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Field oriented control (Fm) is used to achieve high d&c @ormuu~x in 

inverter-fed induction motor drives. It is necessary, for field oriented control, to know the 

instantaneous magnitude and position of the rotor f lux These values are approximated 

based on fiux measwements in direct FOC, and estimateci in indirect FOC. This thesis 

presents the design of a novel robust flw controïïer and, subsequently, a robust speed 

controller for the prirpose of indirect field oriented wntroiled flux estimation for an 

induction motor Qive. The controllas an designed in terms of stabiiity a d  performance 

criteria through a graphical technique, calleci loopshaping, taking into account the effécts 

of extemal distiirbances and parameter variations, including tirne delay, rotor &stance 

variances and inertial deviation fiom the nominal modeL The piirpose of these conir011ers 

is to provide g o d  tracking and performance despite the uncertainties present in the drive 

system The systern's ability to accurately estimate the £tu magnitude and field agie is 

v d e d  through a parameter sensitinty study, which indicates that that the robust 

controllers are quite bendive  to rotor mistance ( h u m  absolute enor in 

the flux magnitude is 0.01 p.u. if the rotor resistance is inmased to twice the nominal 

value). This prelimiiiary work indicates that the robust controllers provide a practical 

altemative to other control rnethods. 
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Chapter 1 

Introduction 

Field onented control (FOC) was originaUy developed in the carIy 1970's for the 

purpose of high dynamic performance induction motor control. Due to the FOC 

lingarkation techniqye, an induction motor drive gains the capability of performmce 

previously attainable ody with DC motors used in s m o  drive applications. It is o h  

desirable, in field oriented control, for the rotor flux to reach its rmchum value as 

quickly as possible and maintain that magnitude throughout the nomial operating range 

of the induction motor. This is done by taking advantage of the relationship between the 

sh& torque and the motor voltages or currents. 

Induction motors have gained popuiariîy in industrial applications due to their 

ad~antage over oîher electric machines in tenns of stnichiral simplicity, ease of 

maintenance, ruggedness, and durability. Unlike the DC motor, the squirrel cage 

induction motor operates without the need for carbon brusbes. Instead, as the stator 

magnetic field rotates, c m t  is induad ùito the rotor windings. Howeva, due to the 

fact that the windings are made up of conducting bars embedâed in dots in the rotor iron 

and short-circuited at each end by conducting e n d - ~ g s  (O@ called a quiml cage), 

they are inaccessible to the extraction fia information needed for FOC. 
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Two primary techniques have been developed in order a aiieviate this pmblem 

Direct FOC, which is b s e d  on the diract measurement of the &-gap flrix; and indirect 

FOC, in which the desirrd quantities are tstimeted, rather than measund with senson. 

The various existing methods of indirect FOC share the need of a relationship between 

stator currents, stator voltages and rotor speed, in some combination, in order to 

determine the magnitude and angle of the rotor flux 

In this thesis, indirect FOC is usd to estimate various rotor flux quantities. At the 

same time, robust controllers are employed in order to take into account, and compensate 

for, any plant parameter deviaton and disnnbance, thereby effectively reducing 

per€onnance degradation during such âeviation nom, or disniption with respect to, ideal 

perforlrlance. 

Field orientation implies that the stator cumnt is oriented with respect to the rotor 

flux so as to attain independently controlled flux and t o r p .  This decouphg of the 

current components suppiied to the machine can be derived h n  the d q  axis theory 

[l-41, in which the the  dependence of some qmtities is removed for steady-state 

operation (Le. MusoidaI quaatties becorne DC qwntities) and variables are expresscd in 

orthogonal or mimially decoupled direct (4 and quadnihne (q) cornponents. 
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It is possible to represent the d q  mode1 in either a stationary or rotating refmnce 

fiame. As the tam irnpiies, in the statiomy reference hme, the direct and quadrasrin 

axes are fked on the stator bel£ In the rotor refmnce fiame, the axes are fixed on the 

rotor. In the synchronously ro-g reference fhme, the axes rotate at the synchronous 

speed of the motor and are fixed on the stator magnetic field 

Various superscxipts are used to M i t e  between the reference Mes; in 

standard notation, C? and qS denote the stationary reference h e ;  d and qe denote the 

synchronous rotating reference f ' e ;  and no superscripts are used for the field o r i d  

reference W e ,  whereby the synchronously rotating reference h m e  is £ked in relation 

to the rotor flux. If machine operation is considered in the syncbnously rotating 

reference fiame, sinusoicial vanables of other h e s  appear as DC quantities in this 

M e  for steady state conditions [5]. 

In the early 19703, Biaschke dweloped the concept of field orientation [S, q. He 

r&ed that the angdar position of the ro-g magnetic field within the rotor of the 

induction motor was essential for wntroL He concluded that if the position of this 

magnetic field wuld be meammi, it would be possible to induce c m  into the rotor at 

the point where the field stm@ has its maximurn. This way, the motor could always 

deliver full toque, even d e r  frunsient conditions. However, because the magnetic field 

rotates, the current-cxqhg rotor winding cannot be constantly locateâ where the 

magnetic field has its maximum, An impossible, hypothetid solution is to rotate the 

entire stator in order to let it foiiow the rotation of aie magnetic fie14 thereby aüowing 

the stator winding to dways induce cumnt into the correct position in the rotor. 
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Blaschke, togaher with IIasse [A, found a pIacticaï solution Instead of mtating 

the entin stator, they ''rotatedn the control signais to the stator (made possible by the 

vector multiplication of a standard rotation maûk). The flux wrnponents of the stator 

cumnts are oriented in phase with the total rotor flux linlrage ofthe motor, by fixing the 

&xis in the rotor synchronous reference fiame. Thus, the mag~letization of the motor 

lies directiy dong the daxis (hence the name). The torque components of the stator 

currents, meanwhile, are oriented in quactrahrrr (i.e. dong the q-axis) to the rotor flux 

linkage, indicating that the magnetization can be maintained constant, whüe torque may 

be independently controiied in proportion to the stator cumnt component along the 

q-axis [5-q. 

Thetefore* field oriented control effectively "converts'' the induction motor into a 

DC motor, that is, permiaing independent conml of fiw and torque. The induction 

motor wiiî behave in a manner piiictidy identicai to a cumnt wntroiied (or voltage 

controlled) DC motor [8]. This means th& wîth field oriented control, it is possible to 

have the performance of a DC motor in a simple, rugged squiml cage induction motor. 

Of the two basic kinds of FOC, indirect is prefemd in pract id applications 161. 

For indirect FOC, the necessary flux information is estimated, rather than dirrcuy 

measund, as in direct FOC. The advantage to this is that it ne* the requirement of an 

externally mounted device, which, in generai, can be subjezt to severe t h d  and 

mechanical stnsses (i-e. Hall sensors) or that flux aumot be senseci at zero speed (Le. 

flux sensing CO&) [3,4,8]. 



1.2. Rob- Control 

High disturbance rejection and good commaad tracking are basic requirements of 

any high performance dnve systems, which are abject to some types of extraneou 

disturbances and parameter variations during operation. These perturbations t y p i d y  

consist of ciifferences in the dyaamics of the mode1 and the actuai process, including 

various extanal load uncertainties, and plant parameter deviation (e.g variation of the 

rotor time constant in an induction machine). 

The rotor time constant of an induction motor is dependent on rotor resistance, 

which tends to vary significantly due to t e m p e m e  variations and skin effect This 

infIuences the accuracy of the flux magnitude and angie estimation of indirect FOC, 

Ieading to a degradation in system performance and quality of wntrol. With the inc1usion 

of robust controllers in the systern modeling, it is proposed that rotor resistance 

perturbations may be compensated for. 

In ment years, severai advances have been made to reduce the hardware 

requirernents of a field orientai control system 19, 101, and to improve the accraacy in 

speed andlor position control under a range of opefathg conditions through the use of 

robust control methods [Il-131, thereby attempting to circumvent problems of plant 

mcertainties. However, the application of robust control theoxy to flux control has not 

been attempted in the past 

Following a commonly used graphical method, d e d  the loopshaping technique 

[14-16], a novel robust flux controlier is pxoposed, and subseqyently, it is proposed that a 
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robust speed colitmiier be designed in terms of high @ormance critenia, t a h g  into 

account the effects of extemal disturbances and parameter variances, inclipding time 

delay, rotor resistance variations, and inertiai deviation of the plant fiom the nominal 

case. 

Chapter 2 m e s  as a review of the history and basic concepts of field oriented 

control (including d-q axis theory, and matrix transforms), and robust control (including 

the loopshaping technique). 

Resented in Chapter 3 is the irnplementation of a field oriented contr01 induction 

motor drive system, utili9ng the robust controUers presented in Chapta 2. 

Chapter 4 consists of the resuits of the flux estimator tests, comprising of 

pafaftleter tests to examine the robustness of the estimator and com@sons 

with alternative control schemes. 

A discussion of the resuîts is presented in Chapter 5, foîiowed by conclusions and 

suggestions for futurr work in Chapter 6. 



Chapter 2 

2.1. Field Oriented Control and Flux Estimation 

2.1.1. Field Oriented Control Theory 

The goal of field oriented controi is to control an AC induction motor iike a 

separately excited DC motor, in order to provide a controlied torque over a wide range of 

operating conditions [3,4]. This ailows for good performance neat zero speed, and for 

the motor flux to be controiied and mahtained at its optimum lm1 so as to attain a fast 

speed fesponse. 

In literature, the tums '-or control" and ''field onentecl control" are used 

interchangeably. In a machine, torque control in an induction machine is achieved by 

controiling the motor armature m e n t  The induction motor requim extemal control of 

the field flux and armature mmf spatial orientation, MWre the DC motor where the field 

flux and armature mmf orientation is nxed by the commutator and bnishes. It is this 

control that prevents the space angies beîween the various fields in an AC motor h m  

varying with load (and during tmsients), which fiirther yields cornplex interactions and 

osciilatory dynamic response [4]. Directly controhg these space angies has corne to be 

hown as "vector control" or qe1d oriented control? In this thesis, systems that attempt 



to proâuce a 90° space angle betwem specincdy chosen field components, are refmed 

to as king "fïe1d oriented", in orda to emuiate the behavior of a DC motor. 

Field orientation can be best explaineci by first reviewing the pinciples of DC 

motor operation. The basic structure of a DC motor consists of a stationary field 

struchire, which uses either a DC excited winding or permanent mag~lets, and a rotating 

armature winding supplied through a wrnmutator and brushes. This structure, dong with 

the motor equivaient circuit, and resuiting orientation of the armature &and the field 

flux, is shown in Fig. 2.1. 

Figure 2.1. DC machine mode1 
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As can be seen âom Fig 2.1, the flux and mmf are maintainecl in a m d y  

perpendicular orientation independent of rotor speed, resuiting in the field flux king 

d e c t e d  by the armature current and xnaxi~~um possible toque. The elecftomaglletic 

torque, neglecting the armature denmgnetkation effect and field saturation, is given by 

T~ = K~ Y* I==K' , I ,  I/ (2- 1 ) 

where &, K; = proportionality constants 

Yg =airgap flux 

1, =armature current (torqw cornponent) 

If 4 e l d  cunent (flux component) 

The control variables I ,  and If  are considereâ as king orthogonal or decoup1ed 

vectors. Under nomial operating conditions, torqye is varied by changing the armature 

cunent, and the field current is set to maintain the rated field flux Since the stator 

cunent componentr nsponsiile for rotor flux and torque production are decoupled, the 

torque sensitivity remains maximum in both transient and steady-state operation. This 

DC motor cantrol mode1 becornes valid for induction motor torqye control if machine 

openition is considered in a synchronously rotating reference M e  where the sinusoidai 

variables appear as DC quantities. 

The prjnciple of field oriented control can be explained h u g h  the use of a 

phasor diagram [2, 17. Figure 2.2 shows the equivaIent circuit of the induction motor 

and the co~fesponding phesor diagram. The eq@valent circuit uses only one of the t h  

- identical motor phases, as the only difference between them is a 120 âegnes phase &ifk 



Figure 22. Pa-phase aquivaent circuit and phasor diagram for the induction motor 



Neglecthg rotor leakage inductance [3], the primary (or stator) cumnt 1, splits 

into the magnetizing cunent 1, and the secondary (or torque) current It. The magnetizing 

cumnt induces the rotor field through the inductance Lm. Secondary cumnt 1, produces 

the motor torque. The amount of secondary cm- (and torque) is dependent on the 

secondary resisîance and the slip fkquency Rzls. 

In the cornplex plane 

1, =Is  cos B (2.2) 

1, = Is sin 8 (2-3) 

where 0 = phase angle. 

The torqye as a fimction of primary curent 1, is nonlinear, making direct control 

of the motor torque impossiile [lq. However, field oriented control theory aüows for the 

estabiisbment of a control law such that 1, is mahtained constant, thereby making the 

rotor flux constant The secondary current, 1 ,  meanwhile, îs controllcd in proportion to 

the mount of torque required. Thus, ref-g to Fig. 2.2 and E ~ I L  (2.31, both the stator 

cumnt 1, and the phase angle 0 wüi increase or decrease given a large or srnall torque, 

rrspectively. 

This relatioriship is quantifieci by 

The torve is given by 



whae K& = proportionality constants 

Y ,,, =airgap flux 

From the equivalent circuit in Fig. 2.2, 

where a>, = 2 nf .  

f i  = stator excitation fkquency 

s = per unit slip ( i.e. synciuonous Speed of the stator field minus steady speed of 

- the rotor, divided by the synchronous speed of the stator field) 

The anguiar slip is then given by 

The three key variables in field orientad control are the stator excitation 

fkpency (i.e. synchronous freqyency), the magnitude, and the phase angle. of the 

primary current. The aim of a drive system utiiizing FOC , then, is to satisfy Eqns. (2.4). 

(2.5), and (2.8). at least implicitly. Note that in Qing so. not only are the mgnetking 

and torque producing curents, 1, and 1, respectively, orlltogonal phasors (as in Fig 2.2), 

but also orthogonal space vectors, just as is the case for the DC motor (as in Fig. 2.1). 

In Fig. 2.3, field orientation is iîiustrated with the control inputs 2% and iz. The 

c m t s  are expresscd in orthogonai direct-aûs and quadr<iftire-axis components, i* and 

6, respectiveiy, where both are in a synchronously rotating reference h e .  When 

comparing with the DC motor, id, is' arïaiogous to the field cumnt II, and i, is 
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aaalogous to the armature c~mnt 1,. Thus, the arque of the induction motor in the 

synchn,11ously rotating reference h e  may be 

expressexi as 

T~ =& 'Pm ip =& ip i* 

whae K& = proportionality constants 

Y, = airgap flux 

Figure 2.3. FOC induction motor 

Adjustable speed opemion can be accounicd for by the use of an e1ement within 

a ftedback loop [4], so d p m i c  behaMor of the induction machine has to be taken into 

consideration. Due to the coupling effict ôetween the stator and rotor phases, the 

ciynamic wormance is a cornplex one, whereby the couphg coefficients tend to vary 

with rotor position, It is possible to descn'be the machine in terms of differential 

- equations with tirne-varying coefficients. 



2.1.2. Variable Transformations 

The dq axis theory is g e n d y  used for dynamic modehg of an induction 

motor, wfiereby variables and parameters are expressed in orthogonaî or mutuaiiy 

decoupled âirect (4 and quadnihire (q) components [Il. This mode1 may be formulateci 

in one of several refemce fiames, either stationary or rotating. In a a t i o ~  reference 

âame, the direct and quadrature axes are fixed on the stator, whiie in a rotating reference 

M e ,  the axes can be fixeci on the rotor or can be rotating at synchronous sped 

(referenced ta the stator or rotor flux). 

For the stationary reference fiame, the d q  axes are denoted by ds and qs, where 

the s s u p e d p t  denotes and transfodons associated with circuits which are 

stationq, as ooppsed to rotor circuits wbich are fiee to rotate. The syncbronously 

rotating reference fiame, whereby the d-q axes an denoteci by de and qe, can be dehed 

as the refmace âame rotating at the electrid angular velocity correspondhg to the 

fiindamental n#luency of the variables associateà with the stationary circuits (denoted by 

me). For AC machines, o r  is the electrîcal anguiar velocity of the air gap rotating 

magnetic field established by stator cments of hAamenta1 fiequencyCY For the field 

orienteci reference hme, in which the synchronousIy rotating derence fkme is Gxed in 

relation to the rotor f l i g  no supersdpts are used. The advantage of wnsiderhg machine 

o p t i o n  in the synchronously rotating refmnce fiame, or the field orientai reference 

âeme, is that sinusoidstl &ables of other &unes are transformecl into DC quantities in 

- this fhme for steady-state operatioa 
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Figure 2.4 can be useâ to explain the axiorn of variable t r a n s f o ~ o r ~  This 

diagram shows t h  physical phases O,, bs, c, (fixed reelave to the stator dahnn), the 

siationary reference fhme axes d and qS and the synchronously rotahg reference frame 

axes dC and qe. The arbitrary angle x lies between the as- and the stator datum (Le. 

the qs-axis). 

The three-phase to two-phase transformation of the stator voltages is given by 

Vsaqs = T Ysph (2.10) 

W-hm Vs,, = [*s* J*lT (2.11) 

VS* = [vus. Vbs. va l  T (2.12) 

and conversely 

where 

(A nmilar type ofopemiion can be done for the stator ciimnts.) 



bs-a%is 

4 
1 
I 
1 

0 
0 

Stator Datum 

Figure 2.4. Axes transformations 

Setting x = O nsults in the @ a i s  coinciding with the a,-aMSaMS The tm&orm 



The Statomy reference fiame to rotating reference fiame transfodon is aven 

COS O, -sin& 
sine, COS& 1 

and conversety 

Vsee = LI-' V'+ 
C - 

1 case, sine. 
where w1 = -sin& c o s B .  1 
d &=a>. t (ie. angle of the stator synchronously rotating reference h e ) .  

For a bahceci, Gxed voltage thne-phase supply let 

va = Vm COS(Q)~~) (2.24) 

2Yt 
YbS = Vm C O S ( Q ) ~ ~  7) (2.25) 

2K 
va = v, cos(ol.t + 7) (2-26) 

where V, = stator peak voltage. 
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If it is iùr&her assumed that the phase voltages are balanced and sinusoiàai, then 

simpiiIi/ing Eqns. (2.10) and (2.14) in the synchronously rotating reference fiame yieids 

v a  = 6 s  (2-27) 

and 

Substituthg Eqns. (2.241, (2.25), and (2.26) into (2.30) and (2.3 1) yields 

V& = Vm  COS(&^) (2.32) 

Y'* = -Ym (2.33) 

T'en, substituthg Eqns. (2.32) and (2.33) into (2.18) resuits in 

v& = V' (2.34) 

vd( =O (2.35) 

It can be seen that the sinusoida1 variabIes appear as DC quantities in the stator 

synchronousiy rotating reference fiame for oteady-state operation This is the main 

dvantage of using the d q  axis theory. 



The dq equivalent circuit is show in Fig 2.5, nom which the stator voltages in 

the stator synchronousiy rotating iefmnce h u e  are given by 

v&=RSiQ, +sY+ +a>,Yd, (2-36) 

vL= Rs i2 + sY& -me Y& (2-3 7) 

where s = d i f f d  operator 

v&= instantanmus qe-axis stator voltage 

v%= instantaneous dc-axis stator voltage 

Rs = stator resistance 

i& = instantaneous qe-axis stator current 

i& = instantaneous de-axis stator cunent 

a>, = stator fieqyency (rads) 

Y& = qe-axis stator flux linkage 

Yd, = #-axk stator flw linkage 

If the rotor moves at a speed of C O ,  the dq axes nxed on the rotor move at a 

speed of ( a .  - cor) relative to the synchronously rotating derence M e .  Then, the rotor 

voltages can be expressed as 

v&=Rr i& + sy', + (ae-cur) Y2 (2.38) 

v&= Rr iC, + SV; - (a>. -a>r) Y& (2.39) 



where vQ, = instantaneous qe-axis rotor voltage 

vk= instantanmus de& rotor voltage 

R, = rotor resisfance 

i& = instantanmus qe& rotor cumnt 

q = instantanwus de& rotor crarrnt 
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It shouid be noted that for a squimI cage induction motor or Mgle fcd machine, 

v& and v& are equal to zero. 

The various flux linkages are given by 

Y& = Lh i& + Lm (i& + i;,) (2.40) 

Y!& = Lb i& + Ln fi$ + i&) (2.41) 

Y& =L& +Lni ( iL  + i Y  (2.42) 

Y & = L b i L + L , ( i d p + i & )  (2.43) 

where LI, = stator leaicage inductance 

Li, = rotor leakage inductance 

Lm = rnagnetipllg inductance 

The mode1 of electrical dynamics, in terms of currents and voltages, cen be 

rewfitien in matrix form as 

where s = Laplace operator 

L,= stator inductance 

Lr rotor inductance 
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During steady-state, ai i  s-relatai terms in the above matrix becorne zero, and aii 

variables in the synchronously rotaîhg reference fiame appear as DC ~uantities with 

Musoida1 excitation Electncai rotor speed relates to torque by the foilowing expression 

where TL = load torque 

The electromagnetic torque is thai given by 

- LEL ie - id ie - 2 2  m & r  pl&) (2-47) 

W. (2.44), (2.45), and (2.47) together fepresent the complete mode1 of the 

electromechanical dynamics of an înduction machine, 

2.1.4. Direct Field Oriented Conti01 

Two primary methods e& in order to obtain the magnitude and position of the 

rotor flw; direzt and indirect field oHented controL 

In direct field orientation, the position of the flux to which orientation is desircd 

- is duectly measureâ uing sensing devices or esLimated fiom temimi  rnesfsurements. 
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Since rotor flux m o t  be sensed directly, a rotor flux-oriented system requires some . 

computation to obtah the &sired information âom a dirrctly sen& si@. Two of the 

most widely known sensing met.& are the Hall sensing method and the flux mils 

method 

Figure 2.6. Direct field onented control 

In the Hall sensing method, shown in Fig 2.6, two sensors (Le. Hall sensors) are 

placed m the air gap of the stator and meesun the anguiar position of the magnetic field 

The signais are fad into a Ctector analyzer" (VA), which flters the signai and adjusts the 

ampiitude. The sine and wsine of the magnetic field angle corne nom the VA anci are fd  

into the 'tector rotatof' (VR). The control signais for the mapetking cumnt 1, and the 

rotor cumnt 1, (shown in the upper left part of the figure) together defme a controt 
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vector. The vector is f d  into the VR, which rotates it to au angle w h m  1, and It are fed 

into the nght angular positions in the motor. 

Because the cunents are fed into the stator windings, the motor must be 

controlled in stator coordinates. Since the stator reference fiame is related to the stator, it 

is statiomxy. However, the coordinate system related to the magnetic field rotates (ie. 

foUows the rotation ofthe magnetic field). Following the rotation and viewing the motor 

h m  the field oriented reference h e ,  it behaves WLe a M= motor as it appears to have 

a stationary magnetic field vecûx and stationary cumnt vectors (i.e. M: cments). Thus 

the motor can be controlled by DC cumnts, if the controi signals are generated in field 

coordinates [8]. In Fig 2.6, there are field cooràinates to the left of the VR and stator 

coordinates to the nght The control si@ are created in field coordinates, consequently 

as DC currents, and then transformeci to stator coordinates. 

A disadvantage with Hall sensors is that they me subject to severe thermal and 

mechanical stress due to their semiconductor nafures resufting in output emor which is 

dEcult to compensate. 

In the flux mils methoâ, flux coils are used to sense indu& voltage (which is 

proportional to the flux change), follomd by integrators to calculate the main flux of the 

motor. Flux mils avoid the problem inherent in Hall sensors by having no active 

dconductor wmponents. H o m  control problems can arise because most flux mils 

are mounîeâ on the stator, and not the rom. As a resuit, these sensors monitor the stator 

flux in a stationary derence fiame, -and not the rotor flux which is used in the 

decouphg scheme. The rotor flux then must be deriveci fiom the flux sensor 



measurements via flux linkage equations. 

errors in the system dypamics [Hl. As 
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This leads to the introduction of detuning 

flux coiis can oniy give satisfàctory fesults at 

ikquencies above 5 to 10 Hi Therefore, this technique is unsuitabte for position control, 

as the flux cannot be sensed at zao speed 

A problern with most direct orientation schemes is that they require modifications 

to be made to the motor (Le. mounting of extenial devices) making them expensive and 

irnpractical outside the laboratory setîing. 

2.1.5. hdirect Field Orienteci Control 

An alternative to direct serishg of the flux position is presented in indirect field 

orientation, which can employ the slip relation to estimate the flux position to the rotor. 

There are no sensing devices placed inside the motor, meaning thm is no direct 

measuement of the magnetic field hstead, the rotor speed (i.e. rotor fkequency) is 

meamred and slip fkquency is caiculateâ Addition of these fiequencies yields an 

optimal stator firesuency for motor controL This scheme is show in Fig. 2.7. A sensor on 

the motor shaft measures the rotor angle &(or m a w n s  the rotor specd a, foiîowed by 

an htegrator for calcdation of the angle). The input signais for curent control are useû 

for cdcdation of the desired slip fkquency, md, *ch is integrami, giving a slip angIe, 

est, which is added to the rotor angie. (The slip angle is nquind to adjwt the incîination 

of the d-axis so that the magnetization of the motor is aiong this a&.) The sum of the 

* two angles gives the instantaneous rotor flux position angle. 
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Figure 2.7. Indirect field oriented control 

For determbtion of the rotor flux, a real tirne solution of the motor flux mode1 

w t i o n s  is imp1emented using the rnea~ufable stator crnrents and rotor sped as driving 

functions. This is shown in block diagram fom in Fig. 2.8. 

Figun 2.8. Indirect FOC induction motor model 
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Indirect field orientation does not have inherent low speed problaas (uniike 

âkc t  FOC), and is thus preferzed in most systems that must opmite near zero speed. As 

weU, flux can be obtained even dom to zero fkqyency, making it suitable for position 

wntrol. A major drawback, however, is that caicuiation of the rotor flux depends on the 

rotor t h e  constant TR, where TR = LI/ R,. This time constant is dependent on rotor 

resistance, which is a funcfion of rotor temperature and therefore tends to vary 

signifïcantly due to temperature variations and the skin effect This affects the accuracy 

of the flux magnitude and angle estimation, leadhg to a degradation in system 

performance and @ty of control. 

The fhctiond diagram of a generalized indirect field orienteci conîrol system is 

presented in Fig. 2.9 [2]. The solid lines repfesent s i p i s  that are necessary for field 

orientation, while the dashed Iines indicate signais that may or may not be nquUed. As 

well, the stator c u m t  is divided into its àkxî component, i*, and its quadrature 

component, i,,, which are expresseâ in the field orient& firame (ie. the synchnously 

rotating reference b e  fked on the rotor magnetic field). The direct and SUaQature 

wmpnents control the rotor flux, Yr, and electrornagnetic torque, TT respaïvely, of 

the induction motor. The inputs are the torqye command (estabIished by sped or 

position feedback) and the flux CO-d (usually constant). The mgnetking teference 

input, v z  or zz, and the toque reference, v ; ~  or i&, are produced by sepsuate controliers. 

These voltages or currents are then fcd into the matrix LT1, which transfoms them fiom 

synchnously rotating coorciktes to stationary coordinates. Then, they are converteû 
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âom the two-phase to the three-phase domain via the matrix p, whae they becorne 

pbase commands for the inverter. Suarlady, in the f d a c k  loop, the three-phase 

~uafltities are converted back into two-phase variables noni a sfati~nary to a 

synchronously rotating reference hme.  The fliix magnitude, field angle and toque 

caiculation block may require any of a combination of phase cumnts and/or phase 

voitages and rotor speed [la]. Even though a voltage source inverter (VSI) or a cumnt 

soince inverter (CSI) may be used for voltage phase commands or current phase 

commanàs, respectively, this is not essentiai. For example, current phase commands can 

be applied to a VSI with cumnt feedback implemented for the inverter itseIf[19]. 

2,1,6, Flux Estimation 

Figure 2.10 helps to explain the procedure for estirnating the rotor flux magnitude 

and aoguiar position using indirect field orientation. The cPqs axes are fixeci on the 

stator while the deqe axes rotate at synchronous anguîar velocity CO,. At any instant, the 

q e d s  is at anguiar position 8, with respect to the qs-axis. The angle 8, is given by 

8. = Or + 8,1 (2.48) 

= (mr f ~)tl)t 

=me t 

where 8, = rotor angular position ( ~ r  r )  

O,[ = siip mguiar position ( W ~ I  r )  

Oc =Or+Od 



The rotor flux , 'Pra consisting of the air gap flux and the rotor lealcage flw is 

aligned to the d-axis. Since the voltages v& and vd, are zero, Eqns. (2.38) and (2.39) 

becorne 

and h m  Eqns. (2.41) and (2.43), 

Y& = L, i g  + Ln< i& (2.51) 

Y & = L r i & + L m  i2 (2.52) 

The rotor currents h m  W. (2.49) and (2.50) can be eliminated by substituting 

Eqns. (2.53) and (2.54) into Eqns. (2.49) and (2.50) to yield 

& L m  
O = 'i;YQ r R r  i& + SV& + (me w,) Ys (2.55) 

Rr 0 = -y t, , - ~ R , i & + s Y & ( a > , - c u , ) Y $  Lm (2.56) 



Figure 2.10. Phasor diagram for field orientation 

The field orientation concept implies that the currents supplied to the machine 

should be oriented in phase and in quadrature to the rotor flux vector Y&. This can be 

lichieved by selecting W. to be the ~ e o u s  speed of Y4, and loclriag the phase of - 

the refcrence systern such that the rotor flux is aligncd with the d.-sWs (te. aagle B = 0, 

hence the field angle 4 equals the synchronous angle Oc), resuiting in the mathematicai 

comraint 

This is the case for steady-state operation with zero load toque, neglecting stator 

- and rotor Iosses. One purpose of field orientod control is to detamine the field angle 4, 
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which is equai to Be, during this time fime. However, dduring steady--te, wconstant load 

tocque operation, is a miall negatïve constant (typicaiiy -30° < c OO). 

For decoupling cuntrol, it is desirab1e that 

Y,=sP,=O 

Y*=Yr=coIlSmt 

sY*=O 

(note that no superscript denotes field orienteci axes). 

Hence, Eqns. (2.55) and (2.56), with decoupling controi, becorne 

Ln, Rr 
m ~ - -  - - Yr LLr 'es 

fiom which it can be seen that rotor fim is a simple nrst order differential equation 

wfiich is dependent on the d a i s  current of the stator in the synchronously roEsting 

coordinate system. 

E~IL (2.59) can be rewriîten as 



As weii, in the field orienteci fbme, Eqm. (2.5 1) and (2.52) are expressed as 

Y, =L, i, +Lm i,, (2.62) 

Y* = L r  i* +Lm ib (2.63) 

Eqns. (2.62) and (2.63) are quite relevant to the approach taken in this thesis to 

obtain field oriented control, as is d i s c d  in Chapter 3. 



2.2. Robust Control Theory and Loopshaping 

No physicai system can be exactly rnodeled by a mathematicai systeni, Such is the 

case for high pediomance motor Qive systems, *ch demand good command tracking 

and load regdating responses. Ideaily, the performances should rernain insensitive to the 

uncertainties of the drive system, which include clifferences in the dynarnics of the mode1 

and the actuai process, such as extemai load disturbance, unmunmodeled and nonhear 

dynamics of the plant, and plant parameter variations. This is the definition of robust 

control. To determine how tmCertaiXLties aéct a system, the concepts of robust stability 

and robust performance are applied to the model. 

23.1. Types of Uncertainty 

Modeling errors can be separated into two types. The fint is parametric (or 

stnictured) uncertainty, in which these errors are differences between the numerical 

dues ofthe differential equation coe5cients between the acaial plant and the model. It 

is assumed that the actual plant is of the same order as the modeL The second type of 

uncertahty is known as umtmcmed uncertainty, in wwhh the modeling errors refer to 

the difference in the dynamics between the finite dirnensiod mode1 and the unlniown, 

and possibly infinite* dimensional actual process [15]. This thesis considers only 

tmstructured tmc-ty, due to the h t  that paf8metric errors and the e f f i  of 

unmodelexi dynamics are accounted for d e r  its &finition 
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Suppose that the plant (a nominal transfèr fùnction), P, belongs to a bounded set 

of alansfer ~ c t i ~ n s .  P. The multiplicafive repesentation of unstructureù mcertainty is 

when p(s) = a pertinbcd plant tramfier bction 

A(s) = a variable stable W e r  h c t i o n  satisfying II A 11,?;1 

W2(s) = a fixeci, stable, and proper îransfer fiinction ( a h  c d e d  the weight) 

s = Laplace operator 

Note: the infinity nom (or CJO - nom) of a fiindon is the least upper bomd of its 

absolute value, 

II A II- = y l AUWI 

(Le. iî is the highest gain value on a Bode magnitude plot). 

The qmtiîy II .II, is a nom, as it satisfîes the following axioms (as pet 114,161): 
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It is assumeci that no unstabIe or i m q h y  axh poles of P(s) are mce1ed in the 

formation of P(s). Thus P and p have the same UIlSfabIe poles. 

Since A accoimts for phase uncertainty and its magnitude varies between O and 1 

at a i i  hpencies (i-e. A acts as a scaling factor on the magnitude of the perturbation), the 

set P is the set of the W e r  hctions whose magnitude Bode plot lies in the envelope 

surrotmding the magnitude plot of P(s), as iiiustrafed in Fig 2.1 1. Thus, the size of the 

rmstnictund uncertainty is represented by the size of the envelope containhg P, and is 

foimd to increase with increasing fiequency. The upper edge of the envelope codorms to 

the plot of (1 + 1 Wz(jo)l) 1 P(icu)l, whik the lower edge of the envelope codorms to the 

plot of (1 - 1 W2(ia>)l) 1 P(@)l. Typicdy. ( W2(ja)l is also an increasing fûnction of a>, as 

demonstrated in Fig  2.1 1. Furthermore. since the phase of Aÿa) is arbiûdy variabie, 

the phase ciifference between any PVO) E P and P u a )  can be ar'biûaIiiy large at hi& 

Frrq~eocy 

Figure 2.1 1. Bode plot mtaprctation of mitltpficafive uncatamty 
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Iaterpreting the mcertamty rnocM, it can be seen that A(s)W2(s) is the 

normalized em>r in the transfer M o n  of the pemirbed system with respect to the 

nominal modei, such that 

which reduces to 

for all  fiequencies, so 1 W2(ico)l provides the uncertainty pronle. As shown in Fig. 2.12, 

this inequaliîy descri'bes a closed disk in the complex plane of radius 1 W2@4 centereâ at 

1, which contains the point P@m) / Pm), for each âe<Diency. The imstNcaued 

uncertainty, then, is represented by the closed disk and, therefore, the direction and phase 

of the uncerfainty is left arbitmy. 

Figure 2.12. Multiplicative uncertahty in the complex plane 



The notion of robustness requins a wntrolier, a set of plants and some 

characteristic of the system [14]. A controuer C provides robust stability if it provides 

internai stability for every plant in the uncertainty set P. (Note that the Laplace operator s 

has been dropped for convenie~1ce sake fkom this point onward However, the trader 

f'unctions are stili fimctions of s unies otherwise stated) Hence, a test for robust stability 

involves the controller and the uncertaiaty set. Let L denote the op-1oop transfer 

fiinction (i.e. L = P C). Then, let S denote the semitivity fiinaion (i.e. error to reference 

tranfer fimction), 

1 s=- I+L (2.68) 

and the complimentary sensitivïty fimction (i.e. output to reference transfer fiindon) is 

Furthemore, for a multiplicative paturbation model, the robust stability 

condition is met if and ody if II W2T 11, < 1 [14,1q. A graphical interpretation of this 

condition is show in Fig 2.13. Hence, the stability condition may be generalized to 

becorne 



Therefore, the criticai point, -1, lies outside the disk, which i s  centend at L(jo), 

Figure 2.13. Robust stability condition in the cornplex plane 

The relwance of the condition II W2T (1, a 1 «in be seen in its relation to the 

small-gain theorem, which *tes that the f d a c k  system is initially stable if ai i  the 

transfer finictions (i.e. the plant P, controller C and feedback gain F) are stable and 

II PCF 11, < 1. A block diagram of a typicai pertur&ed system, ignoring ail inputs, is 

shown in Fig 2.14. The transfer fimaion fiom the output of A to the input of A quais 

-W2T. The promes of the block diagram can be reduced to those of the co&guration 

given in Fig 2.15. The maximum loop gain, II - W2T Il,, is l e s  than 1 for aiï aliowable As 

if and only if the d - g a i n  condition II W2T 11, s 1 holds. 



Figure 2.14. Perturbeci feedtack system 

Figure 2.15. Reduced block diagram 



2.23. Robmt Performance 

In ted  stability and performance should hold for al1 plants in the mcertainty set 

R according to the genefalizatioxt of robust &ormance. The robust stability condition 

for an isternally stable, nominal feedback system, is II WzT 11, S 1, and the nominal 

@ormance condition is II WIS 11, s 1, whae Wi is a d-rational, stable, 

minimum-phase transfer fimction (ais0 Wed the weighting hction) such that 

If, as before, = [1+ A W2] P, then the perturbed sensitivity fimction is *tien as 

1 s=-- 1 - 1 - 1 - 2.71) i+w 1+(1+AW2)PC - L<l+AWI)L ( l+LwAWL l+AWzT ( 

II lZ& Il II l z a  11, h l (2.73) 
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Hence, Eqn (2.72) can be rewritten as a necessary and d c i e ~ t  condition for 

robust peSomance, which is 

U IWlS I + IW'TI II, 1 (2.74) 

which is a stronger consiraint than nominal performance or the robust stabiîity condition 

done. A graphical inteptafion of this condition is shown in Fig 2.16, whereby 

At each fiequency, ththe exist two closed disks, one disk centered at -1, radius 

IWi(io)]; the other centend at L(,&), radius IW2()iu)L(ia)(. The condition given by Eqn 

(2.74) then holds if and ody if the two di& have no nontrivial intersection (i.e. they can 

touch, but they cannot overlap). 

It shouid be noted that s h c e  the condition for simuitaneously achieving nominal 

performance and robust stability is 

IImax(lw1sI. IW2TI ) 1100 s 1 (2.76) 

and the robust performance condition is tested by Eqn (2.74), then the conditions in 

Eqm. (2.74) and (2.76) di&r at most by a factor of two. In other mr&, 

II~~~(lWlSI~iW2TI)II~~IIlWl~i +IW2TIlI~~211~~~(lWl~I.IW2~I)1l~ ( 2 - m  
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The choice of these n o m  is not crucial, even though they may vary by as much 

as a fàctor of two. The inherent tradeoffs in contr01 pmblems between 1 WIS 1 and 1 W2 T 1 

aiiow for similar solutions to be achieved even when using différent n o m  

Figure 2.16. Robust performance condition in the cornplex plane 

2.2.4. Loopshaping Technique 

Loopshaping is a graphitai design procedure for robust penonnance design, 

whereby P, WI, and W2 are the input data, and a propet wntroiier C is âesigned to 

stabilue the plant and fste Eqr~ (2.74) 1141. The basic ide0 of this methcxi is to 

construct the bop transfer hction t to approxhately satisfi/ Eqn (2.74), and then to 

- attain C via C = L / P. Intemai stability of the nommal fecdback system and the 
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properness of C constitute the coastraintr of this method. It is assumed that P and Pl are 

both stable, otherwise L mut contain P's unstable zeros and poles. Thus, the condition 

L=PC must have no pole-zero cazlcellsition, In terms of Wl, W2, and L, Eqn. (2.74) is 

given by 

which must hold for dl aeqUencies. (Note thaî the argument jo is dropped h m  this 

point on The transfer fiinctions are still f'unctions ofjm Wess otherwise stated.) 

A necessary condition for robust performance is îhat at every fieqyency, eitha 

1 WI 1 or 1 W2 1 must be l e s  than 1 [lq. Typically, 1 WI 1 is monotonically decreasing (for 

good tracking of low fiequency signais), and lWzl is monotonically increasing (as 

uncertainty increases with increasing fkpency). Hence, at each fkquency, either 

JWII < 1 or lWzl< 1. It is also the case when JWll< 1, » 1, and when IW21 < 1, 

1 WI 1 " 1 - These properties can be used to determine the relationship baween 1 WI yiI,I W2 1 ,  

and 1 LI. 

For the case 1 WI 1 " 1 > 1 W2 1, Eqn. (2.78) becomes 

~ < ~ ~ I W ~ I + I W , I I L I  C I M I  (2.79) 

~ W I ~ + M ' ? ~ ~ L I  <1+w (2.80) 

(a necessary condition), and because 1 WI 1 » 1, it can be said that 



(a mcient  condition). Since ( Wi 1 » 1, the wndition r < 1 can be appn,xhwed by 

(a necessary condition), and since 1 W2 1 » 1, it can be said that 

(a d c i e n t  wndition). Since 1 WI 1 >» 1, the condition î < 1 can be approxhmed by 



and at high fiequencies 

The loopshaping design procedure can now be outlined (as per 1141): 

1. Plot two c w e s  on a log-Iog d e ,  magnitude versus fiequency. These are 

and 

2. On this plot, fit a p p h  of the magnihde of the open-Ioop transfer fimction 1 LI, 

whereby 

and 

At vay  high fhquencies, let IL1 roll off at least as qutqutciûy as [PI dues. This ensures that 

the controiler is proper. The generd features of the op-1oop tramfer fimction, then, are 

- that the gain in the low fhquency region shouid be large enoug4 and in the high 
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fhquency region, the gain shouid be a t t e n d  as much as possible. The gain at the 

intemediate fkquencies typically controls the gain and phase matgins. Near the gain 

crossover fkqueucy uc (where the magnitude equals 1). the slope of the log-magnitude 

cuve in the Bode plot should be close to -20 ciB /decade (Le. the transition from low to 

high fiequency should be smooth). If ILI drops off too quickly through crossover, intemal 

instability will r d t ,  so a gentle dope is cmcial. 

3. Obtain a stable, minimum-phase open-loop transfer fimction L for the gain ILI 

alnady constructed, nomializing so that L(0) > O. The latter condition guarantees 

negative feedback. 

4, Recover the controlier C fiom the condition L = PC. 

5. Ver@ nominal stabfity and the condition of Ecp (2.74), i.e. 

Il IWlW + IW2Tl IL 1 

in order to validate the design Nomiiial internai stability is achieved if, on a Nyquist plot 

of L, the angle of L at crossover is greater than 180° (i.e. ctossover occurs in the tbird or 

fourth quadrant). If either of these conditions do not ho14 this entire process mut be 

rrpeated 



Chapter 3 

3.1. Implementation of FOC and Robust Controllers 

In this chapter, the design of a field oriented control drive system for an induction 

motor, and subsequently, the design of robust controllers for this mm, are presented 

The major components to be considereâ are an induction motor, a PWM voltage source 

inverter, a robust controîier for rotor flux, a robust wntroller for shaft speed, and two PI 

controllers for d q  field currents. Note that the field oriented control approach to be used, 

is based on the availability of a voltage source inverter in the power electro~ics 

laboratory at the University of Calgary, which wil i  kilitate the frmue physicai 

impiementafion of the proposed drive system. 

33. Induction Motor Drive Mode1 

The block diagram ofthe indirect field oriented controiled induction motor drive 

is show in Fig. 3.1 (as based on the generalucd FOC system presented in Fig. 2.9). It 

cm be seen that the dq voltages are generated in the field oriented reference h m e  fÎom 

the field oriented b and i, feedback quanuities. These voltages are then rotated (via 

matrix V I ) ,  trandormed (via matrix P), and applied to a voltage source inverter. 

UtiliPng a simuiated induction motor mode4 this entire system was coded in C (see 

- Appendix A). 
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Field orientation results in decoupled rotor flint and torque production, and 

therefore, a need is established for separate flux and speed control. This Ïs achieved 

through the design of robust flux and speed controllers. 

3.3. Robust Control Design 

An accurate knowledge of the field angle, 4, is crucial in coordinate 

traasforrnation, as is show by Fig. 3.1. In FOC, as motor speed begins to increase fiom 

standstül, it is offen desirable for the rotor flux to reach its marrimm value as quickly as 

possible and maintain that magnitude throughout its operathg range. A robust flux 

controller, and subsequently, a robust speed controller, is proposed to achieve this 

required fast speeà response while ailowing the system to rernain relatively insensitive to 

the uncertainties of e x t e d  disturbauces and pafameter variation. It should be noted that 

ail results presented in this chapter are based on flux magnitude and field angle 

calculations as per Eqns. (2.44), (2.62). and (2.63). 

From the simplined block diagram of the induction motor mode1 shown in 

Fig. 2.8, the following relationships can be established 

L m  
Y, -& 

Te =Kt I& 



where Y, = rotor flux 

Ln = magnetiPng inductance 

id, = aw CO-d c m t  

i& = torque command current 

Te = electromagnetic torque 

KI = torcpe proportionality constant 

p = number of poles 

TR = rotor time constant ( = LJR,) 

Note h t ,  as in Chapter 2, the transfer functions are stil1 functiom of s d e s s  otherwise 

stated 

As weli, the relationship baween electncai rotor speeâ and torque presented in 

(2.45) can be rewritten as 

T ~ - T L = ( N ) L ~  =Jdor ld+  Bmr (3-4) 

where TL = load torque 

J = polar moment of inertia 

B = coe5cient of fnction 

a>? = rotor a n a  velocity 
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From E q p .  (3.1) - (3.4). it is possible to create fint order models of the tramfer 

fimctions i& -. Y, and i& + a,, for flux and speed control, wbich are, rrspeaively, 

where Pl = nominal plant transfer fiinction for flux control 

PI = nominai plant transfer fiinction for speed control 

There are several types of pemabations to be considered in system modeling. For 

both flux and speeà contd, one variable to be considered is the delay effect in system 

dynarnics due to the coupling characteristics of the mechanid shaft, written as eQ, 

where r is the dead-the of the drive, and e* is treated as a mdtipiicative uncertainty. A 

first order Pade approximation of e* is used to simplify the analysis [11,15], where 

For the flux controi system done, the rotor resistance, R,, is considend a 

pemnbed variable, due to temperanae and skin effect durhg the normal 

operation of an induction motor. For the speed conirol alone, the variables to k 

- prttirtnd are the inertia, J, and the toque pportionality constant, &, which is a 
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function of the flux command caren?, i&. This current is found to vary slightly during 

n o r d  opt ion,  rather tban remain constant The inertia constant can undergo 

signifiant change to test the effectiveness of the proposed conîroiiers [13]. In fact, a i i  

tolerances can be made large when modeling. By overcompeflss~ting for any given 

perturbations in the modeling proces, then, the controllers should be able to oset  any 

unexpected changes during normal operation In this way, the controllers are modeled for 

a worst-case scenario. Therefore, the rotor mistance, polar moment of inertîa and the 

proportionality constant are assumed to be subject to variations of LM,, hl, and AK, , 

w b b y  

~ = R , + M ,  (3.8) 

J=J+AJ (3.9) 

Z%=&+AK, (3.10) 

where = pemnbed rotor resistance 

J= pertukd inertia constant 

Accordingiy, the drive models are replaced by 

where Ff pcmirbed trader function for flux controI 

E= patiirbed plant transfer fimction for speed control 



The coefficient of fiction, B, is not varied due to its relatively smaiI magnitude in 

variation nie nominai values and toler~i~lces of these pertinbed parameters are: 

Table 3.1 : Pemirbed parameters 

3.3.3. Loopshaping Design 

The fiequency respome of each perturbed plant is shown in Figs. 3.2 and 3.3, for 

flux and speed contrai, nspectively. It can be a n  seQit the tolerances iisted in Table 3.1 

provide the upper and lower boundaries of each perturbed pîant set. A pemntied plant 

contained within each set can have any irreguiar magnitude response shape, within the 

known bounQries. E ~ L  (2.67) provides a means whereby the weighting trader function 

W2 can be found For convenience, this equation is rewritten here 



Figure 32 .  Frequency response for perturbeci flux plant 

Figure 3.3. Frequency response for pahirbed speed plant 



56 

RedUCiLlg Eqn (3.13) to incorporate the various perturbed a fimction 

W2 is found to satisfv the requhments of both control systems, and Û &en by 

The nsult is shown in Fig 3.4. The muency responses and the daermination of 

WZ are obtained through MATLAB 1201. As mil, the entire loopshaping procedure is 

applied through MATLAB. These programs are listeci in Appendix B. 

Figun 3.4. Magnitude plot of W2 
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Tbugh simulation studiess a cutoff fkquency of 1 r d s  provides good -king 

over the normalited fhquency range [O, 11 for both control systems. Hence, a transfer 

fbction Wi is chosen to be a third order ButterWorth filter, given by 

for both control systems. Using Wl and W2 in conjunction with Eqn (2.78), a satisfactory 

1 LI is wnstmcted and shown in Fig. 3.5, with 1 WI 1 and 1 W2 1. Then, a stable, 

minimum-phase open-loop ttansfa f'unction l is obtained as 

~igure 3.5. plot of 161. 1 WI 1, and 1 W2( 



that 

at low a#ruencies7 and IL 1 » 1; 

I l  jk2j. athigtifiequencies,and(ll e l .  

Also, the transition of 1 LI fiom low to high fiequency is seen to b be"smooth". 
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The corresponding controliers for flux and speed , Cf and C, nspectively, are 

recovered fiom the condition L = PC, and are given by 

The robust puformance condition is verifid by plotting IWlS 1 + 1 W2T 1 , as 

shown inFig. 3.7, whm it cm be seenthat II IWIS 1 + IW2T 1 11, = 0.13 < 1. This is the 

best remit that can be achieved with gain manipuiation (of L). The penormance 

condition is found to depreciate towards 1 if the gain is manipulateci in either the positive 

or negative direction. 

- - - . - . . - - - - . - - ........... " . . U . . . * * l l . H I . . . . * * . . . * * ~ * . ~ . * * c . . œ c . * ~ * . . * . * * . . o ~ . * . C I * . . c . * ~ . I o  
,.*.;*.;.;Y;;;ü*.. ;.&&:;== .***;.*:*:4:::"n.* ..S*&G:;;;Iy ...*:**:.:.;;;;r**..;.j;;;;;W -... ;. .;.;y;;;~..*;.*;.;.;;yi;;***.;*~;*;.;;i~.**~~y.+~.:ih'~..*~;*.i.;.;;~~~***~*;.*~;~~ ............ ... .....- *m.*.. .... ...**.. ..........o.... 
y......*.*-0.-.o.-.--.*.*.*.*.*.*...*.- 

*m.... o..... wsi-.""".**-*..""""'- . . .  . . .  ....o... *.O............. 
.*.*a . *.*.- .*.- L U I  .............. .o.. . .  ... 

,....f ..).f.:*)l)~...*.:...:.t. f~.:.:<ff.**~**~*~.f~~)...**...*++~.~<~..-.1..f*~.>ff~~..*..>..:..>C.:.~> 
......a... ***.U ... *m.*" ... .O*... 0 . .  .....o.. ...*......*. .....*.......*.......*.. . .  II*." .,.,H ....... 0 . .  ...- . . O *  .o... . .  a H ................ 

tndlf) 

Fi- 3.7. Robust pediormance verification 
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Also, it can be shown that L(0) > O and that the mots of the closed loop systern 

l+L=Oare 

-2.0303 + j5.7448 

-2.0303 - jS.7448 

-1.9394 

ven-g that this L provides nominal intemai stability. This is correlated by Fig. 3.8, 

which shows the Nyquist plot of L, and Fig. 3.9, which shows gain and phase margins of 

L. Gain margin (GM) and phase mgin (PM) an used to m a u r e  the system's relative 

stability [21]. The gain margin is the amount of gain in dg that cm be iwrted into the 

closed loop before the system reaches instability. The phase rnargh is the change in open 

loop phase shifk required at uni@ gain to make the closed loop systtm unstable. The gain 

crossover fiequency, WC, is the fkquency at which the loop gain crosses the O dB line; 

and the phase crossover frequency, a+, is 
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the fkquency at which the angle of L(fmP) crosses the - 180° he. If1 woP) 1 lies below 

the O dB iine, GM is positive; otherwise it is negdve. If the angle of WC) lies above 

the - 180' line, PM is positive, and if it lies below, PM is negative. A A m - p h a s e ,  

proper transfer fimction has aU its poles and zeros lying in the open Ieft half s-plane. 

Generally, for a minimum-pb L, the system is stable if GM > O and it is unstable if 

GM < 0; and generally, a minimum-phase system has a PM > O and becornes unstable if 

PM < O. Thus, in Fig. 3.9, it can be seen that the gain margh is positive and the phase 

m a r e  is positive, also verifjing that the w e m  is stable. 

Figure 3 -9. Gain and phase margins 
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Next in the design procedure, a mit step input is applied to the closed loop 

system as there is a close correlation between a system nsponse to a unit stcp input and 

the system's ability to Horm under normal operathg conditions [15,21]. The response 

is &en in Fig. 3.10, fkom which the foiiowing quantities are determineci: 

(a) peak time (t,) = the time for the step response to reach its nrst peak 

(b) percent overshoot (PO) = the amount that the Rsponse overshoots its 

steady-state (or final) value at the peak the; 

expressed as a percentage of the nnal value, 

(c) rise time (t,) = the t h e  at which the step response first reaches 90% of its 

final value minus the time at which it fint reaches 10% of its 

(d) settîing time (ts) = the time requind for the respome to settie to within f2% 

of its final vaiue. 

For tbk system, 

t, = 0 5439 sec 

PO = 30.6255 % 

t ,  = 0.2448 sec 

tr = 1.7949 sec 

It is fotmd that if the gain of L is in& the sethg time and the percent 

overshoot incrrare, W e  the rise t h e  decr#rses. The opposite effect occun for each 
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quanti@ if the gain is decreased Ideally, a low settling the, low percent overshoot and 

quick rise t h e  are desired (i.e. as close to a unit step as possible). Therefore, an optimum 

case should be fomd which best sathfies aii the criteria. In this thesis, the design 

focuses on the best robust performance for the controllers, thereby hding a middle 

temis of PO, t,, and t, . 

1.4 I I L L I 

nlla (=) 

Figure 3.10. Unit step nspow 

As another test of controiier pedomance, the unit step response of each 

peririrbed systern is fomd for the varying d u e s  of r,R,,J, andK, . The r d t s  are 

shown in Figs. 3.1 1 and 3.12 for fiux and speed, rrspectively. It can be seen fiom these 

figures that, in each aise, as the uacertainties increase, the response percent ovmhoot 

- decreases, but the rise t h e  increases. 



t t t ? e * 1 * E 

0 3  1 1 . 5 2 3 3 4 4 . 5 5  
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Figure 3.1 1. Unit step respome for per&urbed flux wntrol system 



The robust wntroiIers are placed into the drive system (as per Fig 3.1) for 

simulation by wnverting them fiom the continuous time system of their ~~ 
environment to the dimete time gstem employed in the C program for the FOC drive 

system. This is accomplished by using Tustui's method (also hown as bilinear 

trardormation) [ZO], which direcfly converts the sdomain controlier C(s) into the 

z-domain controiier Cd@) by the following substitution: 

Iet 

where T, = sampling interval (chosen to be 0.3 sec for these systems) 

The redting zdomain controiiers for flux and speed, respectively, are then 

The controllers are then converted to the discrete time domain as per [22,23], to 

becorne différence eqytions in delay*perator fom, defied by the contr01lers' inputs 

and outputs. That is, for flux cotltroi, the input to the controiier Cl is given by xhk) and 

the output is given by y@), where 



and for speed control the input to the controlier Cs is givea by xs(k) and the output is 

given by y@, wliere 

Therefore, for this drive system, the difference equatiom are 

The initial conditions, for k = 0, are chosen to be 0.0 p.& for xf and x, at (O), (4), 

(-2), etc., and 6.0 p.u for yf and y, at (O), (-l), (-21, etc., as this corresponds to machine 

operation. In ht, the choice of values for y1 and yr is not crucial as the FOC program 

converges quickiy (Le. there is no difference in the output if the initial values for y1 and 

y, are 0.0 P.IL or 6.0 p.u). 



3.4. Cumnt Controllers 

In successfiil field orientation, the dq  axes are demupled, yielding the correct 

stator cunents. Thus, c w n t  controllers are n d e d  to regdate the stator voltages, for a 

system iising a voltage source inverter, in order to achieve the desired cmnts. In the 

FOC scheme of Fig. 3.1, cirrrent wntrol is performed in the field oriented reference 

b e ,  whereby i& is obtained the rotor flux controlier and iQ, is obtained nom the 

Jpad wntroller. These controllers are chosen to be PI wntroIlers, and as such, they must 

be tuned The proportional control coefficient is tuned nrst imtü the drive system just 

begins to becorne unstable, in order to determine a consmative value. Then, the integral 

coefficient is tuneâ to have the best steady-state error. 

The results of implernenting the robust controuers into the drive system, and of 

optimal tuning of the PI controllers, can be seen in Figs. 3.13 - 3.15. 

Figure 3.13. Electromagnetic -torpe 
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Figure 3.14. Rotor speed 

Figure 3.1 5. Flux magnitude 

The e lec tro~et ic  torque, Te, shown in Fig 3.13, reaches steady-state in a very 

short amount of time oess than 0.03 sec). However, there appear to k oscillatory 

W e n t s  diaing switchg In Fig. 3.14, the rotor speed ciwe is produced by to@g i4, 

bmeen 6.0 peu and -6.0 P.IL evay 0.2 sec, As can be seen fiom Fig 3.15, the rotor flux 



magnitude reaches 1-0 p.u in less uian 0.02 sec with FOC (and the robust controllers) 

irnplemented, whereas without FOC it takes this motor dnve 1.5 sec to reach 1.0 P.IL [2]- 

In FOC, the field angle, 4, is responsib1e for the precise location of the rotor flux 

field Since it is requind in coordinate trrinsformation of the system variables, from the 

synchronously rotaîing reference fiame to the stationary refefetlce frame, and vice versa, 

the field angle is essential to the goal of field orientaiion. The sine and cosine of the field 

agie (i.e. sin(#) and cos($)), for the induction motor, are show in Figs. 3.16 and 3.17, 

respectively. Since 4 is an unbounded hct ion,  and sin (4) is a bobounded fiindon, both 

sin(#) and cos(& an needed in order to work backwards to define the field angle. 

The dq axes currents in the sîationary refêrence h m e  are shown in Figs. 3.18 

and 3.19. 

($1 

Figure 3.16. Sine of field angle (4) 
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Figure 3.17. Cosine of field aagle (#) 

Figure 3.1 8. id in statiomy reference h e  



F i g m  3.19. i, in stationary reference îmne 



Chapter 4 

4.1. Panmeter Sensitivity 

The estimation of the rotor flux magnitude and field angle relies on the value of 

the motor parameters. The variation in rotor resistance, in particuiar, is the dominant 

factor affecting flux estimation, due to the temperature variations inside the motor. To 

provide some indication of estimation sensitivity, the value of the rotor resistance is 

changed in the FOC program, without aitering the robust controliers (or any other 

component of the simulated drive systern). 

The foiiowing r d t s  vmfy that the flux estimator is capable of achieving 

accurate r d t s  irrespective of the presence of rotor resistance variations. The rotor 

resistance is increased by 50% and 100% above the nominal value and the resuiting flux 

mgnitade and sin 9 are shown in Figs. 4.1 - 4.4, for each case. The fesults of cos 4 are 

similar to those of sin 4 and co~l~equently are not shown here. 

In achieving these resuits, there is no adjustment of robust controlia coe5cients, 

ve-g their effectiveness. The only acijustment to be made is in recalibrating the 

. .  
gain-Zimiting condition imposed on the command cumnt id, (Le. necesarry to maintain 

the command cumnt within reasonable physicai lirnits of the induction motor). This 

vaiue decreases by 0.135, h m  the nominal 0.315 value, for a 100% change in R, The 

gain-limiting condition imposeci on i& need not be altered nom the nominal vaiue of O. 1. 
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As can be seen, the mztximum absolute e m r  for flux mgnituée for both cases is 0.01 

Figure 4.1. Flux magnitude for R, increased by 50% 
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(4 

Figure 4.2. Sine of field angle (4) for R, hcreaseâ by 50% 
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To fiirther demonstrate the adaptive capabüities of the robust controllers, their 

performance is compareci with that of simple PI controllers for rotor flux and speed 

controL This is a worthwhile cornparison, as PI wntrol is st i l i  used to a gnat extent in 

industry due to the SimpIicity of des ip  and ease of implementation Under nominal 

conditions, the PI controllen provide nsults comparable to those of robust control. 

However, it #in be seen in Figs. 4.5 - 4.8 thai, without PI contmller coefficient retuning 

the wntrollers cannot regulate the flux magnitude for rotor resistance variations pater 

than 20%. 

The PI wntroUa coefficients are not retuned specincally to reflect this as a 

time-consuming drawback in @ce. It a h  m e r  emphasizes the advantages of using 

ro bust control. 

The d t s  presented in this chapîer indiaite that the robust controlied flux 

estîmator should work @te weiI under al l  normal conditions of induction motor 

operation 
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Figure 4.5. Electromagnetic torque with PI controllers 

Figure 4.6. Fiux magnitude with PI contro11ers 



Figure 4.7. Fiux magnitude with PI controilen (& increased by 10%) 

Figure 4.8. Flux magnitude with PI controilers (Rr increased by 20%) 



Chapter 5 

Discussion 

5.1. Command current ik 

When modeling the pemnbed system for robust controi, the torcpe 

proportionality constant is found to be a pemirbed variable due to the fact thet the . 

command cumnt id, changes during the normal operation of the induction motor. This 

current may thenfore be wnsidered as a pemirbed value itselfin the design of the s p d  

wntroller. However, a more accurate modd would be to treat i& as a feedback quantity. 

That way, in designing the speed controuer, the system can work with the amal, 

chmghg value of the wmmmd current, rather than with an estimation As can be seen in 

Fig. 5.1, the cumnt oscillates around 0.3 p.u 
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The ongin of the spikes in the figure is unknown. It may be because the phase 

margin is not large enough, resuiting in instability during mitching, or it may be a 

problem inherent in the FOC program as these spikes are present even whm using PI 

controllers for flux and speeci However, as seen in Chapter 4, the size of the spikes 

decrwises dramatidy with the implementation of robust control in place of PI control. 

Also, it is n o t i d  ?hat the spikes deteriorate, that is, Fig. 5.1 becornes "cleaner", when 

the gain-Limiting condition for rotor flux is decrrased from its n o d  vaiue. The 

setback to thiS, though, is that the flux magnitude itself deteriorates; it becornes slightly 

osciliatory in nature, and the magnitude is fomd to be just klow 1 p.& (which is not 

desirable). 

5.2. Gain-ümiting conditions 

In Chapter 4, system performance is exaxainai given variations in the rotor 

resistance. For such cases, the gain-limiting condition imposexi on iQ, need not be altered 

from its nominal value, while the gain-limithg condition for die command current i2 

should be recalirated slightly. It is found that, as rotor resistance increases, the 

gain-limiting condition decrrases. For nominal conditions, it is 0.3 15. For a 50% change 

in R ,  this value is bewmes 0.25, a change of approximately 20%. For a 100% change in 

Rr, this value decreases to 0.18, a change of approxha&Iy 40% fiom the nominal. 

N o d y ,  this may be significant enough to be considemi a drawback in wntrokr 

- design, as this vaiue would have to be slightiy altered for rotor resistance variations. 
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However, iî is found that for R, miances up to 20%, the decnase in the gain-limiting 

condition is so small (Le. less than 5%), that it can be considered negligible. It is ody for 

great inmeases in R that this value reqiiires slight rnodincation. 

A more dyPamic system mode1 is to have R, as a feedback qyantity that is 

continuously measured during nomial operaton of the inducfion motor, and through the 

FOC program, the gain-limiting condition is continuously adapteci to these changes. In 

this way, the correct flux is always generateà 

53. Application of an artificïal neural network 

A neural network " l m "  to perform a task after it undergoes a period of 

training, so that the network is able to generate the desired output when given a valid 

input [24, 251. It is this ability, dong with the other admutages of muiti-Iayer neural 

networks, that make them ideally suited for si@ processing as weii as control 

applications [26-281. Theoretically, a three layu artinciai neural network can - 

approxhte arbitrarily closely any nonlinear, nomhgular fiinction [29]. This has led to 

research in areas of induction motor contcoî, speed estimation [30], and flux estimation 

[191. 

The potential benefits of neurai neh~orks are weli hown [24 - 261, and are as 

f0Uows: 
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(i) N e d  network modeIs have mmy neurons aminged in a massive @el 

co&guratiort Due to this high psrallelh, fdures of several neurons do not 

signifkmtiy affect o v e d  system performance. This is ais0 hown as faut-tolerance. 

(ii) Neural networks have a characteristic ability to approximate any nonlinear 

continuou fimction to a desireci degree of accuracy. 

(üi) N e d  networks can have many inputs and outputs, making them easiiy applicable to 

muitivariable systems. 

(iv) VLSI hardware implementaîion of neural nctworkr is possible, resulting in additionai 

speed in neural computing. 

(v) Neural networks have inherent learning and adaptive abilities, meaning they can deal 

with imprecise data and illdefïned situations. 

(vi) A suitably train4 network has the ability to generaiïze when presented with inputs 

not appearing in the trained data. 

The addition of a n e d  network to this flux estimator, then, seems to be a 

positive step in improving overall system performance. It is hoped that it may be 

acivantageous to combine robust control and neural nawork rotor flux estimation in a 

pracficaî drive system, It is expected that the resuiting system would be relatively 



Chapter 6 

Conclusions and Future Work 

6.1. Conclusions 

In this thesis, a novel robint flux controuer and a robust speed wntroller, for the 

purpose of indirect field oriented control flux estimation, are presented. The research 

work underlying this thesis is basically divideci into two components, field orientation 

and robust control. 

The cornplex matrix trarisformations rquired to perfonn coordinate conversions 

nom AC qmtities of the induction motor to DC quantities of the d-q axis model, and 

vice-versa, used in field onented control, are detded in Chapter 2. Robust wntrol theory 

and the techniques used to design the rotor flux and SM speed controilers are also 

outiined in Chapter 2. The proposeci FOC drive system, implementing the robust 

controllers, is discussed in Chapter 3. This drive system is intended for physical 

implementation with a pulse width modulation (PWM) voltage source inverter. The 

inputs to the flux estimator are the direct and quadntane stator currents, ds- Q', 

nspectiveiy, and the outputs are the flux magnitude, %, and the sine and m i n e  of the 

field angle 4. The system's ability to accurate1y estimate the flux magnitude and field 

angle despite parameter is v d e d  by test cases and cornparisons presented in 

- Chapter4. 
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The aâmtage of the proposexi robust wntroîlers over their conventionai 

counterpartr is panmeter insensitivity in the fiice of uncertainties. Aiso, the design of the 

controllers, based on the loopshaping technique, is a weii dehed straight forward 

procedure. In particular, it is shown that the effectveness of the robust contn,IIers ia 

verined by rotor resistance variation testing. For a doubling of the rotor resistance, the 

maximum absolute error in the flux magnitude is approximately 0.01 pu These factors 

suggest that it would bc pfacfical to physicaily implement a robust controlied FOC flux 

estimator. 

6.2. Future Work 

Some suggestions for nitrne work are: 

1. incorporation of a subroutine in the FOC program treating rotor mistance as a 

f d a c k  variable radier than as a constant, in order to adapt the id, gain-liniiting 

condition to meet the changes in R, 

2. fiirther, to hvestigate the pracficaiity of such an approach. 

3. incorporation of motor non-linearities in the induction motor moâel. 

4. addition of an artifIcial n e d  network (ANN) to finthet improve the 

performance of the flux estimator. 

5. physical implementation of the tobust flux and speed cuntroiiers by meam of a 

microprocessor or a digital signai processor. 
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Appendix A 

A.1. Induction motor model 

The induction motor mode1 implemeated in the field orientecl control scheme is 

outlin& in this appendix, In order to model the dynamic behavior of the induction motor, 

a cornputer simulation of the FOC mechine is developed The simulation is based on [2, 

31,321. The progcam is in C code. The induction motor simulator can perfonn a 

detaifed anaiysis of different Ioading conditions andlor voltage disiUrbances, as outlined 

in 121 and [33]. It is capable of doing this in the rotor refaence fime, stator refmnce 

âame or the synchronously rotaihg reference M e .  

The induction motor model is baseà on the two-axis variable equations detailed in 

Chapter 2. The program is stnictured as a main segment and three principal subroutines. 

The &routine ME apportions parameter d u e s  for matrices and performs matrix 

inversions. The subrouthe RK performs a numerid integration as based on the 

Runge-Kutta algorithm. The integration stepiength is based on achieving an accurate 

solution during the nm-up period, witbout incurring numencal instability. In this case, a 

value of 0.001 sec is chosen The nibroutine AUX is used by the Runge-Kutta algonthm 

to recaidate, at each time step, the vector wntaining i ,  i&, i,, and i&. 



A.2. Motor panmeten 

The induction motor for this drive system is a 30 hp, 415 V, 2 pole, 50 HZ 

machine [33], with the foilowing parameters: 

Table A 1.30 hp Induction Motor Parameters 

1 Rotor Reactailce, X, 1 3.2484 pou. 

Line Frequency 

Stator Resistance, Rs 

Rotor Resistance, R, 

Stator Reactance, & 

50 Hz 

0.0147 p.u 

0.0287 p . ~ .  

3.2340 p.u. 



A3. FOC induction motor model program 

The foiiowing is a C program of the FOC drive system employing robust 

controliers (using the machine model of A m d i x  A.2). 

The Following program is to give an Estimate 
of the Rotor Flux Magnitude and Angle in an 
Induction Machine with the D-Q axis on 
Synchronous Rotating Ref. frame. 

The induction motor model is based on the 
stationary (stator) ref . frame, the numerical 
method used to accomplish this is Runge-Kutta 
5th order method (modified) . 
Using motor model fixed on STATOR (stationary 
reference frame) the sine and cosine of angle 
phi (i .e the field angle) will be calculated. 
This program incorporates Field Oriented Control 
fox the induction motor. 

This program also incorporates a robust flux 
controller and a robust speed controller in 
order to compensate for various perturbations 
(Le. rotor resistance) and improve performance. 

Author (robust controllers ) : Cumbria, Neil 
Author (FOC) : Toh, Allan 
Date : April 7th 1997 
Revised : January 17th 1998 

void ME (double ALI me 151 CS1 , double R me CS1 C51 , 
double G me[S]T5], double H rnelf]T5J, double WE me, 
double XS me, double XM me,-double XR me, double RS me, 
double =-me, - double - me, double =-me, int ~-ntë) ; 



int innin, ndis, itype, iter, ir, tq, k, N, i, j, nes; 

double CHI r ERR, CHI r E R . 1 ,  CHI r ERR2, CHI r ERR3 ; 
double 1ds-~~c-REF, 1~s-foc-RE~1,Ï~s  - - ~oc-REFZ,- 
Ids foc R E F ~ ;  
dosle & ERR, WR ERRI, WR ER=, 
double 1qCfoc-m, Iqs - fo~-FtE~l, 
Ias foc REF3; 

char infile[10] ; 

FILE *outptrl, *inptr, foutptr2; 

printf ( fl Enter DATA FILENAME please : \nfl ) ; 
scanf (It%sfl, inf ile) ; 
printf("Reading & Processing, Please Wait ...\ nn); 

inptr = fopen(infile, "rH); 

outptrl = fopen (flReeults .ml1, Wfl) ; 
0utptr2 = fopen(WI.mn, "wn); 

Input Data Stream Sequence 

IMZUN 

NDIS 

ITYPE 

ITER 
IR 

TQ 

XS 
XM 
XR 
RS 
RR 
AH 
XRR 
RRR 
DX 
=Q 
VT 

No. of iterations before application of 
disturbance 
The ending iteration number of the 
disturbance being applied 
Type of Disturbance, 

1= Voltage Disturbance 
2= Load Disturbance 
3= NO Disturbance 

Total No. of iterations 
Type of starting/initial conditions, 

O= Motor Start 
1= Read Initial States 

Load type, - - 
O= Free Acceleration 
1= Constant Load Torque 
2= Load Proportional to square 

of speed 
Total stator reactance 
Mutual reactance 
Total rotor reactance 
Stator resistance 
Rotor resistance 
Inertia constant 
Rotor reactance (run mode) 
Rotor resistance (run mode) 
Integration step interval 
Supply f reqwncy 
Inverter DC bus Voltage 



TM 
VT1 
TMl 
VT2 

: Load torque 
: Voltage disturbance value 
: Torque disturbance value 
: Removal of disturbance voltage value 

( L e  resume value) 
: Removal of torque disturbance value 

(i ,e resume value) 

Variable Dictionary 

~ [ i l  = ids, ~ 1 2 1  = iqs, cc31 = idr, c[4] = iqr 
c [ S ]  = theta s l i p ,  cc61 = w s l i p  
V[iI = vdsI vC2I = v q S r  vC6T = load torque(TM) 
C H I r  = rotor f l u x  magnitude 

fscanf (inptr, 
fscanf (inptr, 
fscanf (inptr, 
fscanf (inptr, 
fscanf (inptr, 
fscanf (inptr, 
f scanf (inptr, 
f scanf (inptr, 
f scanf (inptr, 
f scanf (inptr, 
fscanf (inptr, 
fscanf (inptr, 
fscanf (inptr, 
fscanf (inptr, 
fscanf (inptr, 
fscanf (inptr , 
f scanf (inptr, 
f scanf (inptr, 

/**** CHI - base is different for differnt m/c ****/ 
/* CHI base = 393 -7007874; */ /* 10 hp */ 

CH13ase = 323 -2062055; /* 30 hp */ 
/**** Init ia l  Sta tes  ****/ 
am = ah/ (pi*f req) ; 
WE = =-base = 2.O*pi*freq; 
WRR = 0 . 0 ;  
CHI r = 0.0; 
C H Ï R E F  = 1.0; 
W R  -ËkRl = 0.0; 
WR-ER= = o. O; 
m-ERR3 = 0.0; 
CHr r ERRl = 0 . 0 ;  
CHfrËRR2 - = O .O; 



void RK(int N rk, double dx rk, int nes rk, double Y rk [5] , 
double E Fk [SI , double v rk 151 , dou6le ALI rk  [SI T51 , 
double 0>k[5] [51, double H rk[5] [5], doubTe R rk[ f ]  [SI, 
double am rk, double *Tk-rkT double VT rk,  dosle *TE - rk, 
double K r k ,  int t e r k ,  int inrun rk,-int k-rk, 
double XS rk, double XM rk, double-XR rk, 
double *V&S ta-rk, dofile W q s s  t a - rE, double t-rk, 
double *WRR rk, double *Ids syn rk,  double *Iqs syn rk, 
double *1dr-syn rk, double '1qr-syn rk, double ~ C H ~ ~ r - r k ,  
double *CHI-& &a rk, double *m1 sta rk, 
double *sinophi rk; double *Cos phi rE); - - - - - 

void AUX (double c aux [5] , double PC aux [5] , double v aux [5 j  , 
double ALI a E [ 5 ]  151, double G &~151 151, 

- 
double H as151 [SI,  double R aÜic[51 [51, double a m  aux, - 
double *TM aux, double VT aux', double *TE-aux, 
double WE-aux, int teaux: int inrun aux, i n t  k - aux, 
double XS aux, double XM aux, doubleWXR aux, 
double *vas sta aux, dou61e *Vqs s t a  aux, double t-aux, 
double * W R R - ~ U X ~  double *Ids svnvnaux~ 
double *lqsesyn- aux, double " ~ ~ s y n ~ a u x ,  
double *fqr%ynynaux, double *CHI r aux, 
double * C H Ï d r  &a aux, double *iSHf qr sta - aux, 
double *sinephi - - a c ,  double *~os~hx-aÜX); 

void MM(double A mm[5] (51, double B - mm[S] [5], 
double C - mm [51 151 , i n t  N_mm) ; 

void main O 
I 

double c [SI , PC El , vi51 , R E 1  [51 , 0 E l  CS1 , H [SI E l  , 
ALI E l  151 ; 
double XS, XM, XR, RS, RR, XRR, RRR, ah, freq, dx, WRR; 
double am, TM, VT, TE, W E ,  WR, VTI, VT2, TM1, TM2, VTT, 
A m ;  
double Ls, Lm, Lr, t, CHI r, KP, KPP, KI, WE - base; 
double Iqs-syn-REF, Ids s* REF, WSL - REF; 
double Iqs-sta-REF, 1ds-sta-REF; 
double VAO, VBO, VCO, Vas - &a, Vqs - sta, Ids - sta, 
f q s  sta, W r; 
dofile ~dsayn, Iqssyn, Idrsyn, Iqr-syn, Vdsfoc, 
Vqs foc, PHI; 
dofile Sin Phi, Cos - Phi, Ids - foc, Iqsfoc,  CHI-dr-sta, 
QII qr-sta: 
d o d l e  Iqr s t a r  sinerr, coserr, Sin - Phi O AUX, 
Cos P h i  AUX, Ids ERR; 
do6le Îds ERR -Gr Iqs-ERR_INTEG; 
double vqs-c~lim, vds - foc, vqs-foc, M I  O r - 
CHI REF; 
dofile KP M I ,  Kf MI, CHI base, Idr star Iqs ERR; 
double IdZ foc liz, Vds foC lim, WR -RR 
double WR - KEF,-= - WR, KÏ - m T  Iqs - foC O liz; 



CHI 
WR mF = 310.0; 
 dg foc lim = 1.0; 

I~S-~OC~REF = 6.0; 
1qs-foc REFl = 6.0; 
I ~ S - ~ O C ~ ~ F F  = 6.0; 
1as-foc REF3 = 6.0: 

/**** P.I. controls coefficients ****/ 

/***************************************************** 
Initial States  Read in 
Order in which the states are read in: 

d-axis stator current 
q-axis stator current 
d-axis rotor current 
q-axis ro tor  current ******************************************************/ 

if (ir == 1) { 
for (i-1; k = 4 ;  i++) 

f scanf (inptr, "%lfn, &c [il ) ; 
for ( j= i ;  jc=4; j++) 

fscanf (in~tr,~%lf", &v[j] ) ;  
1 

INITIAL 

if (ir == 0 )  ( 
for (id: ic=4; i++) ( 



/***** Dynamic Cycle *****/ 
f scanf ( i n ~ t r ,  w%lf ", &ml) ; 
f scanf (instr; "%Ifn, &TM1) ; 
f scanf (inptr, II %lf &VT2) ; 

for(k = 1; k c= i ter;  k++) { 

/*+*** Perform Matrix inversion *****/ 

/**** Disturbance Application *****/ 
if (k == inrun) 

if (itype == 1) VT = VT1; 
else if (itype == 2) TM = TM1; 

/**** Disturbance Removal *****/ 
if (k == ndis) 

if (itype == 1) VT = VT2; 
else if (itype == 2 )  TM = m; 

/**** Perform (modified) Runge-Kutta *****/ 

RK(4, d x ,  1, c, PC, v, ALI, G, HI R, am, &TM, VT, &TEI 
WEI t q r  inrun, k, XS, XM, XR, Wds sta, &Vqs-sta, 
t, &WRR, &Ids syn, &Iqs-syn, &Idr gyn, &I~-syn,  
&CHI: r, &CHI &--sta, &CHf_qr_sta,-&sin - Phi-AUX, 
&COS:P~~-A~~T; 

/*+** Change variable name ****/ 

/***** Calc. sine & cosine of field angle (phi) 
& Calc. Terminal Voltage and Current ********+/ 

W r = WRR*pi/lS.O; /* Change f r o m  RPM to rad/sec */ 
VTT = sqrt((vl2l*v[2] + v[ll*v[11)); 
A ï M  = sqrt ( (c 121 *c 121 + c cl] +c [l] ) ) ; 



Sin Phi = CBI qr sta/(CIII r); 
cosophi - = C H ~ ~ d r ~ s t a /  (CHI-) ; 

/**** Perform Stationary to FOC Co-ordinate change ****/ 
fds foc = Iqs sta*Sin Phi + Ids sta*Cos Phi; 
~qs-foc - = ~qs~sta*Cos~Phi - I d s s t a + ~ i - h i ;  

/**** Calc. of Controller Comrnand Signals for CHI - r ****/ 
CHI-r-ERR = (CHI-REF - M I  - r*CHIbase) ; 
Ide-foc-REF = 169.9*CHI r ERR + 8.404*MI r ERRl - 

123.8*CHÏr-ERR2 + 37.71*CKI EEZR3 + 
1.756*1dËfÔc REFl - 0.8976*Ids - foc - REF2 + 
0.1418*1dE-foC-RE~3; 

Ids - foc - REF = Ids - foc - REF*0.315; 
Ids foc REF3 = Ids foc REF2: 
I~S-foc-=PZ = I~S-foc-REFI f 
fds-foc-REF1 = 1ds-foc-REF; 
 CHI^ = CHI r-~m; 
CHI-roERR2 = C H I ~ E R R ~  ; 

/* Calc. of P.I. C o n t r o l l e r  Command Signals for CHI - r * /  

* CHI r ERR = (CHI-REF - CHI r*CHI base) ; 
CHI-r-ERR - - - INTEG = CHI-~-ER~-INTEG + CHI - r - ERR*dx; 
Idsfoc-REF = KP - CHI*CHI - r - ERR + KI - (IAZ*MI - r - ERR - INTEG; 

*/ 
/**** Adding Current limiter for Ids foc ref. ****/ 
if (Ids - foc-REF > Ids-foc-lirn) Ids - foc - REF = Ids - foc - l i m ;  

/***** Calc. of C o n t r o l l e r  Command Signals for W r  *****/ 

/+*** With Iqs-foc-REF as a constant value of 0.25 ****/ 



* Subroutine : RK * 
* This subroutine RK uses the Runge-Kutta algorithm * 
* to calculate 1x1 t vector (Merson Modif ied) * * 

void RK (int N rk,  double dx rk, i n t  nes rk,  double Y rk  [5 1 , 
double E =k [f ] , double 7 rk  [SI , dofile ALI rk  [5] Ts] , 
double O-rk [5] [5 ]  , double H rk  [5] [SI , doubTe R - rk [SI [SI , 
double am rk, double *TM rkT double VT rk ,  
double *TE rk, double WE-rk, i n t  t cyk; i n t  inrun rk ,  
int k rk, aouble XS rk, 8ouble XM r double XR rE, 
double *Vds sta rk,-double *~qs-sta-rk, double t rk,  
double *WRR-rk,-double *fds - syn-rk, double * ~ q s - w r k ,  
double *I&-syn rk,  double *Iqr s-k, 
double *CHI-r ril, double *CHI fi sta rk, 
double *MI-@ sta rk, double-*~in-~Ei - rk ,  
double *~os>hT - r k r  

{ 
double A151 , B [SI , 
i n t  i ; 

f o r ( i  = nes-rk; i <= N - rk; i++) D [ i ]  = Y - r k l i ]  ; 

(Y rk,  E rk,  v rk,  ALI  rk,  G rk,  H rk,  R rk, 
rk, m-rk , -~~- rk ,  WB_rkIet rkT i n e r k ,  % ~ s - r k ,  XM rk, XR-rk, Vdssta-r , Vqss ta -rk ,  

WRR rk, I ~ S  syn rk,  Iqs syn rk,  Idr syn rk ,  
fqr-syn rk,-CKÏr rk, mf-dT_sta-rkT CHZ-gr- 
s in -~h iz rk ,  - cosZ~Eii-rk) ; 

f o r ( i  = nes rk; i c= N-rk; i++) ( 
A [ i ]  = hzE rk [il ; 
Y rk Ci] = D [ i ]  + A [il ; 

1 
- 

am rk, 
k-rk, 
t>k, 

sta-rk, 

am-rk , 
k rk, 
t?k, 

sta-rk, 

AUX(Y - rk, E-rk, v-rk, ALI-rk, O-rk, H - rk, R-rk, am-rk, 



/***+* Input CR] matrix *****/ 
R me[1] [il = RS-me; 
~ Ï n e  [2] [ 2 ]  = RS me; 
~Ïne[î] [3] = RR-me; 
~-me[4] - [4] = RR-me; - 
/ **** * Input [O] matrix in reactance ** ** */ 
G me131 [2] = XM me; 
G-mer31 141 = XRXRme; 
~-me[4] [il = -SÏ-me;  
G-mer41 - 133 = -XR me; 

/***** Input [Hl matrix in inductance *****/ 
EI met31 [2] = XM me/WE me; 
Hnme[3] [4] = XR-me/WËme; 
Home[4] [1] = -I[Fi me/WË me; 
~-me[4] - (31 = - X R ~ m e / ~ ~ ~ m e ;  

/***** Running Parameters *****/ 
if (N me == 2 )  

= XRR me 
R me[3] [3T = m- me; 
~-me[4] [4] = RRRœme; 

1 - - 

/***** Input [LI matrice *****/ 
ALI me Cl] [Il = AtR; 
ALÏnte [î] [3] = - A M ;  
ALIWme 121 [2] = ALR; 
~t1-rnel21 141 = --; 
ALI-mel31 111 = -W; 
~~Ïrne[3] [3] = A M ;  
ALÏme[4] [2] = -U; 
ALf=me[4] 141 = ALS; 

/***** CAtCDLATE [~]'-l matrice *****/ 
u = ALS*ALR - ALM*ALM; 
for(i = 1; i c= 4; i++) { 

for(j = I;.j 5 = 4 ;  j++) 
ALI-e [II [j 1 = ALI-me 

1 
1 
re turn ; 

} /* end of subrouthe ME */ 



/* Perfom FOC. Ref frame to Stat. Ref frame transfm */ 
Vds sta = Vds foc*Cos Phi - Vqs foc*Sin Phi; 
~ q s s t a  - = ~qs~oc*Coe-phi - + ~ds-foc*si-hi; - 

/*** Print out T h e ,  Terminal Voltage, sin (phi) , 
Toque, Current, Rotor speed and Flux Mag. ***/ 

fprintf (out trl, "tif \t % l f \ t  Plf \t %If \t tlf \t %lf \t 
Slfyt %lf\nn t, VTT, Sin Phi, Cos - Phi, TE, 
AIM, w - ~ / W E  - base, CH~-r*@~-base); 

fprintf(out tr2, "%lf\t % l f \ t  %lf\t b l f \ t  %lf \ t  %lf\t 
I& %lf\nn, t, Vds s ta ,  Vqs-sta, Ids - foc REP, - 
Ids - sta, Iqs - sta, I-sta, Iqr sta) ; - 

/********************************************************** 
* * 
* Subroutine : ME * 
* This subroutine performs matrix inversion * 
* * 
**********************************************************/ 

void ME (double ALI me [SI 151 , double R me [51 [ 5 ]  , 
double G me [5  1 Ts] , double H me [5] T5] , double WE me, 
double XS me, double f(M me,-double XR me, double RS me, 
double RRhe, - double --me, double =-me, int N-UI~) 

double ALS, ALM, ALR, u; 
i n t  i, j; 

/***** Convert Reactances to Inductances *****/ 
ALS = XS me/WE me; 
ALM = x ~ ~ r n e / W E ~ m e ;  
ALR = XR-me/WEzme; - 
for(i = 1; i c= 4; i++) ( 

for(j = l;.j <= 4; j++){ 
ALI me[d [JI  = 0.0; 
R më[il lj] = 0.0; 
~Be[i] [j] = 0.0; 
H - e [ i ]  [j] = 0.0; 

1 
1 



/* With Iqs-foc-REF as a perturbed value of 0.3 i- 0.05 */ 
Iqs - foc-REF = 12.687*WR ERR - 6.8087*WR ERRl - 

12.6765*m ERR2 + 6.8192*m ERR.3 + 
1.7593*1qs-foc REFl - 0.902~6*1q~-fo~-RE~2 
+ 0.14367fTqs - foc - REF3; 

Iqs - foc-REP Iqs - foc-REF*O.Ol; 
Iqs foc-REF3 = Iqs foc REF2; 
1qs~foc-REF2 = I ~ S ~ ~ O C - R E F ~ ;  
Ias foc REF1 = Ias foc-REF: 

/** C a l c .  of P.I. Controller Command Signals for W r  **/ 

I ~ s  - foc-REF = KP O WR*WR - ERR + KI - WR*WR - ERR - INTBG; 
*/ 

/**** Adding Current limiter for Iqs foc ref. ****/ 

if (t 2- 0.18) Iqs foc REF = 6 . 0 ;  
if ((0.18 c t) && T t  c-0.5350)) Iqs foc-REF = -6.0; 
if ( (0 .5350 c t) && (t z 0.89)) fqszfoc-=F = 6.0; 
if ( ( 0 . 8 9  c t) && (t c 1.24)) Iqs foc-REF = -6.0; 
if ((1.24 c t) && (t c 1.6)) I~S-'OC-REF = 6 . 0 ;  
if ((1.6 c t) && (t c 1.955)) Iqs foc-REF = -6.0; 
if (t >= 1.955) fqs-foc O REF = 6 - 0 7  

/* Calc. of P.I. Controller Cmd Sig. for Vds & Vqs FOC */ 
Ids ERR = (Ids foc REF - Ids foc) ; 
1qsnBRR = (~qsrfoc-REF - 1 qsIfoc) ; 
1 d s - m  ZNTEG = 1dE ERR m G  + fds ERIZ+dx; 
I~S-ERR~INTEG O = I~S-ERR-INTEG - - + I ~ s ~ E R R * ~ ~ ;  

Vds foc = KP*Ids ERR + KI*Ids ERR INTEG; 
V ~ S - ~ O C  - = K P ~ I ~ S ~ E R R  + KI*I~S-ERR~INTEG; - 

/**** Adding Voltage limiter ****/ 
if (Vds foc > Vds foc l i m )  Vds foc = Vds foc lim; 
if (~qs-c > ~ q s ~ o c ~ l i m )  ~qs-foc - = ~qsIfoczlim; 



double 
double 
double 
double 
double 

double 

double 
int i, 
double 

*Ids syn-aux, double *Iqs -- -**- 

*~dr~syn-aux, double *I@ 
*CH 

- - -  

air BtZ'aux, 
* C H I  sta aux, doubleA*a- 
* c o s ~ h l  - - a E )  

En - PKi - aux, 

a1 SV, ~I-qr-syn, aï-dr-sta, MI qr sta, 
1 C5T DT; - - 
Convert Reactances to Inductances *****/ 

/***** Voltages in STATOR R e f .  frame******/ 

v aux [il = *Vds-sta-aux; 
v-aux[2l - = *Vqs - sta-aux; 
f o r ( i  = 1; i c= 4; i++) { 

f o r ( j  = $; j c= 4; j++) { 
F [ i ]  [ J I  = *WRR aw*pi/lS.O*H - aux[i] [j] + 

R - a E [ i l  [jJ ; 

1 
1 

for(i = 1; i C= 4; i++) ( 
for(j  = 1; . j c= 4; j++) { 

ACil 113 = - Z I i J  Cjl; 
BCil [jl = ALI auxli] [j]; 

1 
- 

3 

Converthg frame fixed on STATIONARY ( S t a t o r )  
frame to irame fixed on SyrJCHRONOUS ROTATING 
frame ****+*/ 



TM rk, VT rk, TE rk, WE rk, t rk, inrun rk 
~ s - r k .  XM-rk, ]CR-rk,  dg sta r % , Vqs  sta-rk 
WRK rk, 13s syn Fkl Iqs Eyn Fk, Iâr Eyn Fk, 
1qr-syn rk,-CHÏr rk, -1 - fi - s t a  - rky CHÏ-W, 
s i n - ~ a i I r k ,  - COS-fii - rk) ; 

for(i = nes rk; i c= N-rk; i++) { 
B [ i l  = h r ~  - rk [ i l  ; 
Y rkCi1 = D i i l  + ( A l i ]  + B [ i ] * 3 . 0 ) * 0 . 3 7 5 ;  

1 
- 

AUX 

k rk, 
t-rk . - '  

t a  - rk, 

am rk, 
k-rk . 

s t a  - rk, 

for(i = nes rk; i c= N-rk; i++) { 
C [il = h x r k  [il ; 

, Y-rkh.1 = D [ i ]  + (ALI]  - B [ i ] * 3 . 0  + C [ i ] * 4 . 0 ) * 1 . 5 ;  

am-rk , 
k rk, 
t-rk - , 

,s t a-rk , 

fo r  (i = nes rk; i c= N-rk; i++) { 
2 = ~ [ i ] ?  
D [il = h*E - rk [ i l  ; 
Y - r k [ i l  = Z + ( A l i ]  + C [ i l * 4 . 0  + D [ i ] ) * O . S ;  

1 
return; 

} /* end of subroutine RK */ 

This subroutine AUX is used by the Runge-Kutta 
algorithm to  calc. Lx] t vector,  i . e .  iqs, i d s ,  

* iqk ,  idr 
- * 

*********************************************************/ 
void AtTX (double c aux 151 , double PC aux [SI , 

double v-auxL51, double ALI a d 1  [51, 
double G aux 151 151 , double aux[5] 151 , 
double  aux [5] 151 , double a% aux, double *TM aux, - 
double fl aux, double *TE aux: double WE aux, 
int teaux, int inrun-aux; int k aux, d o a l e  XS-au, 
double XM aux, double XR aux, double *Vds sta aux, 
double * ~ w s t a - a u x ,  dofi le  t - aux, double-*--aux, 





/*** Calc. d-q Flux Magnitude in Syn. frame ***/ 

/* Calc. d-q Flux Magnitude in Stationary frame */ 
*CHI dr sta aux = ALR*(c_aux[3]) + ALM*(c-auxIl]) ; 
*CHÏqr -s ta -  - - = ALR* (c_aux[4] ) + AGM* (c-aux[Z] ) ; 

/**** Rotor Flux Magnitude *****/ 
*CHI-r-aux = sqrt((*MI dr sta aux* 

(*CHI dr s t a  h ) T  + 
(*CHÏq:sta-aux* - (*CHI - qr - s t a  - aux) ) ) ; 

/**** Rotor Flux Angle ( F i e l d  Angle, Phi) *****/ 
*Sin Phi aux = * M I  qr-sta-aux/ (*CHI X-aux) ; 
*COS-phi-aux - - = *CE~zdr-sta-aux/(*CHÏr - - aux); 

return; 
} /* end of subroutine AUX */ 

/********************************************************* 
* This subroutine MM is used by AUX subroutine * 
* to multiply matrices to obtain [LI ̂ -i (Wr [G] + [RI ) * *********************************************************/ 

void MM(doub1e A_mm[S] [SI. double B-mm[S] 151, 
double C-m[S] 151, int N-mm) 

} /* end of subrouthe MM */ 



Appendix B 

B.1. W2 for flax controiier 

% Program for determination of W2 for Flux Controller 
% w i t h  Rotor Resistance 
% by Neil Cumbria 

clear ; 

w = logspace(-3,4,500); 
mag =zeros (1,500) ; 
1 = 1; t index for mag matrix 

% first row are al1 zeros 

% The nominal lant conditions are given by: 
Lm = 3.15681 (2*pi*60P; 
Lr = 3.2484/ (2*13i*6O) ; 

= 0.0287;  % up to 50% perturbation 

The variables to be perturbed are tau, the 
drive dead-time, and Rr, the rotor resistance. 
The frequency response of the perturbed plant 
is derived as follows: 

figure (1) 
for tau = 0.02:0.001:0.03 
m m  = [-Lm*tau/2 Lm] ; 
for Rr = Rr nom:0.001:1.S*Rr nom 

den = [ (L=/R~) *tau/2 (~r/=) + (tau/?) 11 ; 
i = i+l; 
[rnagi phase wl = bode(num,den,w); 
mag = [mag; (20*loglO(magi))'] ; 
%mag = [mag; (magi)']; 
semilogx (w, mag (i, : ) ) ; 

hold on; 
end; 

end; 

title('Frequency Response of Perturbed Plantf); 
f iabe l (  f requency ( rad/s) ) ; 
ylabel ( magnituder ) ; 

1 Pgerturbed ( j w) /P- nom ( j w) - 1 ( 
whereby this equatxon is reduced to 

% incorporate th& perturbed variables. 



figure (2) 
for tau = 0,02:0*01:0,03 

for  Rr = R r  nom:0*001:L5+Rr nom 
num = [- (Er/-) *tau -tau oT; 
den = [ (Lr/Rr) *tau/2 (Lr/Rr) + (tau/Z) 11 ; 
i = i+L; 
[magi phase wl = bode (num, den, w) ; 
% m g  = [mag; (20*10glO(rnagi))~]; 
mag = lmag; (magi)']; 
loglog(w,mag(i, :) ; 
hold on; 
end; 

end; 

num W2 = C0.04 O]; 
denw2 = [0.01 11 ; 

[rnag W2, phase W2, w] = bode (num-W2, 
loglog (w, mag-Vv2 , , - - ) ; 
title ('Magnitude plot of W2' ) ; 
xlabel ( ' frequency (rad/s) ) ; 
ylabel ('magnitudep ) ; 

den - W2, 



B.2. W2 for speed controller 

% Program for detenination of W2 
% for the Speed Controller 
% by Neil Cumbria 

clear; 

w = logspace(-3,4,500) ; 
p g  =zeros (1,500) ; 
1 = 1; % index for mag matrix 

% first row are al1 zeros 

% The nominal plant conditions are given by: 

Lm = 3.1568/ (2*pi*5O) ; 
Lr = 3.2484/ (2*pi*5O) ; 
Rr-nom = 0.0287; 
p = 2; 
Ids = 0.3; 

Kt - nom = Ids* (3/4)  *p*Lm*Lrn/Lr % without rotor 
% resistance 

%Kt - num = Ids*(3/4)*p*Lm*Lm; % with rotor 
% resistance 

% K t  - den = Lr* [Lr/Rr - nom 11 ; % with rotor 
% resitance 

B = 0.0001; % cantt be zero (linear freq response) 
J-nom = 0.0167; 

% The variables to be perturbed are tau, 
% the drive dead-tinte, and JI the inertia. 
% The frequency response of the perturbed plant 
% is derived as follows : 

clf; 
figure (1) 

for tau = 0~02:0.001:0.03 
for Kt = 0.8333kKt nom:0.1:1.1667*Kt-nom 

num = [-~t*tZu/2 Kt] ; 
for J = O S * J  nom:0.01:5*J nom 

den = [J*tau/2 (~*taÜ/2) +J BI ; 
i = i+i; 
[magi phase w] =bode (num, den, w) ; 
mag = [mg; (ZO*loglO(magi)) '1 ; 
%ma9 = [mg; (magi) ' ] ; 
sermlogx(w,mag(i, :) ) ; 

hold on; 
end; 

end; 
end; 

title ( ' Frequency Response of Perturbed Plant * ) ; 
xlabel( ' frequency (rad/& ) ; 
ylabel ( O  magnitudet ) ; 



% W2 is determined by 
% 1 Pgerturbed ( j w) /P nom ( j w) - I 1 
% whereby this equation is reduced to 
% incorporate the perturbed variables. 

figure ( 2 )  
for tau = 0.02:0,01:0.03 

for J = 0.5*J nom:O.l:S*J nom 
m m  = [- tau -B*tau 017 
den = [J*tau/2 (B*tau/2) +J BI ; 
i = i+l; 
[magi phase w] = bode (num, den, w) ; 
h a g  = [mg; (20*log10(magi)) '1; 
mag = [mag; (magi) 1 ; 
loglog(w,=g(i, : ; 
hold on; 

end; 
end; 

num W2 = C0.04 O]; 
denIw2 = [O.Oi il; 

% W2 = (O . 04s) / (O. Ols+l) 
Cmag W2, phase-W2, w] = bode(num-W2, den-W2, w) ; 
logl~g(w, mag-W2, ; 
title ( Magnitude plot of W2 ) ; 
xlabel( ' f requency (rad/s ) ' ) ; 
ylabel( magnitudef ) ; 



B.3. Loopshaping prognm for design of flux contmller 

% Loopshaping Program for the determination 
% of the Flux Controller with Rotor Resistance 
% by Neil Cumbria 

% The nominal plant conditions are given by: 

Lm = 3.15681 (2*pi*50) ; 
Lr = 3. X 8 4 /  (2*pi*5O) ; 
R r  - nom = 0.0287; 

num P = 
denIp = 

% 
% 
% 
% 
% 
% 
% 
% 
% 

Lm; 
[Lr/Rr-nom 11 ; 

Determination of W1: 
For mechanical systems w i t h  relatively 
large inertia a eut off frequency of 
1 rad/s may be large enough. 
A third order Butterworth f i l t e r  for WI 
is derived from the Matlab 4 . 2 ~  function: 
butter(3,1, 'sr) ; 
W1 = 1.05/(sA3 + 2sA2 + 2s + 1) max = 1 

f corner = 1 radfs - 
num W1 = 1.05; den W1 = [I 2 2 11; 
nurnIw2 = [0.04 O]; den0w2 = 10.01 11 ; 
w = linspace (0.001,1000,500O) ; 

% Determination of W2 : 
% W2 = (O. 04s) / ( O .  01s+l) 
% max = 4 
% Qross = 20 rad/s 

[mag P phase PI = bode(num P,den P,w)  ; 
[magIWl phase Wi] = bode (nüm Wl , aen Wl, w) ; 
[mag - W 2  phase- 1 = bode (nummw2, - denœb72, - w) ; 

% 
% 
% 

% 
% 
% 
% 

num L = 
den-L - = 

% 
% 
% 
% 
% 
% 

Relative degree of L >= relative degree 
of P in order to roll off as fast as P 
so that C is proper. 

L incorporates an integrator to yiels a 
better unit-step response, and to decrease 
the tracking error. 
t (s) = 36 (s+2)  /s (sA2+6s+9) 

L(0 )  > O; 
The roots of I+L=O are: -2.0303 + 5.74481 

-2,0303 - 5.7448i 
-1 -9394 

verifying that this L (s) gives nominal 
stability. 



[mg-L phase LI = bode (num - L , den - L , w) ; 
mag S = l e /  (T.+mag-L) ; 
mag:~ = mg-L . / (1. tmag-L) ; 

% 1 ~ 1 ~ 1  + 1 ~ 2 ~ 1  calculation 

mgJ3 = ( m g  - Wl. * m g  - S) + ( m g  - W2. *mag-T) ; 
figure (1) ; 
loglog(w, mag W1, w, mag W2, w, mag-LI; 
title('P1ot of L, Wï, a d  W2,); 
xlabel('frequency (rad/s) ' )  ; 
ylabel ('magnitude' ) ; 
grid; 

mag W4 = magW1. / ( 1. -1nagW2 ) ; 
m a g x  = (1. -mag-Wl) . /mag_WZ ; 

loglog (w, - mag-W4. w, mg-LI w, magJ5) ; 
title ('Magnitude Plot of L8 ) ; 
xlabel ( ' f requency (rad/s ) ) ; 
ylabel ( ' magnitude ) ; 
grid; 

figure (3 ) ; 
loglog (w, - mg-w3) ; 
title(,Magnitude Plot of I w ~ s I + I w ~ T I  I ) ;  
xlabel( f requency (rad/s ) ) ; 
ylabel - - 

grid; 

% check error in output sinusoid when w <= 1 

a = mag L.*(1.-mag9W2); 
index =-max(find(w c 1)) ; 
b = a(i:index); 
sine-error = l/min (b) 

% e r r o r  in the output sinusoid = 0.1029, 
% which decreases as the gain is increased, 
% but performance condition (fig.  6) tends 
% toward 1 

figure(4) ; 
plot (w (1:index) ,mg-S (1: index) ) ; 
title('Output Sinusoid Error for w <= 1 rad/st); 

NOTE : 
The gain is constrained by the condition 
that at frequencies higher than the 
cross over frequen at W2, the magnitude 
of L < ( ~ - I W ~ I ) / I W ~  



figure(5) ; 
freq = logsp, 
nyquist (mmr- 
title ( N y q u r  

figure (6) ; 
margin (num - L , 
% Unit 

nurn L = [O O - _ 
nurn cl = nurn 
den-cl = nurn 

- - .  
stép(num ci, 
title ( T E i t  

% Para 

f inal  value 
ly,x,tl = stc 
[Y,k] = max(y 
tirne-toqeak 
percent-overs 

n = 1; 
while 
n=n+l 
end 

m = 1; 
while 
m=m+l 
end 

rise-time = t 

1 = length(t) 
while 

1 = 1 
end 

settling-time 



nurn C = conv (num-LI den P) 
den-c - = conv (den-l, num-P) - 
num-C = C12.9700 61.9400 7 2 .  OOOO] ; 
den C= [O .O100 0.0603 0,0904 01 ; - 
8 Convert controller from continuous to 
% discrete  t i m e  system. 

lnum cd. den Cd1 = c2dm hum C. - - 
&EsYs (nuii-c; de-, ' s ' ) 
printsys (num-Cd, d e G d ,  ' 2' 

% Determination of uni t  step response for 
% the perturbed system. 

for tau = 0.02:0.01:0.03 
for Rr = Rr - norn:0~001:1.5*RrRrnom 

nurn PP= Lm; 
de- = [Lr/Rr 11 ; 
mm-tau = (1 -tau/?]; 
den tau = Cl tau/Zl; 
[num - 01 den - 011 =series (num CI  den - C, 

nurn P I  den P) ; 
[num - 01 den - 011 =serzes (nu6 - - 01, den - - 01, 

num tau, den-tau) ; 
[num - c l  den-cl] =fee&ack (num - 01, den - 01, - \ 

figure(8) ; 
step (num_cl,den-cl) ; 
t i t l e ( ' S t ep  Response of Perturbed 

System' 1 ; 
hold on; 

end; 
end; 
axis ( [O 



B.4. Loopshaping program for design of speed controller 

% Loopshaping Program for the determination 
% of the Speed Controller 

% The nominal plant conditions are given by: 

Lm = 3.1568/(2*pi*50) ; 
Lr = 3.2484/ (2*pi*SO) ; 
Rr - nom = 0 -0287; 
p = 2; 
Ids = 0.3; 

Kt - nom = Ids* (3 /4)  *p*Lm*Lm/Lr % 
% 

%Kt-num = Ids* (3/4) *p*Lm*Lm; % 
% 

%Kt-den = Lr* [Lr/Rr_nom 11 ; % 
% 

without rotor 
resistance 
with rotor 
resistance 
with rotor 
resitance 

B = 0.0001; % canft be zero (linear freq response) 
J nom = 0.0167; - 
num P = Kt nom; 
den-P - = [J-nom BI ; - 

Determination of W 1 :  
For mechanical systems w i t h  relatively 
large inertia a cut off frequency of 
1 rad/s may be large enough. 
A third order Butterworth filter for W1 
is derived from the Matlab 4 . 2 ~  function: 
butter(3,1, 'SI) ; 
w I = i . . 0 5 / ( s A 3  + 2sA2 + 2 s  + 1) m a x = ~  

f corner = 1 rad/s - 
num-W1 = 1-05; den W1 = 11 2 2 11; 
num W2 = [O. O4 O] ; - den0w2 = [O.Ol 11; 
w = linspace(0.001,1000,500~) ; 

% Determination of W2:  
% W2 = (O. 04s) / (O. Ols+l) 
% m a x = 4  
% f-cross = 20 rad/s 

[mg P phase-PI = bode(num P,den P,w)  ; 
[mg-~1 phase-Wl] = bode (nÜm wl, a n  Wl, w) ; 
[magœW2 - phasewW2] = bode (num-~2, - denI~2, w) ; 

% Relative degree of L >= relative degree 
% of P in order to roll off as fast as P 
% so that C is proper. 



% L incorporates an integrator to yiels a 
% better unit-step response, and to decrease 
% the tracking errox. 
% L (s) = 36 (s+2) /s (sA2+6s+9) 

num-L = 36*[1 2 )  ; 
den-L = poly([O -3 -31) ; 
% L ( 0 )  > 0 ;  
% The roots of 1+L=0 are: -2.0303 + 5,7448i 
% -2.0303 - 5,7448i 
% -1.9394 

verifying that this L (s) gives nominal 
stability . 

[mag L phase LI = bode (num-L, den - L, w) ; 
mg-S = l./ (l.+mag-L) ; 
mag-T = mag - L . / (1. +mag-L) ; 

figure (1) ; 
loglog(w, m g  w1, w, m g  w2, w, m g - L ) ;  
title('P1ot or L, tJI, ana W 2 9 ;  - .  
dabel ( ' f requency (rad/s) ) ; 
ylabel - - ( , magnitude ) ; 

figure (2 ) ; 
loglog(w, mag W4, w, mag-L, w, mag-W5); 
title('~agnitÜde Plot of LI) ; 
fiabel( * frequency (rad/s ) ) ; 
ylabel ( * magnituder ) ; 
grid; 

loglog(w, - mag W3) ; 
title ( ' ~agnitüde Plot of 1 W1S 1 + 1 W2T 1 ' ) ; 
fiabel( f requency (rad/s ) ) ; 
ylabel ( ' magnitude ' ) ; 

% check error in output sinusoid when w C= 1 

a = mag - L.*(l.-mg-W2); 
index = max(find(w c 1) ) ; 
b = a(1:index) ; 
sine-error = i/min (b) 

% error in the output sinusoid = 0.1029, 
% which decreases as the gain is increased, 
% but performance condition (f ig. 6) tends 
% toward 1 
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