases. Thyristors and 

diodes of the inverter and converter are modelled as resistors having 

very low and very high values for the conducting and non conducting 

states respectively. Fault conditions in the system may upset the 

symmetry inherent in the system, and "in this case, the analyst must 

rely upon implicit integration of the system equations using simulation 

to obtain the desired solution' [72]. In Nodal method, the differential 

equations are converted to matrix algebraic equations in a generalized 

format, based on implicit (trapezoidal) integration rule [1051, and 
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symmetry of the equivalent circuit is not an essential criterion. The 

-4 
approach conveniently adjusts itself for simulating the system under 

normal, abnormal or transient conditions on a digital computer. No 

restructuring of the equivalent circuit is needed. Simulation results 

for different operating conditions are presented and conformity with 

published results, based on another model [74], are noted. 

7.2.1 Investigated system and models 

Equivalent circuit 

The basic schematic of the controlled current inverter feeding an 

induction motor considered in the simulation study is shown in Fig.7.1. 

A current source inverter induction motor system can be ensured for 

stable operation by current magnitude and inverter frequency control 

[75]. In the present case, operation in the stable region is ensured 

using the method outlined in [104] by controlling slip speed from speed 

error signal and also by controlling the current for constant flux 

operation. For simulation study of such circuit and to investigate 

various aspects of operation, it is necessary to select appropriate 

equivalent circuits for the inverter, inclusive of the rectifier in the 

supply system and the load, such that the entire system can 

conveniently be fitted into the desired model without sacrificing the 

reality. The equivalent circuit chosen for the power network is shown 

in Fig.7.2. In order to formulate the system matrices the semiconductor 

devices should be appropriately modelled in the equivalent circuit. 

Based on the suggestions In [105] thyristors and diodes can be replaced 

by resistances having high values during their off-states and low 

-1 
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values during their on-states. Modulation of the resistances over a 

wide range, based on their v-i characteristics is not considered in the 

4 
study. The additional resistors RSh's and Rse

'S are incorporated to 

simulate the short circuit and open circuit of the machine terminals by 

assigning appropriate values to these added elements. For example, very 

low value of R9hi would imply a short circuit between the terminals of 

phases 'a' and 'b' of the motor and a very high value of Rsei would 

mean open circuit of the phase 'a' terminal of the motor. To study 

normal operation, Rsh's and Rse'S are given very high and very low 

values respectively. In Fig.7.2 R1 is the equivalent of series 

14 combination of R1 and Ftc. Similar are the cases for Rqe
2 and R6 3. 

The induction motor is represented by three identical equivalent 

circuits each consisting of the stator leakage inductance in series 

with a parallel circuit that includes magnetising inductance in one 

branch and rotor leakage impedance in series with a counter emf in the 

other branch. This counter emf incorporates the coupling effect between 

the different phases. This aspect is given a little elaboration in the 

modelling of the induction motor. 

Ea 
A resistance R9

(10kc2) is added between the star point of the 

induction motor phases and the ground of the system in order to define 

the node voltages at S4, S6  and S6. 

Induction motor model 

It is well known that the transient voltage equations of a 

symmetrical three phase induction machine in terms of actual phase 

variables are laboursome to deal with, owing to rotor position 
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rid 

dependence of mutual coupling between the stator and rotor windings. In 

order to eliminate the rotor position dependent inductance terms d-q 

transformation is generally applied to the phase variables. If, 

however, it is desired to retain the actual stator phase variables, 

maintaining symmetry in the emf equations with position-Independent 

inductance terms, the actual three phase rotor variables must be 

replaced by an equivalent set of three phase variables on a reference 

frame stationary relative to the stator. Schematic structure of the 

CSI-IM system adopted for study is shown In Fig.7.3. Using the concept 

of power invariance, developed and used extensively by Kron (106) and 

others [107] for transforming emf equations from one reference frame to 

other, the emf equation for the three phase machine In Fig.7.3 In a 

0 

* 

Fig.7.3 Rotcting and stationary axes of 1M 
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frame(a-b-c) stationary relative to the stator can be written as: 

4 
[vi = [Rl[i] + [L]p[i] + [GJ8[i] (7.1) 

where, 

[v] = [v5  Vbfl  Vcn 0 0 0 
]t 

[v5  VrI t  

= as ibm  'Cs iar  ibr  'Cr] = [j• 

The parameter matrices [R], [L] and [G] are given in eqn.A.16 in 

Appendix III. For star connected stator and rotor windings with no 

neutral connections, the following voltage equations for the 'a' phase 

of stator and the equivalent rotor windings can be obtained from 

eqn.7. 1. 

Van  = Rslas  + 'iPia + LmPlam (7.2) 

 

0 = + 12Piar LmPlam + ear 

where, 

lam = 1as - 1ar 

=L +M5  -M 

12 Lr + 1 M - 2 M 2 2 

(7.3) 

Lm  = H 

in which, with reference to Fig. 7. 3, 

M. :mutual inductance between stator phase windings 

Mr  :mutual inductance between rotor phase windings 

M :mutual inductance between stator and rotor phase 

windings 

 

The counter emf in any phase of rotor arises from the elements in 

the last term of right hand side of eqn.7.1. Using eqn.A.16 the counter 
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emf for 'a' phase is expressed as follows: 

1 
ear 

= i- [Lm(1cm4bm) + l2(lbrlcr)IWr (7.4) 

where, 

1bm = 1bs - 1br 

1crn = 1cS - 1cr 

1arn' 1bm' 'cm can be identified as the magnetisirig currents for 

the phases 'a', 'b' and 'c' respectively. 

Equations similar to eqns.7.2 and 7.3 also exist for the phases 

'b', and 'c', and these suggest that each phase of the induction motor 

can be represented by the equivalent circuit shown in Fig.7.2. 

The mechanical power developed by the induction motor is given by 

rnech ear  'ar + ebr  1br + ecr  1cr (7.5) 

and torque balance equation is 

Tern = rnech"'r) = J 
dw rn + P dt 

B wM  + TL (7.6) 

Controller 

Closed loop control for the inverter frequency and the dc input 

current are provided in the system as shown in Fig.7.1. Slip speed is 

calculated from the speed error data and the inverter firing frequency 

is obtained by adding w to 'r' the actual speed of the motor in 

electrical radian. 

The reference dc link current is adjusted to have constant flux 

operation according to the desired characteristic [11]. The error in dc 

link current signal is then fed to a P1 controller to generate 
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reference voltage for cosine-law firing scheme as: 

('H - Ift)( K + K1/s ) = VR (7.7) 

7.2.2 Nodal method 

The circuit model In Fig. 7.2 is a complex combination of several 

series and parallel elements. Nodal method can conveniently be employed 

to deal with such circuit configurations algebraically by converting 

the differential equations into algebraic equations through simple 

integration technique, viz., the trapezoidal rule [1051. The essence of 

the method is to obtain first, node potentials at any instant t = tn _i 

+ St, and then to calculate currents in various branches from the 

knowledge of the node potentials at the beginning and at the end of the 

time increment St. In the case of energy storing elements, the values 

of currents and voltages at the beginning of the time step are also 

required. The node voltage and current matrix relations of any network 

for the time increment 3t can be expressed [105] as 

A5 (v) 

+ 0 = (I)_ LvP 
A. 

+
BSS BSP (v)1 

(7.8) 

Lpn_i 

where, 

(vp) :the node potential vector for the junctions where only 

passive elements meet. 

(vs) :actual and/or pseudo source voltage vector 

:source current vector at t=t1 . 
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:corrector current vectors for the source 

and passive junctions respectively, the elements of 

4 
which are particular combinations of current values 

through storage elements at the beginning of time 

step at 11051. 

The system under study consists of 23 passive nodes to which R-L-C 

elements are connected and 6 active nodes (S1through S6
) to which 

voltage sources are connected. Of the six active nodes three are 

connected to pseudo sources (motor counter emfs).The elements of the 

admittance matrices A and B are formed from the circuit elements and 

time stei)H(t) in a manner explained in [1051. The matrix A for the 

circuit in Fig.7.2 is given in Appendix III. The elements of the B 

matrix are formed from those in A with resistive terms omitted and 

capacitive terms negated. Multiplying and adding the matrices in (7.8) 

and rearranging them, one obtains the current-values for the node 

voltages at t=t as follows: 

(v) = Ap;1 [(lp ) n _i + A(v) + B(v)-1 + B(v)_1 1 (7.9) 

Once the updated node voltages become known, currents in all the 

resistive, inductive and capacitive elements can be determined from 

equations 7.10 through 7.12 (vide Fig.7.4) 

1 
(iR)fl= (v1-v2) (7.10) 

(iL)fl=(iL)fl_1+ 
at 

TE 
[(v2-v3)+(v2-v3)_1] (7.11) 

(i)-(i)_i+ 2C [(v3-v4)-(v3-v4)_1 1 (7.12) 
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RL C 

F7g.7.4 R, L and C elements with node voltages 

where, Indices n and n-i indicate voltage or current values at the 

instants t and t_ respectively. Currents flowing through the 

inductive and capacitive elements are used to frame the corrector 

current matrix, i.e., (i) in eqn.7.8. The component.s of corrector 

current matrix (i)_ are shown in Appendix III. 

7.2.3 Computational procedure 

The flow chart in Fig.7.5 outlines the sequence in which the 

computations are to be carried out. A few aspects of computational 

steps that may not be readily evident from Fig. 7.5 are given below for 

A. clarifications. 

(i)Application of eqn.7.9 to the network in Fig.7.2 can not be 

straight forward because of the existence of pseudo voltage sources in 

the induction motor model. These voltages are not known apriori for the 

instant t=t because they themselves depend on the motor current values 

at t=t. Hence approach is made for every time increment 

to evaluate (v). Initially, pseudo volti 1irc' 4---. 

(vs)n are made equal to those in and motor and other current 

values are computed using eqns. 7. 10 through 7.12. Then eqn. 7. 4 and the 
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drop across R9  are used to update the node potentials at S41 
 S5  and S6  

in (v9). This newly computed (v) is used in eqn.7.9 again to 

4 
update it in the same manner until two successive sets of current 

values agree within the allowed tolerance. Generally, not more than 4 

to 5 iterations are required for every time increment in the 

integration process. 

(ii)Motor speed is assumed to remain constant during current 

calculations over the chosen time-step and is given the change at the 

end of the time step by eqn.7.6. 

(iii)Before the commencement of calculation for the next time-step 

ON and OFF states of the thyristors in the rectifier are ascertained. 

If the generated reference voltage through the P1 controller equals the 

cosine law voltage of the next thyristor in the sequence, its 

representative resistance is made low at the same time making the Rth 

of the outgoing thyristor high. 

(lv)Inverter frequency (We) is obtained when a thyristor in the 

inverter module is triggered ON. Next thyristor in the sequence is 

turned ON 1/6th period, corresponding to this frequency, later and 

AL inverter frequency is adjusted again to determine the triggering 

instant for the next thyristor. 

(v)Simulation of abnormal conditions for the system is carried out 

as shown in the last part of the flow diagram by assigning suitable 

ohmic value to the particular resistive element. For example, trigger 

failure of a thyristor, say, Thi  is declared by permanently keeping its 

representative resistance at a high value throughout the period of 

computation. 

Ir 
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7.2.4 Simulation results and discussion 

Using the method outlined in the above sections, the simulated 
-I 

performances of a CSI-Induction motor drive system for both normal and 

abnormal conditions are obtained. The parameters of the induction motor 

I are presented in Appendix I and set conditions used in the simulation 

study are presented below 

Thyristors and diodes: 

On-state resistance value 0.05 0 

Off-state resistance value 10.0 MQ 

Set point: 

* 

(Wsi)m t n  = 13.0 rad/sec 

(I)max  = 15.0 Amp 

In Fig.7.6 are shown the results of computer runs which 

demonstrate typical performances under normal condition. For the same 

starting point and with controlled dc input voltage to the inverter 

Fig. 7.7 shows the simulation results based on the method of Consoli & 

Abela [741 for the same type of closed loop control. A very close 

agreement between the traces in Figs.7.6 and 7.7 can be noted, thereby 

indicating that the nodal method can be relied upon for the digital 

representation of the system under study. To simulate 1.0 msec of the 

system the proposed method required 76.0 sec of CPU time on HP1000 with 

time step of 1.5 tsec while the method in [74] required 160 sec of CPU 

time with time step of 0.1 j.tsec. Smaller time step was needed in the 

later method owing to the essential requirement of small fictitious 

inductances in the circuit model, resulting in increased computer run 
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time. On the other hand, the proposed method allows larger time step 

with the consequent reduction in the run time. Reduction in the time 

step of integration in the proposed method from 1.5isec to 0.5.tsec and 

variation in the representative on-state and off-state resistances 

around 0.05 0 and 10.0 M2 respectively by 50% did not show any 

significant variation in the results shown in Fig.7.6. 

Specific abnormal situations were introduced in the system for 

simulation study by Imparting and maintaining specific ohmic values to 

certain resistive elements in the circuit model. This demands no change 

in the circuit structure, basic equations and computer algorithm. 

Adjustment of certain parameter need be made only. Simulation following 

the breakdown of the diode D1  due to reverse voltage, during ON states 

of Th4  and Th5  are shown in Fig.7.8. In this case, diode resistance is 

kept low throughout the computing period. This type of failure 

introduces significant asymmetry in the phase current waveforms but it 

does not lead to collapse of the inverter and the motor operation. No 

significant change in the counter emf waveform of the motor is noted, 

and the dc link current tends towards the set value. 

Fig.7.9 presents the results for the failure of thyristor Th1  to 

turn ON at the instant when its turning ON is due. This is simulated by 

keeping always its resistance high. DC components of current are seen 

to exist in all the phases. This observation is in conformity with the 

analog simulation results noted in [73]. It is evident from the traces 

of counter emf and speed in Fig. 7.9 that the thyristor failure does not 

totally upset the working of the motor. It is noted that the diode D1  
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experiences a significant overvoltage while the thyristor Th1  continues 

to experience forward voltage equal to the capacitor voltage separated 

-A 
4 

by commutating notches at the intervals of 
2 
 it and it. It is due to 

the conduction of the tyristors Th3  and Th5  respectively, for the above 

periods. Appearance of peaks in the dc link current is due to 

simultaneous conduction of thyristors Th5  and Th2  for a very brief 

period during which currents in the stator windings are absent. 

Development of negative electromagnetic torque can be explained by the 

fact that temporary reversal of phase sequence takes place during the 

period when 'c' phase is forcibly made to carry positive current, 

beyond its normal period, in place of the phase 'a' winding that should 

have carried the positive current while the 'b'phase still is carrying 

the negative current. 

Results of simulation study for terminal to terminal short circuit 

are given in Fig.7.10. Short-circuit between the terminals 'a' and 'b' 

is made when the capacitor voltage across C4  becomes zero following the 

turning ON of the thyristor Th6  (i.e., Th5 and Th6  in the conducting 

state). Current waveforms of the short-circuited phases not only differ 
-4' 

significantly from that of the current in phase 'c' but also contain dc 

components that circulate between them. Periodic shoot up in the dc 

link current is owing to occasional brief short circuits between the 

thyristor pairs Th1  and Th6  or Th3  and Th4  via the short circuit link. 

In fact, severity of the situation and waveform patterns depend on the 

devices conducting at the instant of short circuit and the capacitor 

voltage prevailing at that instant. However, the general trend does not 
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differ much from that shown in Fig.7.10. The machine gradually 

approaches towards the stalling condition. 

Open circuit of a motor terminal ( phase 'a' in this case) is 

simulated by making the extra series resistance (Rse2)  very high. The 

simulation results are shown in Fig.7.11 which indicate that the 

failure is of severe type and demands immediate switching off as the 

voltages across the devices, components and motor terminals and 

currents as well proceed towards damaging level. 

7.2.5 Conclusion 

The Nodal method using the trapezoidal integration algorithm is 

found to be capable to predict the behaviour of a converter controlled 

auto-sequentially commutated Inverter driven induction motor for normal 

modes as well as for many different modes of failure. All operation of 

the system can be studied without resorting to different circuit models 

for different modes of operation as have been the cases with many 

earlier studies. There is no extra element in the circuit model in 

Fig.7.2 except the high grounding resistance Rg  to define certain node 

potentials. The model retains the three stator variables explicitly and 

does resort to any co-ordinate transformation. The computation is 

faster than that described in [74] owing to the elimination of small 

fictitious inductances in the circuit model of the proposed method to 

transduce device currents in the simulation. Another important aspect 

of the present simulation study is that the counter emf adjusts itself 

to cope with changing operating condition unlike the constant amplitude 

or proportional to frequency arrangement as is necessary in hybrid 

computer simulation [73]. 
V. 
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7.3 BOND GRAPH METHOD OF SIMULATION 

-, - 

Realistic simulation implies close contact with the actual 
-4 

physical arrangement on one side and a quantitative description in 

terms of equations on the other side to obtain its dynamic behaviour or 

steady state characteristics. Bond graph technique is such a link which 

is based on the flow of power/energy between system elements 

irrespective of their domains [77, 781. A CSI-IM drive consists of 

electrical, electronic, magnetic and mechanical subsystems with 

non-linearities, and is thus most suited for modelling by bond graph 

technique. This provides us with a pictorial representation of the 

entire system by generalized letter symbols and line segments, called 

bonds. To each bond is associated effort(voltage/torque/force) and 

flow(current/rotational speed/velocity) information, the product of 

which is power. These bonds thus represent transfer of power between 

system components and junctions. Systematic procedure exists [1091 for 

the generation of state equations from the bond graph and this can 

readily be acquired through computer software that accepts the 

structure code, checks the causalities and sets up state equations for 

another program(a Pascal file in this instance) which yields solution 

in time domain. The main advantage of the Bond graph approach is its 

ability for orderly and progressive model development even for 

situations, which would otherwise demand hard manual labour if 

approached by conventional procedures, and tedious writing of 

equations can thus be avoided. 

In the matter of systematic method of assembling the differential 

equations for automatic compilation and simulation one has to use of 
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combinatorial methods such as graph theories. "In this respect Linear 

graph theory and Bond graph theory can be placed in parallel since the 

-1 
two methods are simply different pictorial representation of the same 

combinatorial information", [110]. The motivation for undertaking the 

simulation study of a specific circuit configuration through bond graph 

is spelt out in the following paragraph and in the conclusions at the 

end. In this context, attention of the interested readers is drawn to 

the papers in [110-113]. 

Modelling and simulation based on bond graph technique for various 
I 

mechanical systems are well documented [77, 79, 1141. Contrary to 

these, very few references are available in Electrical Engineering 

discipline and these are mostly related to the simulation of networks 

[77, 1151. For the last 25 years as computer-aided design research 

organized and "mechanized" the compilation of electric circuit 

equations for digital simulations, bond graphs have been largely 

ignored. Application of bond graphs in electromechanical devices is 

minimal. A step towards modelling of synchronous machines by D. Sahm 

[80] opened a new dimension in the simulation of dynamics of electrical 

machines. Sirivadhna et al [811 have discussed the application aspects 

of bond graph in the field of electrical machines but no simulation 

results have been provided. To the authors knowledge, no work on 

simulation using bond graph structure for drives fed through power 

electronic circuits has so far been reported. The main objective in 

this section is to present the bond graph modelling technique to 

simulate an induction motor drive system fed from an adjustable dc 

voltage source through an Auto-Sequentially commutated Currant source 
fr 

'S 
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Inverter. The induction machine is represented by the mutually 

perpendicular c-I3 model in a stationary reference frame, and is linked 

-1 
with the three phase current source inverter by a power conserving 

transformation which is taken as displacement modulated transformer 

structure in the bond graph model. A specific digital simulation 

program (COSMO-CAD) yields state space representation of the system 

from the bond graph structure. In this respect no reference to 

particular circuit configurations, representing various modes, during 

normal or abnormal operation is required. The acceptability of the 

simulation technique is shown by comparison of some results with those 

obtained from an available method of simulation. 

7.3.1 The drive system and its equivalent circuit 

The basic power circuit taken for study is a CSI-IM drive with 

independent current and frequency control as shown in Fig.7.12. As the 

aim is directed to have a realistic modelling for the CSI-IM system, 

the dc voltage of the rectifier is assumed to have no ripple component 

and its value is adjusted by closed loop current control with P1 

controller and the frequency of the inverter is adjusted by the slip 

speed control strategy. The circuit for the inverter-motor part to be 

used in the simulation study is shown in Fig.7.13. 

Bond graph is explicitly based on the physical structure of the 

system in which conservation of energy is implied. The CSI-IM system 

comprises modules of induction motor and its mechanical load, 

thyristors and diodes, dc link filter, commutating capacitors, dv/dt 

protecting snubbers, di/dt limiting reactors, observers and 
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controllers. Thus the model for the simulation of CSI-IM drive system 
r7  

becomes very large and complex one if all the energy storing and 

dissipative elements of the system are considered and the solution 

becomes time consuming. So to obtain a manageable dynamic model 

describing the drive system, without the loss of reality, certain 

assumptions need be made. To have fast computer solution certain 

dissipative and energy storing elements which have very little impact 

on the performance of the system and which do not interfere 

significantly in the energy flow pattern in the simulation process, 

such as core loss of the induction motor, dv/dt snubbers of the 

semiconductor switches etc., are neglected. In doing so, the problems 

of causality and algebraic loops are kept in mind , and such elements 

are not removed those are absolutely necessary to overcome causal 

conflicts. For these reasons, some di/dt limiting reactors are retained 

in the circuit. In an actual current controlled inverter each set of 

three commutating capacitors is usually delta connected and this 

creates causal loop in bond graph modelling. Hence, they are replaced 

by a star connected set of capacitors with their common node connected 

to ground through a capacitor having a very low numerical value. The 

equivalent circuit in Fig.7.13 further indicates the location of 

observers to measure voltages and currents at various points. A 

capacitor observer is to measure the the current while an inductor is 

to measure the voltage. They are made dummy elements and do not cause 

any interference in the simulation of the system. This is briefly 

discussed In Appendix IV. Alternatively, linkages with inductors in 

series may be used to observe current if such linkages are expressible 

in terms of the other state variables. 
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7.3.2 Bond graph representation of the CSI-IM system 

Induction Motor 

It is well documented in the literature [116] that an induction 

motor can be adequately modelled using a two axis representation. Under 

the usual assumptions of sinusoidal distribution of MMFs, ignoring the 

effect of iron loss and saturation, etc., the dynamic equations which 

describe a symmetrical induction motor in orthogonal stationary 

reference frame a-I3 fixed on the stator may be expressed as: 

Iv 1 
as 

IR5+L5p 

I

I 1 i 

v I I 
I sI I 

o I LrnP 

1 i I 

0 LMP 0 lii 1 
as I 

B5+Lp 0 LMp I I 
I 3s 

Lrn Wr  Rr+LrP Lr Wr  I I 
I ar I 

LmP LrWr  Rr+LrP r 

(7.13) 

The developed electro-magnetic torque for an induction motor of 

Pr-pole pairs is 

Tern  = P 
ar [ Lm + LrIi3 ] 

- 

Lrn1 US + Lr1i3 ]) (7.14) 

and the motor balance equation is 

 

dWm  
Tern = + &)dt rn + TL 

In the above equations 

(7.15) 

v 
as s 
,v a- and -ax1s stator voltages 

I 
as' 3s 

i a- and -axls stator currents 

I ar  ,i j3r a- and 13-axis rotor currents 
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Equations 7.13 and 7.14 need be written in proper format with 

respect to the axis quantities that enables one to draw the bond graph 

structure of the machine model. They are rewritten as: 

I v = IR 01 [IV i + I1-. Lm1 

[MGY10+MGY2] 
ps + (7.16) 

j o Rn i LLm L ] 
[ ia 
i I r ar 

I vi31

=10

Rs 01[ s]+[L
,-   (7.17)  

L 0 RJ Lm Lr j [il3r nJ [MGY30MGY4]  V 

Tem = pp  {[MGY1+MGY2]i - [MGY3+MGY4]i} (7.18) 

where, modulated gyrators MGYs are: 

MGY1L I m 135  

MGY2=L I r j3r 

MGY3=L I m as 

MGY4L I rr 

A transformer(TF) relates effort(voltage/force/torque) to effort 

and flow(current/velocity/ rotational speed) to flow. A gyrator(GY) 

expresses the property that a flow at one side exerts an effort on the 

other side and vice-versa. This is im
Ji 

plied in equations 7.16 to 7.18 

41. where modulated gyrators(MGYs) convert flow to effort. They are termed 

modulated gyrators, because the gyration coupling between the variables 

concerned depend on external variables. In order that the equivalent 

machine may represent the real three phase machine in respect of power 

development at every instant of time its two phase quantities viz., 

voltage and current, must be related to the corresponding three-phase 

quantities by the following well known transformation [116] in 

compliance with the torque expression accepted in equation 7.14. 
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[C]= 3 6 6 (7.19) 

0T 

In vector matrix notation, -I3  and a-b-c quantities are related by 

[F] = [C](Fabc] (7.20) 

where [F] is either [v] or [1] column vector. For representing eqn. 7. 20 

in bond graph structure the elements in (7.19), which are to couple the 

model two phase machine with the three-phase terminals of the inverter 

are rewritten as follows in compliance with the terminology in the bond 

graph literature [77]. 

1 1 1 
TF1  TF2  TF3  

[C] = (7.21) 
0 1 1 

TF4  TF5  

where 'TF' stands for modulus of transformer. 

Fig.7.14 shows the bond graph structure developed for the 

equivalent two-phase induction motor on the basis of eqns 7.16 to 7.18 

* 
and the transformation matrix in (7.21). The assignment of power flow 

direction is straightforward, and the graph is made causal, using 

normal conventions, to determine the number of necessary and sufficient 

state variables during its run on the computer. Integral causality has 

been assigned to the generalized inertia elements. Three distinct 

sections are indicated in Fig.7.14 adjacent to appropriate hardware 

components, viz, transformation from three-phase to two-phase 

quantities, electrical part of the model machine, and the mechanical 

.11 
I 
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part of the drive. Inductance matrices in eqns.7.16 and 7.17 appear as 

two-port inductance field (I-field) in the structure of Flg.7.14. An 

I-field [77] takes into account of all inductances and is manifested as 

a single entity. Each two-port I-field is connected with the rest of 

the system by only two bonds having integral causality as shown. 

Thyristor model 

Thyristors are modelled as low and high resistors during its ON 

and OFF states respectively. The value of the reshtor is decided by 

the triggering sequence chosen for the inverter operation. A thyristor 

is made ON when It Is in the forward biased state and goes into OFF 

state when its current falls below the holding current. So observers 

are required to know the current flowing through and potential across a 

thyristor. Fig.7.15 shows the bond graph model of a thyristor equipped 

P :P th 

I 
P J S j P 

f i E i F 
'obs C: C obs 1 obs 

Pote ntial observer 
C obs Curreri t observer 

Fig.7.15 Bond graph model of a thyristor with observers. 

with its observers Bonds connected in the structure for the observers 

are represented by a full arrow and a symbol indicating type of 

activation. A capacitor element is used as a current observer and an 

10 inductor as a voltage observer. 
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Diode model 

Like thyristors, diodes are also modelled as resistors. But 

IV 
instead of assigning two extreme values(low and high) an approximate 

v-i characteristic is chosen to estimate the diode resistance during 

its conduction mode. The forward characteristic chosen is of the form 

VdVdo +kid 
(7.22) 

when diode voltage falls below VdO  or it is in the reverse blocking 

state, diode resistance is made very large. The representative 

resistance is kept constant over the time step £T11  and the drop 

across it at the end of this time step is used to modify the diode 

resistance for the next time step AT,. This is indicated In Fig.7.16 

Fig.7.16 Diode characteristic and equivalent resistunce 

The reason for adjusting a diode resistor, unlike a thyristor, is 
that 

the current through the commutating capacitor gradually decreases to 
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zero and the charge reversal takes place. Abrupt change in the diode 

resistance from low to high value, even when the current is small, 

results In severe abnormality in the numerical computation causing 

irregular potential pattern and computation becomes slow. To ascertain 

the effort and flow conditions of a diode, current observer in series 

with it and potential observer at the ends of the diode are 

incorporated, and the bond graph of the diode assumes the same 

structure as that of a thyristor as shown in Fig.7.15. 

Controller 

In the scheme shown in Fig.7.12 the dc voltage of the phase 

controlled rectifier is adjusted by a proportional integral (P1) 

controller in the current feedback control loop. If the gate signals 

for the thyristors are obtained from an inverse-cosine firing-angle 

control scheme, the output voltage of the rectifier can be expressed as 

l+r1p 

VR = rp 
IR-IR) (7.23) 

where I
* 
 is the set value of the dc link current and T, and r2  

are the controller gain constants. In terms of a new variable Q [751 

the rectifier voltage in (7.23) can be expressed as: 

ti * 

= Q + - (IR-IR) (7.24) 

where, * 

- dQ (7.25) 
dt t2 

Q can be identified to be the output of the integral controller. 

.4 
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As (7.24) and (7.25) are already in the appropriate mathematical 
1 

form, these need not go into bond graph structure. In the resulting 
'V 

state equations, which will come out from the integrated bond graph 

structure for the dc link, inverter and motor, VR  will be replaced by 

(7.24), and (7.25) will add to the set as an additional state equation. 

Complete bond graph of the CSI system 

Based on the resistance models for thyristors and diodes, 

discussed in this sub-section, the complete bond graph structure of the 

CSI network is shown in Fig.7.17. Both current and voltage observers 

indicated by respective encircled elements in Fig.7.13, have been 

inserted at appropriate points in Fig.7.17. The output terminals a, b, 

c, in Fig.7.17 serve as inputs to the structure in Fig.7.14 for 

Induction Motor. 

7.3.3 Simulation results 

The bond graph processing program COSMO-CAD [1091 adapted for use 

on an APOLLO computer was availed of for digital simulation. It has 

B been indicated earlier that the software accepts the structure code, 

checks the causalities and sets up state-space equations for another 

program which yields time-domain solution. Runge-Kutta-Fehlberg six 

order method for integration with variable step length was used to 

obtain time-domain solution. In order to avoid algebraic loops and 

derivative causalities, certain spurious/unimportant C and I elements 

were added/retained in the system in Fig.7.13. This, however, enhances 

the order of the state vector, and at the sametime, increases the 

computation time owing to their very low numerical values resulting in 
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small time constants. The values had to be made small to evade their 

impression on the performance of the system. In order to effect economy 

'p 
in the computation time, these elements were deprived of their power 

handling capabilities by equating —(p:Li) equal to zero for 'I' 

elements and equal to zero for 'C' elements. The algebraic 
dt 

equations obtained in this manner were used to eliminate the state 

variables associated with these spurious elements from the rest of the 

equations. Such exercise produces little loss of reality, does not 

significantly affect the accuracy of the results and at the same time, 

speeds up computation. 

The proposed simulation method was applied to a CSI-Induction 

Motor drive system represented in Fig.7.12. The parameters of the 

motor, inverter, dc link etc are given in Appendix-V. For this system, 

current and slip-speed controllers were set for 70A and 10 rad/sec 

respectively. Fig.7.18 shows the simulation traces under steady state 

operation, for motor input currents, dc link current, thyristor(Th1) 

voltage and the line voltage Vab for a load torque of 50Nm. In order to 

establish the acceptability of the proposed simulation technique, the 

same system quantities were computed for the drive system (Flg.7.12) by 

another digital simulation approach suggested by Consoli and Abela 

[74]. The results obtained by this approach are shown in Fig.7.19, and 

these are found to be in good agreement with those in Fig.7.18. 

Likewise simulation runs for different operating conditions (normal, 

abnormal and transient) were made and a reasonable correspondence was 

observed between the results obtained by these two approaches, thereby 

confirming the acceptability of the bond graph method of modelling and 
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simulation of the system under study. Figs.7.20 and 7.21 present the 

simulation results obtained by the two methods for an abnormal 

operation which concerns with short circuiting of diode D1  at the upper 

limb. A general overall concurrence is noted between two sets of 

traces. Lack of too close a correlation is attributable to the choice 

of the values of the current limiting/sensing diode series reactors and 

artificial resistors(for defining voltages in [741). The smaller they 

are made, the closer the results become. To the contrary, the response 

curves by the proposed method are independent of the additional 

elements, as these are made dummy by depriving them of their power 

handling capabilities. Hence larger time step for integration can be 

used. 

7.3.4. Conclusions 

The main objective of the work presented was to demonstrate the 

usefulness of the bond graph technique in simulating the semiconductor 

driven systems. The technique provides an organised way to develop 

state equations for a highly dynamic systems, and tedious writing of a 

number of equations and their arrangement and rearrangement for framing 

state equations have been avoided. It may be noted that no commonly 

made assumptions, as indicated in sub-section 7.3.1, were necessary 

other than those required to economise computer time and comply with 

bond graph. System can easily be extended without upsetting the 

original model. For example, a three phase converter with supply side 

inductances, in place of smooth adjustable dc source can be included, 

and this will add more state variables but in no way it will affect the 
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modelling of the dc link_inverterinducti0n motor system. The well 

structured gramaticS of causality in the bond graph theory helps the 

modeller to have an apriori understanding of the completeness of the 

model. For example, existence of differential causality indicates that 

under certain dynamic modes, the system may violate the conservation of 

energy or entropy or at least may lead to the growth or decay of these 

system measures from sources unaccounted in the model and may lead to 

erroneous dynamic behavior. The basic completeness in system model is 

ascertained in bond graph which points towards plausible singularities 

in the system model, such as, apriori indication obtained by a modeller 

regarding the possibilities of resistive and conductive causalitieS in 

the integrated bond graph model. Bond graph models of a physical system 

are thus easily created keeping in mind the Physics of composite 

elements and then combining them without going into details of the 

mathematical aspects in the foreground unlike other graphical methods 

of system modelling. 
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CHAPTER VIII 

CONCLUSIONS 

8.1 GENERAL CONCLUSIONS 

The indirect vector control scheme proposed in the dissertation 

using the rotor model in field co-ordinates for CSI-fed variable speed 

induction motor drives is quite practical and simple to implement. 

Algorithms for tuning can easily be realized by micro-computer without 

much hardware. Implemenation of the schemes, being mainly based on the 

measurement of dc link voltage and current, avoids mathematical 

co-ordinate transformations to obtain the ac quantities from the dc 

quantities and vice-versa. 

One of the main features in the proposed control strategies is the 

absence of flux feedback loop and the direct use of the commanded value 

of the field current. This is used to compute the torque producing 

component of the stator current from the actual primary current for 

obtaining the slip-frequency as there is a time lag between the actual 

value of the stator current and its commanded value. This makes the 

actual stator current vector align appropriately with respect to the 

rotor flux for orientation, and also avoids the transmission of noises 

and measurement errors of the speed channels into the feedforward slip 

frequency channel if the controllers can not attenuate them. Once the 

commanded flux is set up, it is seen from the simulation studies that 

no significant variation in the flux level appears during the transient 
-r 
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process. This may be attributed to the slow response in rotor flux due 

to the large time constant of the rotor circuit. The drive system 

during the test run was operated below the base speed for which the 

field weakening was not considered. 

The effects of the rotor resistance variation under both linear 

and non-linear magnetic conditions have been extensively investigated. 

Also the influence of saturation on the machine characteristics under 

the tuned condition has been studied. It is seen from the analysis and 

simulation results that at low load torques the linear magnetic model 

corresponding to the set flux level suffices. As the load torque is 

increased, the importance of saturation effect can not be ignored. 

Under non-linear magnetic condition, with flux level at or above the 

rated condition, peak torque occurs for 1qs1ds > 1 unlike in a linear 

magnetic model, where 1qs = 1ds is the required criterion for maximum 

torque production. This is because of the slow increase of the rotor 

flux with 1ds  above the nominal value and the best effect is then 

produced by increasing the percentage of torque component of the stator 

current. But increase in the proportion of i increases the 

sensitivity to parameter deviation. On the other hand, increase in the 

saturation level (low iqs/ids)  reduces the sensitivity to detuning 

conditions. With increased rotor resistance at high load torque 

predictions of the performances of a slip regulated vector control 

system will be severely misleading if the saturation effects are 

ignored. 

Three methods for detuning correction have been presented. The 

I 

V 
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rotor resistance estimation method, based on air gap power, quite 

reliably estimates the rotor resistance if the saturation level does 

not show a significant change. In other words, the parameters in the 

controllers and those of the machine should not differ widely. The 

scheme need not be used continuously. Since temperature rise is a slow 

process and if the scheme is invoked at regular intervals from the very 

beginning of the operation to track the rotor parameters and slip 

calculator is simultaneously provided with these estimated parameters, 

field orientation will be fairly maintained. No doubt, the 

effectiveness of the estimation process is affected during the 

transient period because the airgap power is derived from the 

expressions for steady state operation. But the estimation for the 

rotor resistance is found to show no marked deviation from the actual 

value as the air gap power gives a fairly good estimate of the 

generated torque in synchronous watts when the flux level is regulated 

[89]. The dc link voltage (V1) based MRAC scheme shows quite fast 

adaptation capability. The error signal produces a corrective term for 

a the nominal resistance for use in the slip calculator. The reference 

for V1  (or V1) should contain this corrected value of Rr  but must 

retain the nominal values of inductances corresponding to the set flux. 

As the adapted Rr  approaches the actual rotor resistance, the actual 

rotor inductances also tend towards their nominal values. The torque 

producing stator current (qs)  based scheme also works satisfactorily 

for adapting the correct rotor resistance but in this case the response 

is found to be slow and it becomes slower as the load torque in the 

machine is Increased. The iqs baSed scheme is able to estimate correct 

1 



adaptive resistance for the controllers if the inductances closely 

correspond to the magnetization characteristics near the operating 

point. It is seen that the adaptation processes are capable to work 

under transient conditions. 

In selecting the gain of the P1 controllers it is observed that if 

the controller constants are adjusted to have larger bandwidth H  00 
-norm 

of the complementary sensitivity function increases and roots move 

towards the imaginary axis. Considering this aspect and also to reduce 

the effect of high frequency dynamics (speed noises, disturbance etc. 

a bandwidth of 62.0 rad/sec and 230.0 rad/sec for the speed loop and 
4 

current loop transfer functions respectively were found to be 

satisfactory for the implemented scheme. The system with the selected 

set of P1 controller gains were found to be stable in the simulation 

study and also during experimentation. 

The implementation scheme presented in Chapter VI provides an easy 

on-line interaction with the drive system. Since the programs are 

a 
written in modular form, they are easy to debug. The implementation 

scheme could be optimized using one microcomputer with enhanced 

sampling time and having sufficient peripherals interfaced on board. 

Though simulation studies using the generalized approaches, 

namely, 'Bond Graph' model and 'Nodal' method have been presented for 

conventional CSI-It4 drive schemes with no reference to field 

orientation, they are, however, indicative of the trends even in the 

case of field orientation. 

~ _P 
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8.2 SCOPE FOR FURThER INVESTIGATION 

Workability of the schemes has been tested both by simulation and 

experimentation using the linear controllers (P1) and conventional 

current source inverter with quasi-square wave output. Pulse width 

modulated current source inverters, which provide adequate control of 

torque and current harmonics, are being increasingly used in industrial 

production and automation. Using the proposed retuning schemes, 

experimental evaluation with the PWM-CSI along with simulation study is 

suggested. Application of 1-1 
00 optimal controllers in lieu of P1 

controllers may be given a thought. 

Stability studies and controller constant determination have been 

made with current and speed controllers in the system with no reference 

to the detuning correction controller. Similar investigation is 

proposed with the parameter adaptive controllers in the system besides 

the current and speed controllers. 

Effect of magnetic non-linearity has been accounted by appropriate 
H 

adjustment of the magnetizing inductance Lm, and the leakage 

inductances are taken as constant. This implies that saturation is 

caused by radial flux, and the circumferentially directed leakage flux 

has no effect on the state of saturation. It is an incorrect assumption 

in the sense that the saturation of iron depends on the total flux 

(i.e., radially directed flux plus the circumferential leakage flux). 

With constant rotor flux linkage, the stator flux linkage increases 

with load and additional magnetizing current will be required by the 

1• 
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stator teeth and yoke. This additional current vector will alter the 

stator current space vector evaluated from linear parameter model for 

the given rotor flux and torque [89]. An alternative way to study the 

effect of iron saturation on the field oriented operation is to 

consider the leakage inductance lumped to the stator side, as a 

non-linear function of stator current vector and the magnetizing 

inductance Lm, a function of air gap reluctance, as a constant. This 

approach is suggested. 

Decoupling control at constant rotor flux command has been 

considered in the dissertation. In certain applications, variable flux 

reference is deemed a necessity [20, 123). Efficiency optimization 

system requires adjustment of the flux level. In view of the limited 

voltage and current capability of the drive system, selection of the 

flux level acts upon the output torque capability of the system [201. 

These aspects may be studied with due regard to the saturation effect. 

Detailed analytical study has been performed for the steady state 

operation of the proposed scheme and transient and dynamic effects 

through simulation programs. Analytical studies In respect of parameter 

sensitivity on the dynamics of speed controlled system along with 

adaptive controllers are awaited. 

As indicated earlier, the 'Bond graph' model and the 'Nodal 

method' be extended to include all the feedback and feedforward 

Controllers required for field orientation. 
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APPENDIX- I 

TABLES OF MAC INES AND POWER CIRCUIT DATA 

TABLE A.1 (MACHINE I, SQUIRREL CAGE) 

Name plate data: 3-phase, 400/440V, 3.75 kw, 50Hz, 4-pole, s-Connected 

Coupled dc generator: 240V, 2.0 kw, 10 A 

Si. 
No 

Nominal Parameters 
(referred to stator) 

Values in 
SI units 

 Stator resistance, R. 1.382 

 Rotor resistance, Rr  1.50870 

 Mutual inductance, L. 0.14583H 

 Stator self inductance, LS  0.15936H 

 Rotor self inductance, Lr  0.15936H 

 Stator leakage inductance, 11 0.0135311 

 Rotor leakage inductance, 12 0.01353H 

 Moment of inertia, J 0. 091kg-rn2  

 Damping coefficient, B 0.005Nm-sec/rad 

Saturation characteristic (mag 
- Am  curve) 

1mag = alAm + as  A. where, 

a1  = 2.35 and as  = 6.95 for A. 0. 57182 

a1  = -0.65 and as  = 12.4 fpr A > 0. 57182 

Lm  - 1mag curve  (Lm  = b0  + b1 1-mag + b2  imag2): 

b0  0.246, b1=-.0002, b2=-0.00269 for 1mag < 5.8 

b0  0.316, b1=-.0360, b2=-0.00140 for 5.8 mag < 7.0 
b0  =0.261, b1=-.0236, b2=0.00075 for 1mag 7.0 

The P1 controller constants are 

k 1  = 2.0, k11  = 0.5, k 2  = 30.0, k12  = 10.0 

k 3  = 0.02, k 3  = 0.01, k 3  = 0.5, k13  = 2.0 



TABLE A.2 (MACHINE II, SQUIRREL CAGE) 

Name plate data: 3-phase, 220V, 0.75 kw, 50Hz, 4-pole, Y-Connected 

Coupled dc generator: 220V, 0.75HP, 4.25A, 1425rpm 

Si. 
No 

Nominal Parameters 
(referred to stator) 

Values in 
SI units 

 Stator resistance, R 1.798 

 Rotor resistance, Rr  0.82500 

 Mutual inductance, Lm  0.07613H 

 Stator self inductance, L. 0.08323H 

 Rotor self inductance, Lr  0.08323H 

 Stator leakage inductance, 11 0.00710H 

 Rotor leakage inductance, 12 0.00710H 

S. Moment of inertia, J 0.02095kg-rn2  

9. Damping coefficient, B 0.002Nm-sec/rad 

Saturation Characteristic (mag m curve) 

imagAm Characteristic ( 1mag ajAm  + a5  A ) a = 2.35, as 6.95 

2 .3 
L4mag  Characteristic (Am = b0  +b1  mag i-b2 + b3  1mag 

b0  =0. 1158, b1=-.00205, b2=-0.00353, b3  = 0.000353 

The Fl controller constants are : k 1  = 0.5, k11  = .05, k 2  = 30.0 

k12  = 12.0, k 3  = 0.02, k13=0.015, k 3  = 0.25, k13  = 0.10 

TABLE A.3 DC Link and Power Circuit Data 

Resistance of dc link filter, R1 0.160 

Inductance of dc link filter, Lf  : 0.16H 

Inverter thyristors : 25A, 1000V each 

Converter thyristors 25A, 600V each 

Inverter diodes : 25A, 1000V each 
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APPENDIX II 

Ir THE T-  I EQU I VALENT CI RCUTT FOR I NDUCT I ON MOTOR 

Machine models in equivalent circuit forms are many times found to 

be convenient to analyse the behaviour of machines. The T-type circuit 

model in Fig.A.1 for induction machines is a very familior form. But 

this form does not readily allow visualizing the operation of rotor 

flux field oriented cintrol of an induction motor. Appropriate circuit 

models of a field orientated induction motor can be obtained from the 

T-form circuit model, and the relations associated with the field 

orientation can be derived therefrom. But the explanation based on 

two-axis theory provides a deep insight into working principle of 

vector controlled systems, and the conceptual clarity is obtained. 

Therefore, the results obtained from the application of two-axis theory 

under field orientation scheme when applied to form a corresponding 

circuit model, will provide a firmer basis for the analysis and 

understanding of vector control systems. Besides this, as will be seen 

later, such circuit model will also be of help in devising the 

compensatory scheme to correct the detuning operation. For any 

operating condition, there always exists within the machine a specific 

position of rotor flux vector, which may not be known, but along and 

perpendicular to which the stator current-vector can be resolved. 

From the first row in eqn. (21) under steady state Condition 

= R 'ds - LS  we 1qs - Lm  we 'qr (A.1) 
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Applying the field oriented condition (2.18b) in (A.1) gives 

it 
Vds  = R. 'de - L We Iqs (A.2) 

where, 2 
Lm  

L 8= L8  - (A.3) 

Lm  
2 

or L = (L8  - L) + I Lm  - r 

The second row in (2.1) for steady state operation gives 

Vq8 we  L9 'ds + R. 'de (A.4) 

Let V8  = Vqs  - jVds (A.5) 

> 

k It 

Use of (A.1) and (A.2) In (A.5) gives 

L 
V8  = (R8 + i we  L0.) (Iqs  - J'd) + (j E_ We) 'ds (A.6) 

Combining (2.23) and (2.24) for steady state operation, 

2 2 
Lm Rr  Lm  

'ds = - - L qs . W81 2 
Lr  

L 
2  
m L R 

Lr 
(j IdB) 

= ( 
(Iqs) (A.7) 

r 

The following expression for flux linkages are obtained. 

Lr Lm 2 
Rotor flux linkage : = i -  I-i i:- 'del (A.8) 

r J 

Mutual flux linkage A8  = ('qr + 'qs) L8  + (3 'ds L. 
2 L8  

= { 

L8  - )(Iqs 
 - j 'ds) + (J 'ds) Lr 

(A.9) 

271 



R3 1, '2 

'a > 

vs R 

Fig.A. 1 T— equivalent circuit of induction motor 

R1 L 5  
LLL11y-- 

I  

a 

2 

Eqs 

F79.A.2 T-1 equivalent circuit of induction motor 

I 
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Stator flux linkage 

As = Lm  'qr + L8 'qs - i Id. L. 

= 
Lz  - 

L2 

j - J 'de) 
+ 

L.  
 

(-i I) (A.iO) 

Results in (A.6) and (A.7) suggest Fig.A.2 to be the equivalent 

circuit model for rotor flux oriented induction motor. Various flux 

linkages, as given by (A.8), (A.9) and (A.iO) are indicated in the 

equivalent circuit. 

Per-phase steady state rms voltage 

(A.11) 

Reactive power under steady state condition 

Q = 31 m  

(Vq5  - jVdS) ('qs - i'ds) 
I 
L f2 '/2 

= (Vq5 'ds - Vds  'qs) (A.12) 

By reference to Fig.A.2 the amplitudes of the two stator current 

components can be written as 

Rr  

'ds s 

iqr.= is  

s we  Lr  

I Rr  + 2 
22 2 
We  Lr  

(A. 14) 

Using (A.8) and (A.13) in (2.36), the expression for electromagnetic 
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torque in terms of stator current and rotor parameters becomes 

19 

em 2 ' 2 2 2 2 
(A.15) 

Rr + S We  Lr  

which is a familiar expression that can be obtained from conventional 

T-form equivalent circuit with the peak value of the supply current 

i.e., I. 

T = P T2  
S we  Rr  L 

2 

-7 
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APPENDIX III 
-4 

A 3.1 Dynamic equations of induction motor 

ru 
The voltage equations of a three phase induction motor in 

a-b-c-phase terms in a stationary reference frame fixed with the 

stator is written as: 

[v9] R[I3]. 0113] (li+Lm)113] Lm EI3] 
- ............. ..... ...+ ..p . 

[Vr] 0[I3] Rr(I3] [ r Lm[I3] (12+Lm)[I3.] 

0[I] 0[I3] [is] 
+ -.-.-...- ....-...--. .

.. (A.16) 
L[WJ (12+Lm) [W3] 

Which in brief is 

[v] = (R][i] + [L]p[i] + [G]O[i] 

In this case, 

11,12 :leakage inductances of stator and rotor phases of 

Induction motor respectively. 

[vs] : stator voltage vector = [Vas  Vbs  V] 
t 

[V r ] : rotor voltage vector = [0 0 

stator current vector = [las  ibs 

rotor current vector = [iar 1br  icr' 

[13] : 3x3 identity matrix 

and 1W31 is an weight matrix that represents 

0 1 -1 
[W3] = 1 0 1 

1 -1 0 

Equation A.16 is same as eqn.7.1 and comparing these 

two equations one can evaluate the elements of all the matrices. 
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A3. 2 Admittance Sub-matrices A, A5 , and A 5  are given in 

Fi A.3 and App in FiCo A02 

S p 

1 7 3 44 5 6 . 
' 0 13 19 20 2.1 22- 23 

S 
i. 

ASS MATRIX ASP MATRIX 

6  

1 

Rr 
j 

P 

4r- 

0  I - -- - - 

Rr 

Rr 

7 

4 

16 

11 

P 18 

19 

20 

21 

23 

22 

-- - 

R r  

Rr 

1 I 

RIG 

(Shown in the next page ) 

lA'IX - 

F G. 4.3 ELEMENTS OF ASS ASP & ANO APS MATRICES. 
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A.3.3 Corrector current matrices Li1,_1  and [i5] 1  

41 

Od 

1 

2 

3 

4 

5 

PS 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

2  

-iC 1+tc5 

- 'c 5+ c  3 

0.0 

0.0 

0.0 

-ic2+1C 4 

1c4c6 

1c6 1c2 

as 

lbs 

Cs 

ias+jar+l m  

1b5+jbr+ibm  

jcs+ cr+iCm  

ar 

1br 

_(jam+1ba+tcrs ) 

1LF 

0.0 

0.0 

(1s]n-1 

1 0.0 

2 0.0 

3 0.0 

4 0.0 

5 0.0 

6 0.0 

Fig. A,5 Corrector current matrices 
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APPENDIX - IV 

10 
Concept of observer and activated bonds 

Bond graphs are equipped with the facility to observe effort or 

flow at a particular point in the same manner as we use sensors in an 

actual system. In mathematical form, an observer expresses effort or 

flow in terms of state variables and the software automatically derives 

that expression from the structure code. The bonds which are used as 

observers are represented with a full arrow and a symbol(E or F) 

4- indicating the type of activation. A C-element connected to a S 

junction with effort activated bond acts as a current observer and an 

I-element connected to a P junction with flow activated bond acts as an 

effort observer. These are represented in Fig. A. 6. 

The observers introduce nothing into the system dynamics. For a 

flow observer effort activation is making the effort across the 
P. 

observer element zero. Similarly, for an effort observer flow through 

it is made zero by activation. 

C:C 0 b 5  

Fig.A.6(a) Flow or current observer 

 

! lobs 

Fig A.6(b) Effort or voltage observer. 

\ 

279 

 



u1 

V. 

APPENDIX - V 

Induction motor parameters and power circuit data for simulation model 

41 of Bond Graph Method 

(i) The Parameters of an 18.6kw, 230v, 60Hz, 4-pole, 3-phase 

Y-connected induction motor are: 

Stator resistance, R5=0.07882; 

Rotor resistance, Rr=0.04080; 

Motor inductances L0.0153H, Lr=0.0159H, Lm=0.0147H; 

Inertia J=0.40kg m 

(ii)Parameters of CSI network 

Commutating capacitors each 60.0jff; 

Thyristor resistance, Rs=0.050( 50kc1) when it is ON ( OFF); 

Diode resistance, Rds expressed as vd 0.06+0.04xid; 

Resistance of dc link choke, Rf=0. 1OQ; 

Inductance of dc link choke0.0146H; 
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