Modeling and control of induction motars
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Keywords: Induction motors, Field oriented control, Pas- ing an innovative perspective that underscores the control as-
sivity based control, Flatness based control, Nonlinear conpects —in lieu of the classical electrical engineering view-
trol. point. We then review, again from a control theory perspec-
tive, the well-known FOC. Connections between this clas-

) ) sical technique and passivity ideas have been revealed in the

1 General introduction literature, in particular it has been shown that passivity-based
control schemes exactly reduce to FOC under some simpli-
Induction motors constitute a theoretically interesting a“dfying modeling assumptions. After reviewing these develop-

practically important class of nonlinear systems. They arements we present the recent developments which rely on the
described by a fifth order nonlinear differential equation with property of flatness of the motor.

two inputs and only three state variables available for mea-
surement. The control task is further complicated by the fact
that induction motors are subject to unknown (load) distur-2 Modeling
bances and the parameters are highly uncertain. We are faced
then with the challenging problem of controlling a highly 2.1 Introduction
nonlinear system, with unknown time varying parameters
where the regulated output, besides being not measurabl
is perturbed by an unknown additive signal.

Existing solutions to this problem, in particular tloe

'The designers of controls for electrical alternating current
?AC) machines frequently use a “natural” method: they try to
write “direct models”, that is “physical models” which must

¢ d dard field-ori q | (FOC be easily “inverted”. Often, in the control algorithms, they
acto industry standard field-oriented control (FOC), were oy o \arious types of “compensations”: additive or multi-

qot theoreticall_y well understooq. Consequently, no gmde'plicative compensations. Furthermore, they implement “in-
I|r_1es were ava|IabI_e fo_r_ the de3|gne_r, V_Vh'_Ch had to rely Oniemal loops” to assure security on variables like currents. In
tnal-and-errorf_;md_lntwnonforcomm|55|_on|ng and high per- this section, we will present the case of the induction mo-
formance applications. These compelling factors, togethet, (\1y and present how the flux-oriented control (FOC) is
with the recent development of powerful theoretical tools for deduced from physical criteria and how the various loops di-

analysis and synthesis of nonlinear systems, motivated SOM@ iy, are deduced from classical input-output linearization
control researchers to tackle this problem. by state feedback

The main purpose of this minicourse is to review some of
the main developments on the field, with particular emphasis ] )
on applications of passivity and flatness ideas. The coursé-2 Physical modelling

starts by presenting the physical model of the motor adopt-rhe induction machine considered here has a three-phase sta-

*Work partially supported by the European Commission’s Training and tqr and a thre?'phalse roftor (see Fig. 1)_- We adopt the_ clas-
Mobility of Researchers (TMR) Contract # ERBFMRX-CT970137. sical assumptions: linearity of the materials (no saturations),




Axe référence
= Axe du stator

Figurel: Trans\ersesectionof theinductionmotor

sinusoidaldistribution of the field in the air-gap, balanced
structure Vectorsrelative to statorvariablesaredenoted

Tas A Zq
Tabes = Tps = Tabc = Ty
Tes Zc

andvectorsrelative to rotor variablesaredenoted

Zar A TA
Zaber = Tor = TABC = B
Ter rc

Fluxes,currentsandvoltageare(respectiely) denoted ) qc,
YABCH taber LABCH Vaber VABC- Thefundamentaphysical
equation®f themachinearetherelationsbetweerfluxesand
currents:

¢abc = ls Z'abc + Mg, (0) Z'ABC’ (1a)
1/)ABC’ = Mg (0) iabc + l'r 7/'ABC (lb)
with:
ls mg my L. my, m,
I, = ms Mg Mg ) I, = m, I, my
ms ms g my. my
cos(np0) cos(npb + ) cos(npf —7)
mspr(0) = Mo | cos(npb —7) cos(nph) cos(npb + 7)
cos(npb +v) cos(npf —7) cos(npd)
wheren,, is the numberof pair of polesand®d is themechan-

ical positionof therotor andy = 2?”; the otherparameters

(inductancesareconstant.The secondsystemsf equations
arethevoltagesequations:

. d"/}abc
abc = s tabe 2
Vab Rsigpe + 7 (2a)
. d
vapc = Rpiapc+ Vasc (2b)

dt

Note: In practical casesof squirrel-cagemotor, the rotor
voltagesarezero: vapc = (0 0 0)t. Thefinal equationis
givenby the expressiorof the electromagnetitorque:

4 Omg(0) .
Tem = ihpe %U iABC 3)

2.3 Thecriteria for the flux oriented control (FOC)

Thedesignerhave choserthetwo following criteriato have
agoodcontrolof thelM:

e Controllingtheelectromagnetitorquerey,.
e Controllingthemagnitudeof therotorflux ¥ apc : ...
Theproblemhasnow two aspects:

e First,whatarethecurrentsneededo imposethetorque
andthemagnitudeof therotorflux? Thatis: how to “in-
verse”equationg1) and(3) which are“algebraicequa-
tions”. If we obsere (1) and(3), we seethatwe have
6 unknown variables(the currentsi,;. andiape) and
only 2 equationggivenby 7em, andy,.

e Secondwhatarethevoltageswhich cancreatethe ap-
propriatecurrents?Thatis: how to inverse(2), which
are“differentialequations” Furthermorewe mustpro-
tectthemotoragainstoolargemagnitude®sf statorcur-
rents.

2.4 Algebraic propertiesof the coupling matrix m..(6)

Themostimportanttermin equationg1) and(3) is the cou-
pling matrix m () which describeshe electromechanical
corversion.We mustdetail someof its algebraicproperties.
Its eigervaluesare:0, 2o emr f and3Mee—v72 0 |t is pos-
sible to diagonalizethis matrix with theseeigervalues. But
for corveniencewe make two choices:first, we eliminate
the termsrelative to the “zero-sequencetomponeniasso-
ciatedto the eigervalue equalto zero) becausdheseterms
arealmostalwayszeroanddo not participateto the enegy
corversion;and,secondwe preferto usea “real” transfor
mation;for thiswe obsenethatif wedefinethe“real rotation

matrix”: © ©
[ cos(§) —sin(€
P(€) = ( sin(¢)  cos(§) ) )
andthe“Clarke sub-matrix”:
1 1 _1 N\t
Ca=(, ks
0 +f 3§
furthermore,also for corvenience we prefer use“normal-
ized” matricesfor later transformationsand we definethe
“Concordiasub-matrix’by: Ts; = /2 Cs,, andwe have:

1 0
T§2 12132 = 0 1

trix). Thus,we havethefollowing “f actorization”(whichhas
analoguepropertiego diagonalization):

2 I (i.e., T35 is anorthogonalma-

Mg, = M T3z P(n,0) T, (5)



whereM = %Mo. Furthermore T3, diagonalizeghe ma-
triceslikel, andl,.: I, T3y = L;T35 andl, T35 = L, T3s,

with: Ly = l;—m, andL, = I, —m,. Thusthefundamental
equationg1) and(3) canberewritten asfollowing:

VYabe = Lsigpe + M T3P (n,0) Toyiapc (6a)

wABC = M T32 P (_np 0) T?fz iabc + Lr /L'ABC (6b)

. 0 .
Tem = Tlp M ZZbc T32 P(np 0+ 5) T3tz 1ABC (7)

2.5 Concordiatransformation

If we obsene equationg(6) and (7) we obsene that we do
not have six unknown variables,but only four one, which
aregiven by: T, iqp. and Ty iapc. Thenit is usefulto
definethe “Concordiatransformation’appliedto all electric
variablegvoltages, fluxesy, currents) by:

A T
Tags = ( .’17;: > =T3tz Zabc (8a)
Tapr = (") =Thzasc (8b)
Zor

Thenthe equationsof fluxesandtorque(6) and(7) canbe
rewritten:

(%)

L, < o )+MP(+np 0) ( ’a )(9&)

Bs ig
(G ) = wremo (5r)+2 (5 o
Tom =1 M il g, P(ny, 0+ g) iapr (10)
Furthermorewe have for thevoltages:
Vags = Ruiaps+ 200" (110)
Vapr = Rpiapr+ dﬁ’;"r (11b)

2.6 Choiceof the “useful variables”

Equations(9) and (10) showv that we have now 4 unknown

variableso determinghecomponent®f the statorandrotor

currentsandonly 2 equationgelative to the torque.,, and
to the magnitudeof therotor flux .. For corveniencewe

chooseto use, not exactly the rotor flux, but the so-called
“magnetizingcurrent”s,,. This new variable,its magnitude
i, andits polarangle&, aredefinedby a Cartesiarto polar
transformation:
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Thenit appearshatit will benaturalto choosehefollowing
“useful variables”(physicalsignificationof the future “state
variables” whichwill bedefinedin alatersection):thestator
currentswhich aremeasurableandthe magnetizingcurrent
(magnitudeandpolarangle). We canrewrite the othervari-
ables(torque,statorfluxes, rotor currents)with the help of
thesetwo vectorvariables:

.. 1
Tem = Np L iys szs P(np,0+¢& + g) ( 0 ) (13)

. . 1
nge = Mo, + L Pny04.6) () 09

(i) =2 ()= pem (1))

(15)
with thedefinitionof new parameters:
M2
= 1- 1
o I.L. (16a)
M2
M2

2.7 Park transformation

If we examine the equation(13), we obsene that it will
be much more simplerto write it, if we make the follow-
ing transformatiorfor thestatorvariableqvoltagesgcurrents,

fluxes):
re () = (%) wm
oo (5) = () o
& = &+m  (170)

this leadsto the following torque equation,which hasthe
mostsimpleform:

(18)

This transformatioris, in fact, a rotationof the axesandthe
d-axe s givenby thedirectionof therotor flux. It is known
as“Park transformation”.

Tem = Np Ly iyr g

2.8 Statevariablesand stateequations

The most practical statevariablesare: first, the statorcur

rentsin Cartesianrepresentatiori; andi, (see(17a)); and
secondthemagnetizingcurrentin polarform (12). Thestate
equationswhichdeterminghesestatevariablesare first for

the equationsleducedrom statorvoltage:

dig 1

E = E ('l)d - ed) (19a)
di 1
R OB (19b)



with the following definitions for the “back-electromotre
forces”eq andey:

L,
Rs Zd"’ = ( 1;1,7")

eq =
- nw+i’—q Nii (20a)
P Ty i 11q
eq = Rsig
1 4
+ (n,,w-k — —) (N1 tqg + Lm l,,w) (20b)
Tz Z;“‘

and,secondfor the equationgddeducedrom the rotor vari-
ables:

=1y (a— i) (212)
a&r _ ’q
e v (21b)

3 Field oriented control

3.1 Estimator

If we wantto imposea dynamicwith the helpof a statefeed-
back, it is necessaryo determinethe threevariableswhich
arenot measurableg,, &, ¢, with the help of the measur
ablevariables:thatis statorcurrents,iags = T% iqpe, and
mechanicalariables:iw andf. The equationf the estima-
tor arededucedrom the equationg21a)and(21b):

lag = P(_és) Tgtz Labe (22a)

dige 1.
= &= — tur 22

dt 7, G —ur) (22b)
& — Ai A’q (220)
dt T tur

& = mpb+é, (22d)
Tem = np Ly, ip,s iq (228)

Thesymbol” denotesstimatedrariablesandparameters.

3.2 Closed loop control and intr oduction of physical
constraints

For thedesignof the controllers we have to solve two prob-
lems:

1. We want to imposethe dynamic and the steadystate
behaiorsof thetwo variableof interest:ithetorqueren,
andthe amplitudeof the magnetizingcurrent:¢,,.. For
this we will usean input-outputlinearizationby state-
feedbaclkusingthe differentialequations:

d:ﬁm =np Ly (dyf iq +12 F i;w) (23a)
Ny Zor N Ty Ll —py—eq (23b)
i+ T B = gy (23c)

And we choosearbitrarily the following dynamicmod-
els, which have the lowestordersphysically realisable

(1%t for thetorque,2"d for the magnetizingcurrent):

dTem 1
det = T_c ((Tem)ref - 7'em)
=T Np Ly tyr (Ig,q — i) (24a)
2 diyy 1 iy
/LI”' + Wn, dt w% dt2 - ZI”'ref (24b)

2. We have to limit thevariationsof the statorcurrentsfor
securityduringlargemovementsThuswe wantto have
acontrolstructurewhich containsinternalloopsonthe
statorcurrents Algebraiccomputationgive thefollow-
ing resultsfor the controllaw:

(a) Inthe"g-axis”, wecontrolthetorqueandthemag-
nitudeof thecomponeni, of thestatorcurrent:

Vg = Vg + Vg2 (25a)
vgr = kg (g — ) (25b)
N
with k, = —
Te
N1 ) N
Vg = eg— 7 l,jr (ia — 1ur)  (25C)

(b) In the “d-axis” we control the rotor flux ¢, =
M i, andthe magnitudeof the component, of
the statorcurrent: first, the two loopsstructureis

givenby:
Lo = ky (Iyrpe —ipr) + L, (26)
vg = kg (Idref — ’I:d) =+ Vg2 (26b)

andthe coeficientsof the proportionalcontrollers
andtheadditive compensationaregivenby:

Ny
5

(wn 1 2)2 .
= — — =7 ] = lyr
kN 2&- n T2 1 s ddieso /LFJ

kg = (2€wnTo — 1) ,v42 = ef27a)

(27b)

We obsenethatthis structureuseproportionalcontrollers
like k4, k,,, kg and“additive compensationsfike vg,, vg,
andl,

ref2 "

3.3 Examplesof transients

Fig. 2 andFig. 3 shav transientswhich prove that this ap-
proachgivesa complete‘inversion” of the dynamicalof the
model. Fig. 2 shavs threeresponsesFirst, the “magneti-
zation”, thatis, the responsef the statorflux to a stepref-
erencgdynamicof 2ndorder, givenby (24b)). Fig. 3 shavs
thattheiy componenbf the statorcurrentreachesheautho-
rizedmaximumvalue(denoted,_,, ), but without overshoot:
that is a protectioneffect due the internalloop. After the
magnetizatiorwe seetheresponsef thetorqueto stepsref-
erence:the dynamicis 1storder, givenby (24a). The speed
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Figure2: Flux, torqueandspeedesponses.

w hasquasi-linearesponsegthe torqueis well controlled).
We obsene thatthe decouplingoetweerthe two axesis per
fect: the magnitudeof the flux remainsconstantwhenthe
torquehaslarge variations. The “inversion” of the modelis
completed.

Figure3: Responsesf ig andi,.

3.4 Conclusion

This brief approachof the controlof inductionmachinesas
two aims. First, to prove that the classicalField Oriented
Control (FOC)is thelogical solutionto the problemof con-

trolling simultaneouslythe two outputs(torqueand magni-

tudeof therotorflux); thisshavsthattheParktransformation
in thereferentialof therotor flux is necessaryo resole sim-

ply the algebraicequationavhich describethe physicalsys-

tems. Secondthe necessityof imposingsimultaneouslyhe

steadystateanddynamicbehavior of thetwo outputdeadsto

controlin thetwo-axisd andq; we canlimit (for protection)
the magnitudeof the two component®f the statorcurrents
by the help of internalloops, which canrealizethe input-

outputlinearizationof the induction machine. This proves
theability of determinatiorof the complete‘inversemodel”

of themachine.

4 Passvity-basedcontrol

4.1 Background on passvity-basedcontrol

Thetermpassvity-basedcontrol (PBC)wasfirst introduced
in [18] to define a controller desigh methodologywhich
achieves stabilizationby renderingpassivé a suitably de-
fined map. This idea hasbeenvery successfuto control
physical systems,in particular those describedby Euler
Lagrangesquationf motion,which asthoroughlydetailed
in [19], includesmechanicalglectricalandelectromechani-
cal applications.PBC hasits rootsin the work of Takegaki
and Arimoto [20] on state-feedbackegulation of fully ac-
tuatedrobot manipulators.PBC designproceedsalongtwo
basicstages.First, an enegy shapingstagewherewe mod-
ify thetotal enegy of the systemin sucha way thatthe new
enepgy functionhasa strictlocal minimumin the desiredbe-
havior. Second,a dampinginjection stagewherewe now
modify the dissipationfunction to ensureasymptoticstabil-
ity.

Thereare severalimportantadvantagef PBC which, to
alargeextent,explainit practicalsuccess:

1. The action of the controllerhasa clear physicalinter
pretationas an interconnectiorof the systemwith its
ervironment. In particular stabilizationcan be under
stoodin termsof enegy balancebetweerthem.

2. Passvesystemsarerobustvisavisuncertairparameters
andunmodeleddynamics.For instancejn mechanical
systemgthe passve outputsare generalizedselocities,
thusunmodeleceffectslik e friction (whichis a dissipa-
tive action)cannotdestry stability.

3. In somecasesit is possibleto attacha clear physi-
cal interpretationto the controller tuning parameters.
For instance,as dampersor springs. This property
canhardlybe overestimateéh engineeringapplications
wherecommissioningof the controllerfor a robustbe-
havior is anissueof prime importance,(alas! largely
neglectedin controltheory).

4. SincePBChasevolvedfrom considerationsf physical
propertiedik eenegy conserationandpassvity -which
shouldbecontrastedvith feedbackinearizationthatre-
sultsfrom purely mathematicatonsiderationsthe de-
signis consistenwith the physicalconstraintswithout
cancellingdynamicsor introducingcontrollersingular
ities.

In this partof theminicoursewe shav how PBCcanbeap-
plied for speed(or position)regulationof inductionmotors.
To provide the readerwith a suitablerangeof reference®n
PBC of electricalmachinesandat the sametime give some
perspectie on this approachwe presentn the next section

1We recall herethat a passie systemis one wherethe storedenegy
cannotexceedthe enegy suppliedto it from its ervironment,thedifference
beingdissipated.



a brief historicalreview of thesedevelopments.In Subsec-
tion 4.3,wetake off from themodelof themotorpresentedh
Section2, to exhibit two importantpropertieof themachine:
its passvity and“invertibility”. In Subsectiort.4 we derive
aPBC,which assumingneasuremendnly of statorcurrents
androtor speedor position),yieldsaglobally corvergentbe-
havior. We alsoprovethat,if the statordynamicsis assumed
sufficiently fast(like in the so-calledcurrent-fedmachines),
thenour PBC canbe considerablysimplified andexactly re-
ducesto the defactoindustrystandardield-orientedcontrol
introducedbeforein Section3.

4.2 A historical review

To give somehistorical perspectie to the developmentsof
PBCasappliedto electricalmachinesye briefly summarize
them herein a chronologicalorder Theseresultsare pre-
sentedn full detailin [19].

¢ In [21] the controllerdesignmethodusedin robot mo-
tion controlto solve the outputtracking problemfor a class
of underactuatedulerLagrangesystemswas extendedto
torque regulation of the induction motor, with all internal
statesbounded. Therewere no controller singularities,but
exactmodelknowledgeandfull statemeasuremerttadto be
assumed.It was alsoindicatedhow to follow sinusoidally
varying torquereferences. A modelrepresentatiofn a dg-
frameof referencevasused andthis modelbecamehebasis
for laterdesigns.

e The previous designwas extendedto a globally sta-
ble controller for torque regulation without measurements
of rotor variablesin [22]. This globally definedand glob-
ally stableinterlaceddesignof controllerandobsenrer, was
the first sud resultreportedin the contmol literature [23].
Exactmodel knowledgewas assumedbut it wasindicated
how to compensatdor unknown rotor resistanceand load
torque,unfortunatelyundertheassumptiorof full statemea-
surement.Thetorquereferencevasrestrictedto be below a
certainuppetimit dependingpnmotorandcontrollerparam-
eters butagainit wasshovn how this couldbeavoidedin the
caseof full statemeasurementThisis afoundationalpaper
for PBCthatfirst illustratedthe applicationof this technique
for electromechanicaystems.

e Torque regulation with a globally definedand stable
controllerwithout measurementsf rotor variables was ex-
tendedto torquetracking with adaptationof unknown lin-
early parameterizetbadtorquein [24].

¢ In [25] PBCswere extendedto include the important
caseof rotorflux normregulationwithoutrotorvariablemea-
surementsThecoordinatdndependenpropertiesof this ap-
proachwerealsorigorously explained. It follows that PBC
canbederivedin ary frame of referencechosenfor model
representatiohenceclarifying someerroneouglaimsmade
in [26]

¢ Recently a new approachto the induction motor con-
trol problemwaspresentedn [27], whereit wasshavn that
global torquetrackingandrotor flux norm regulationcould
be donewithout flux measuremenbr estimation. This was

accomplishedby the fundamentalobsenation that the me-
chanicalpartof theinductionmotordynamicsdefinesa pas-
sive feedbackaroundthe electricalsubsystemwhichis also
passie. Hence,insteadof shapingthe enegy of the to-
tal systemasin previous designsthe control goal could be
achieved by shapingonly the enegy of the electrical sub-
system,with the mechanicakubsystenasa passve distur
bance It wasalsoshawn in this paperhow to extendthecon-
troller for speedrackingwith adaptatiorof a constanioad
torque. Drawbacksof this schemearethatit is openloop
in speedandthatthe corvergencerateof the speedracking
error is boundedfrom belonv by the mechanicatime con-
stant,relying on a positive dampingof the mechanicakys-
tem. However, this papergave afirst rigoroussolutionto the
longstandingproblemof avoiding rotor flux estimatesn in-
ductionmotor control, still with global stability results,but
unfortunatelyundertheassumptiorof known parameters.

e The problemswith the corvergencerate andthe speed
controller were solved in [28]. In this papermechanical
dampingwas injectedinto the closedloop by useof linear
filtering of the speedtracking error, giving a globally sta-
ble obsenrerlessspeedor position)trackingcontrollerwith
flux regulation. That paperestablishedilsothe fundamental
factthat our PBC reducego the well-known field-oriented
control schemefor current-fedmachines. This “downward
compatibility” of PBC with currentengineeringpracticeis
a remarkableeaturewhoseimportancecanhardly be over-
estimated.On onehand,it providesa solid system-theoretic
foundationto popularcontrolstratgjieswhich enhancetheir
understandingand paves the way for subsequenimprove-
ments. On the other hand,viewing the new controllersas
“upgrades”of the existing ones,it facilitatesthe transferof
thesedevelopmentgo practitioners.

e In [29] it wasshaowvn how the controllercontrollercould
be extendedfrom regulationto tracking of rotor flux norm,
animportantresultfor power efficient operationof induction
motordrives.

e Theresultscitedabove arespecificto theinductionmo-
tor, andit wasof interestto seeif theseresultscould be ex-
tendedto other typesof electric machines. An answerto
this questionwas given in the seminalpaper[30], whereit
is shavn thatpassvity-basedcontrollerscanbe designedor
a large classof electric machines,ncluding synchronous-,
stepper andreluctancenotors.

e In [31] thefirst globally stablediscrete-timeinduction
motor PBC waspresentedThe controllerwasbasedon the
exactdiscrete-timamodelof a current-fednductionmotor.

e Experimentalresultsfrom the applicationof passvity-
basedcontrollers, have beenpresentedn several publica-
tions,e.g.[32, 30, 33, 34, 35).

4.3 Control propertiesof the induction motor model

In this sectionwe establishsomepropertiesof the model-
input-outputand geometrical-that will be instrumentalfor
furtherdevelopments.



4.3.1 Model

In Section2.5 we have derived the standardwo phasea-
modelof ann, pole pair squirrel-cageénductionmotorwith
uniform air-gap. For corveniencen thesequelset

o= [, "
i o= [i],i0]"

Thus,therelationbetweertheflux andthe currentsreads:
v =

whereL(§) = LT(#) > 0 is the4 x 4 inductancematrix of
thewindingsdefinedas

L(®)i (28)

LI
L) = [ Me—Janﬂ

wherewe have definedthe (skew-symmetric)rotationmatri-
ces

MeTms?
L’I'I2 :|

0 -1
J= [ 1 0 ] =-7
and
e7™? = P(n,0) (see (4))

The electricaldynamicsare definedby the voltagebalance
equation
v+ Ri = Nu (29)

wherewe have introducedthe matrices
_ | Rsh, 0 | I
w5 w6
with R, R. > 0 statorand rotor resistances.Particularly

usefulfor further developmentss thefollowing relationship

betweerrotor fluxesandrotor currents
Yy +Ryiy = 0 (30)

Themodelis completeccomputingthetorqueof electrical
origin as
_1.:0LM). 1 0L )
Tem =30 5 0= 73Y g
andreplacingit in themechanicatlynamics

Y (1)

JO = Tom — 7L (32)

whereJ > 0 is therotationalinertiaof therotor, andwe have
introduceda term of load torquer,, which we will assume
constanbut unknaowvn. For simplicity, we have neglectedthe
effect of friction but, as shown in [19], this can be easily
accommodatethto our analysis.

Remark As pointedout above, we establishedn [25] that
PBCis coordinatendependentThatis, it canbe derivedin
ary frameof referencechoserfor modelrepresentationkor
instancejn [27] the ab-modelwasused,while the develop-
mentsof [22] and[24] relied on the dg-model. Finally, the
work of [30] wascarried-outin theoriginal o8 frame.

Input-output  properties. The cornesstone of the
passvity-based design philosophy is to reveal the pas-
sivity propertyof the system,andidentify -asa by-product-
its worklessforces This is easily establishedfrom the
systemdotal enegy, which for theinductionmotoris given
as
H(w,0,0) = S0TL O + 5T
H H

where H.(i,6), Hnm(0) denotethe electrical enegy and
the mechanicakinetic co-enegy, respectrely. We have ne-
glectedthe capacitve effectsin the windings of the motor,
and considereda rigid shaft, hence the potentialenegy of
themotoris zero.

The rate of changeof the enepgy (the systemswork) is
givenby

H=ilu—6r, —i] Ri,

Fromthe integrationof the equationabove we obtainthe

enegy-balance

1
H(t) —HO) = —/ i (s) Ri(s)ds + (33)
h,—/ \0 P
storedenegy dissipated

+ A t [i:(s)u(s)—é(s)TL ds

>

supplied‘-r extacted

which proves that the mapping[u ™, —72]T ~ [i],6]" is
passve, with storagefunction?.

Furthermoreas shavn in [27], the motor model can be
decomposeasthe feedbackinterconnectiorof two passie
operatorswith storagefunctions#. and H.,,,, respectiely.
Thesepassvity properties,andtheir correspondingstorage
functions, are the basisfor two different PBCs studiedin
[19].

Geometric properties. We now exhibit an “invertibility”
propertyof theinductionmotormodelwhich is essentiafor
obtaininganexplicit expressiorof the PBC.

From (31) and(28) we seethatthe torquecanbe written
as

Tem = npMi] Jel™0%, (34)

where the fact that 7 and e”™? commute(7e’/™? =
eZme? 7), and the skew-symmetryof 7 (7T = -J —
z"Jr =0, V 2 € R?) hasbeenused. Now, solving (30)
for i, andsubstitutingt into (34) gives

M
T T
Tem = nNp—izJe w04,
T

(35)
Finally, (28) canbesolvedfor i as

1 .
Mejnpa (¢r — Lyiy)

s =



andthensubstitutednto (35) to give

Tom = %?&ijr (36)
where(30) hasbeenusedagain.Thisis akey expressiorthat
allowsusto “invert” the systemalynamicsthatis, explicitly
“solve” this equationas

5 Tem Ry
O T s
where|| - || is the Euclideamorm.

The two equationsabove will be instrumentain the next
Sectionfor the derivation of the PBC. In [30], wherewe
study the model of the generalizedrotating machine,we
assumethat the machineis Blondel-Rark transformableto
ensurethis “invertibility” property The underlyingfunda-
mentalassumptiorior themachineto be Blondel-Rark trans-
formable, is that the windings are sinusoidallydistributed,
giving a sinusoidalair-gap magnetomotie force and sinu-
soidally varying elementsin the inductancematrix L(6).
For a practicalmachine this meanshatthe magnetomotie
force canbe suitably approximatedwith the first harmonic
in a Fourierapproximation Examplesof machinesn which
higherorderharmonicsmustbe taken into account,arethe
squarewave brushlessDC motors,and machineswith sig-
nificantsalieng in theair gap. For this classof machineghe
applicationof PBCis still anopenissue.

The equation(37) also shaws that the zero dynamicsof
the motorwith outputsre,, and||¢,.|| areperiodic. This fact
becomes<learerif we evaluatetheangularspeedf therotor
flux vectorrelative therotor fixedframe(theslip speedl as

37)

. d ¢T2 1 ¢r2¢r1 - ¢r2'§br1
= Zarct =
P @Gy T Ty 7
1 .
= —=1, j .
ol 7Y

R

T
.
npllrll>

Fromthis equatiorwe thatif 7., and||+¢..|| arefixedto con-
stantvalues,therotor flux rotatesat a constantspeed.This
expressioralsoshows thattorquecanbe controlledby con-
trolling rotor flux normandslip speed-asis well known in
thedrivescommunity

(38)

4.4 Nested-looppassvity-basedcontrol

It is shavn in [19] that for electromechanicadystemsthe
PBC approactcanbe appliedin at leasttwo differentways
leadingto differentcontrollers.In thefirst, moredirectform,
a PBCis designedor the whole electromechanicadystem
usingasstoragefunctionthetotal enegy of the full system.
This is the way PBCsaretypically definedfor mechanical
and electricalsystemsand is usually referredas PBC with
total enegy shaping

Another route stemsfrom the applicationof a passie
subsystemslecompositiorto the electromechanicaystem.

Namely we shav that (undersomereasonablassumptions)
we candecompos¢he systeminto its electricalandmechan-
ical dynamics,wherethe latter canbe treatedasa “passive
disturbance”.We designthena PBC for the electrical sub-
systemusing as storagefunction only the electrical part of
the systemstotal enegy. An outerloop controller (which
canalsobe a PBC, but hereis a simple pole-placementjs
then addedto regulate the mechanicaldynamics. The so-
designedcontroller will be called nested-loopPBC. There
are at leastthreemotivationsfor this approach:firstly, us-
ing thisfeedback-decompositidaadsto simplercontrollers,
which in generaldo not requireobseners. Secondly typi-
cally thereis a time-scaleseparatiorbetweenthe electrical
andthe mechanicatlynamics.Finally, sincethe nested-loop
configurationis the prevailing structurein practicalapplica-
tions, we canin someimportantcasesstablisha clearcon-
nectionbetweerour PBCandcurrentpractice.

Althoughfor both controllerswe canprove globalasymp-
totic speed/positiortracking, for the sale of brevity we
presenthereonly the torquetrackingversionof the nested-
loop PBC.

4.4.1 Controller structure

In this sectionwe solve the speed-positiorackingproblem
adoptinga nested-loofi.e. cascaded¥chemewhereC;; is
aninnerloop torquetrackingPBC, andC,, is an outerloop
speedcontroller, which generateshe desiredtorqué ey, 4.
We will show in this sectionthatC,; maybetakenasanLTI
systemthatasymptoticallystabilizeshe mechanicatlynam-
ics. Themaintechnicalobstacldor its designstemsrom the
factthatC; requiresthe knowledgeof 7om 4, andthisin its
turnimplies measuremenif accelerationTo overcomethis
obstacleve proceedasdonein [19] for theroboticsproblem,
andreplacethe acceleratiorby its approximatedifferentia-
tion, while preservingthe global stabilizationproperty (In
simpleapplicationsof course Cy; is justa Pl aroundspeed
error. We go herethroughtheseadditionalcomplicationsto
provide acompleteproof of stability.)

A veryinterestingpropertyof theresultingschemewhich
is furtherelaboratedn Subsectior.4.4,is thatif theinverter
canbemodeledasacurrentsourceandthedesiredspeedand
rotor flux norm are constantthe controllerexactly reduces
to thewell known indirectfield-orientedcontrol, hencepro-
viding a solid theoreticalfoundationto this popularcontrol
strateyy.

4.4.2 Torquetracking PBC

Implicit and explicit forms. In thissubsectionwe derivea
torquetrackingPBCfrom the perspectie of systemsinver-
sion”. Towardsthis end,using(28), we rewrite (29) and(31)
as

Y+ RL Y0y = Nu (39)

2We will adoptthroughouthefollowing notationcorvention. If asignal
is explicitly givenasanexternalreferenceve denoteit (-)«. If insteadit is
generatedby the controller we use(+)4.




Tem = %%«TJ% (40)
where for easeof referencewe have repeated36).

Typically the PBCis a“copy” of the electricaldynamics
of the motor (39), (40) with anadditionaldampinginjection
term that improvesthe transientperformance. To simplify
thepresentatiomve will omitthedampinginjectionhere,and
referthereaderto [19]. Thus,we definethe PBCin anim-
plicit form as

Nu = 44+ RL0)q (41)
Tome = 20T Vra (42)

WhereT,m, is thetorquereferenceandyy = [¢1, 9] "
definedesiredvaluesfor thefluxes.
An explicit realizationof the PBC above is obtainedby

“inversion”of (42) as

. 1 R .
wrd = o/ <_T7_em*\7+,3*(t)/8*(t)-[ ) wrd
B2(t) \my ’
wherey,4(0) = [3.(0),07], andB.(t) is the (time-varying)
referencefor ||¢.||. The latter equationcan actually be
solvedas

¢T‘d =

TP [ B:(t) ] 43)

0

R,

m’rem*a Pd(o) =0 (44)

pa =
Thedescriptiorof thecontrolleris completedy replacement
of ¢rq and,q in the lasttwo equationof (41) to getysq.
After differentiationwe gett),4 which canbereplacedn the
first two equation®f (41)to gef

U= theq + [ I, 0 ] R, L™ (0)%q

the expressionabove we canseea difficulty for the imple-

mentationof the nested-looscheme.Namelythatthe con-
trol law dependson 4,4, which in its turn will dependon

Tem«- ONthe otherhand,the signal rem, Will now be gen-
eratedby an outerloop controllerC,;, which will generally
dependon 4. We will seein the Proposition4.4.3how to

overcomethis obstacleby the useof alinearfilter.

Stability. Let us now analyzethe stability of the closed-
loop. Theerrorequationfor thefluxesis obtainedfrom (39)
and(41) as

b+ RLY(6)) =0

where) 2 1p — g aretheflux errors. Global corvergence
canbe easilyestablisheaonsideringhe storagefunctiort*

1~ -
Hy = 5¢TR—1¢ >0

3An explicit statespacedescriptionis givenin Proposition4.4.3.
4This functionwasusedin [36] to give an“implicit obserer” interpre-
tationof the PBCcontroller

whosederivative satisfies
H¢ = —&TL_I(Q)’(Z < —aHy

for somea > 0. Henceg) — 0 exponentiallyfast.
To illustrate the seconddifficulty in the stability analysis
of the nested-loopscheme et us turn our attentionto the

. . A .
torquetrackingerror e, = Tem — Tem«- After somesimple
operationdrom (40) and(42) we get

n 2T =T . ~
Tem = R_P {wr \7"7[}7' +¢7‘ jwrd+¢rd\7wr}

We have shavn above thaty) — 0 (exp.), consequenthalso

¥ — 0. Also, 9,4 is boundedby construction,see(43).
Unfortunately we cannotprove thatzﬁrd is boundedunless
Tem« 1S bOunded. In position-speedontrol 7y, IS not a
priori boundedsinceit will be generatedy C,;. Therefore,
C.,; mustbe chosenwith careand a nev argumentshould
be invoked to completethe proof. Proposition4.4.3below
showsthatC,; canbetakenasallinearfilter.

Connection with system inversion. Before closing this
section,we will view the PBCfrom the standardsystemsn-
versionperspectie of nonlineargeometriccontrol[37]. The
purposeof the exerciseis to shav thatif we completein a
suitablemannerthe “output” vector, then the standardin-
versionalgorithm,-asappliedto therefelencesignals, will
give usthe PBC controllerabove. This factis importantfor
at leasttwo reasonsfirst becausethe inversionalgorithm
is a generalsystematigrocedurewhile the procedureused
above is somavhatad hoc. Secondjt providesa clearcon-
nectionwith feedbacKinearizationwherethesameanversion
algorithmis invoked,but now appliedto the outputsignals

To this end, we proposeto completethe “output” vector
for thesystem(39) asy = [7em, ¥2] ', Where

v ng[ [0 L LW = Gl

Recallthatre, canbewrittenin theform (40).
Following the inversionalgorithmwe evaluatethe decou-
pling matrix by takingthe time derivative of y

_m [T . s .
=7 | % | @) mam) 2 G )

wherem (1) is somefunctionof ¢. It canbe showvn that

_RM g

(RL_I(G))m - L.L,o

whichis globally invertible. Onthe otherhand

(%] e
oy PP

ConsequentlhthedecouplingmatrixG(+.., §) is nonsingular
everywhereexceptwhen||¢..|| = 0. This implies that the

[ =Tvr ¥ ]



system(39) with outputy hasrelative degree{1, 1}. (This
shouldbecontrastedvith thesignal||+, ||, which hasrelative
degree2.)

A feedbacHinearizingcontrolleris choseras

= G(¥r,0) [ —

wherev is an additionalstabilizingcontroller On the other
hand thecontrolsignalfor thePBCderivedabore canbeob-
tainedby “evaluatingtheinversionfor thereferencesignals”,
thatis

m(y) + v]

= G(¢ra, 0) " [gx — m(Pa)] + uas

whereuy; is thedampinginjectiontermands,4 is obtained
from (43)and(44).

Roughly speaking, we can summarizethe discussion
above as follows: While input-outputlinearizationimple-
mentsaright inverseof thesystemX (1, §), thatis

upr, = SN, 0)(y« +v),

thePBCimplementsaleft inverse

uppc = X7 (Ya,0)yx + vai
Notice that, exceptfor the dampinginjection, the PBC is
open-loopin 3. However, theloopis closedwith 6.
4.4.3 Speedtracking PBC

Main result. A globally stablespeedrackingPBCis pre-
sentedn the propositionbelow, whoseproof may be found
in [19].

Proposition 4.4.3 The nonlineardynamic output feedback
nested-looontroller

u= L isa + M7 4 + nyMTe” "%, 4+ Ryiq

-~

boa )
with
o [ L+ B+ %Temdj] Tl }
o (;;“,;%J + D) |
where o

is _":sd
ir _ird
JOx —z+ T,

Temd =

andcontrollerstateequations

np B2 B
—az + b9~

Yra = (R Temdj+ﬂ*I2) Yra  (47)

(48)

z =

with § 2 6 — 6, anda,b > 0, providesa solutionto
the speedandrotor flux norm tracking problem. That

is, whenplacedin closed-loopwith (28),(29),(31) and
(32) ensures

limy o0 6 = 0, limyoso | [0l — Bo(8)] =0

for all initial conditionsandwith all internalsignalsuni-
formly bounded.

Extensions. e [Position control.] It is easyto seethat
choosingthe desiredtorquein thecontrollerabore as

Temg = J0, — 2 — fO+ 71, (49)

yieldsglobalasymptotigositiontrackingfor all positive val-
uesof a, b, f. Theproofof globalasymptotiaotorflux norm
andpositiontrackingfollows verbatimfrom the proof of the
mainresultabove.

o [Adaptationof loadtorque.]We canextendtheresultin
Propositiord.4.3to the caseof unknawn but linearly param-
eterizedoad )

TL = an)(H:a)
wheren € R? is avectorof unknovn constantparameters,
and¢(6, 6) is ameasurableegressor

e [Integral actionin statorcurrents]it is commonin appli-
cationsto addanintegralloop aroundhestatorcurrenterrors
to the input voltages. The experimentalevidencepresented
[19] shaows thatthis indeedrobustifiesthe PBC by compen-
satingfor unmodeleddynamics.It is interestingto notethat
theglobaltrackingresultabove still holdsfor this case.

4.4.4 PBCisdownward compatible with FOC

Under assumptionghat can be satisfiedin mary practical
applications the statorcurrentscan be taken as control in-
putsfor the induction motor. In otherwords, in someap-
plicationsthe inverter can be modeledas an ideal current
source. In this subsectionwe will prove that, underthis
condition,thenested-loofPBCfor voltage-fednachinesie-
rived above considerablysimplifies and actually reduceso
thewell-known indirectFOC.

For current-fedmachineghe control signalis actuallythe
statorcurrents.Hence,they canbe setequalto i,4, thefirst
row of (46), andwe do not needto calculateu asin (45).
Consequently.r, 4, whichwasrequiredbecaus®f the pres-
enceof thetermig, is no longerneededor the implemen-
tation. Hence,we canremove the filtered speederror and
replaceit directly by the speederror. In this way the con-
troller reducedo

Mi, = [(1 + T, ﬁ*> I + B Tede:| an6¢rd(50)

B
¢rd = ( Temdj + ﬂ*> wrd (51)
npPE B
Temd = JG —a6+TemL (52)

Now, aspointedout above the controllerstatesn (51) can
be exactly integratedas

oLty ] = 5]



wherep, is the solutionof

. R,
ba = e a0 =0 (53)
By useof theseexpressionsn (50) we get
1y = iej("p‘g‘f‘ﬂd) B*L+ TTB* (54)
n, B, Temd

On the otherhand,assuminghat the desiredspeedis con-
stant(d. = 0), andreplacingthe exactloadtorquecancella-
tion by anintegral actionwe getfrom (52)
Kr =
Temg = —(a+ 71)9, K1 >0 (55)
Thatis, a Pl actionaroundthe speederror. The last three
equationsareexactly theindirectFOC.

Remark. The obsenrer-basedfeedback-linearizingcon-
troller of [26]°> may be viewed asa variationof direct FOC
where,in orderto achieve a linear systemin closedloop,
sometermsareaddedto the controllaw to cancelthe motor
nonlinearities.The sameideahadbeenalreadyadvancedn
[38] for the caseof the full motor dynamics,seealso[39]
wheresomeadaptatiortermsareaddedto the basicscheme
of [38]. Although the objective of feedbacKinearizationis
quiteluring, theresultingschemesuffer from seriousdraw-
backs,from boththeoreticaland practicalviewpoints. First,
they invariablyrequirethe explicit implementatiorof anob-
sener. This, besidesincreasingthe computationaburden,
makesthestability analysisextremelydifficult. For instance,
it is well known that for nonlinear systemsthe certainty
equivalenceprinciplefails. Also, it widely recognizedhatat
this stage our understanding@f nonlinearobsenersis quite
rudimentary It suficesto saythatin spite of mary years
of researchto the bestof our knowledge,a completestabil-
ity analysisfor exactlinearizationschemesn the full motor
modelcasds conspicuoudy its absenceHowever, it should
be pointedout that for the simplified model of current-fed
machineghis problemis elegantly solvedin [26]. Second,
sincetheseschemesrebasedon nonlinearitycancellations,
it is expectedthatpotentialinstability dueto parametemis-
matchwill arise.Onesuchinstability mechanismwhich ap-
pearsevenin the statefeedbackcase wasidentifiedin [32]
thiswork, andobsenedin the experiments.

5 Flatness-basedontrol

5.1 Structural propertiesof the model
5.1.1 Complexform of the model

For the sale of simplicity we preferto work with a complex
model insteadof the real one given by (9)-(10)—(11). To
simplify the proof of theflatnesq40], it is usefulto consider

5Calledin thatpaperobserer-basedadaptve controller

somevariablesin the framerotatingat the speedn,w; it is
the naturalframeto considervariablesof therotor. In order
to distinguishthe valueof a givenvariablewhetherit is ref-
erencedn the fixed frameor in the rotatingframe, one put
a~ over the variablereferencedn the rotatingframe. With-
outthe”, avariableis supposedo bereferencedn thefixed
frame,i.e. the naturalframefor consideringthe variableof
the stator

Set:
Qs = "pas + ﬂpﬂs (56&)
= tar+ 1 (56b)
l.s = das+ JZBS (560)
l; = iar + Jiﬁr (56d)
U; = Ugs T JUBs (56e)

whereevery variablez, s, 235, Zqr OF g, is definedin (8).
Therefore gquationg9a)and(9b) respectiely read:

¥, = Lsi,+ M, (57a)
¢ = Me ™l 41,4, (57b)
Equationg11) become:
L)+ Ryi, = u (584)
dt e = L
d
dt(¢)+R i, = 0 (58b)

Theadvantageo considercomplex variableswill clearlyap-
pearin the sequel;it reducethe numberof equationsto be
consideredmoreover, changeof framesare simply doneby
multiplying complex variablesby an appropriatecomplex
exponential. We thushave ¢ = ¢ e™™%, i = i e~ """
andi, = i, e"p?,

The expressionof the electromagneti¢orque(10) in this
notationis:

o = 22 3m (1,7 (59)

5.1.2 Flatnessof the model

The flatnessof the modelof the induction motor hasbeen
establishedn [41]. We hererecall the proof in the present
notations. Setp = [¢ | anddefined the anglesuchthat

zp = pe’®; thisis the angleof therotor flux w.r.t. afixed
frame.Seta = § — npb.

A flat outputof the inductionmotoris y = (6,a). As
usual thisflat outputhasaphysicalmeaningwhichwill sim-
plify the control design:  (or its first derivative w) is the
variableto-be-controlledq is theangleof therotor flux w.r.t.
aframerotatingat speedn,w (recallthatn,w is calledthe
synchronouspeed) Noticealsothata = § — npw is theslip
speedusuallyonly definedon constanspeedperations).

Wethushaveq) =1 e 9"»? = per®. Itis usefulto begin
to expresshe electromagnetlquueproduced:)y themotor



in termof p anda: Eq.(57b)and(58b)leadto:

i = isefﬂnpg = %(ér — L,.i;) (60)
~ d
i = —pz@) (61

Thus,

And finally

(62)

Hypothesis: The torqueload is an unknavn function of
time but it candependon @ or its derivatives,but not on the
othervariables(i,, i,, %, ...).

It is obviousthat

w = 6 (63a)
d = npf+a (63b)
From(62), p satisfies
) \/RT(M PN —abbam) 630
NpQ

whichis a functionof theflat outputandits two first deriva-
tives.So

o =

T

pe’® =b(d,6,a,d, L) (63d)

Continuing the calculationsusing successiely (61), (60),
(57b),and(58a)oneobtains:

= ——— @)= 63
i, ert(—r) c(6,6®,a,6,70,7.)  (63€)
. e]nps ~ ~
L T Ta @r—%)

de@,...,6% a,... &, 1) (63f)

%, = L, + Mi,

= e@,...,6% a,...,a&1,71) (630)

o d

u, = R5£s+a(£s)

= f6,....,6" a,...,a® r,...,71) (63h)

Soy = (6, 6) is aflat outputof theinductionmotor.

5.1.3 Stationary operation

The statevariablesform of the modelwith the comple no-
tationwrittenin the statorframe:

b6 = w (64a)
O R
SW) = (o )y, + 2, (640)

L) = (e — )y,
_UILS (R, + ML Boyi,+ ng (64d)

However, the most useful frame to study stationaryop-
erationsof the motorsis certainly the frame of the flux —
usuallycalledthe “d-¢q frame”. Denotesasz49 the value of
thevariablez in this frame,i.e. 99 = ze 7 = Fe 72, In
this frame,the complex model(64), where(64b)is replaced
by (62),reads:

: ECRPCPR S
w = JRrp & Jw JTL (65a)
. . 1 M.
ptiap = —gp+ Ezsd“ (65b)
d . M 1
a(lqu) - O'LsL'r (E - ]npw)yjq
. 1
_ .- dq dq
(at2d) i+ —u* (650)
with a = —L—(R + ]\/‘2 @ ) Noticethatasp anda arereal

varlablesequatlor(GSb) Canbespllttedlnto

1

Sm (i d“)

p o=

T.p

A stationaryoperationat constanispeedv, with constant
load T, = 71, isobtainedvhend = w,t+6,, a = a1t +a,
wherea; anda, areconstanfi.e.,theslip speeds constant).
In this cased = nyw, + a; = d; is constant.

As a consequencégp5a)impliesthat p is constanp = p,
and,thus,p'9 = p,. Equation(65b)impliesthati, 4 = i 4
is constantand, finally with (65¢)u, 99 = u,49 is constant.

In conclusion zp . andu, are periodicalfunctions of
time with pulsat|on51 = npw, + aq. TO run at constant
speedwith constantoad, the inductionmotor hasto be fed
by sinusoidaloltages.

Noticethatusuallythe stationaryoperationis analyzedy
imposingu, is sinusoidalunderconstanioad anddeducing
thatall electricand magneticquantitiesare periodic andfi-
nally thespeeds constantHere,with theflathesgproperties
we areableto make thereverseanalysisj.e. beginningwith
the “to-be-controlled"variableanddeducingthe control.

5.2 Trajectory generation

Onehasobtain(see(63a—63h)}heexpression®f everyvari-
ablesof the systemsn termsof the flat outputcomponents



andthe disturbancer;,. Theseexpressionallow in particu-
lar to calculatethe controlu,, atleastwhenr;, = 0 or for a
known meanvaluery,, of 7.

As 9™ anda(®) appeain theexpressior(63h)of thecon-
trol u,, theinductionmotorcanachieve trajectoriesuchthat
t — 6 is everywheret-timesleft- andright-differentiableand
t — «a is everywhere3-timesleft- and right-differentiable.
The choiceof thereferencerajectoriesof § anda aremade
in orderto respectthe constraintson all the variableof the
system.

For thefirst componen® of the flat output,the choiceof
thetrajectoryis oftenclearwith respecto the controlobjec-
tivewhetheiit is apositionor speeccontrol. This correspond
to a known function of time ¢t — 87 on a giveninterval of
time [t;,t5].

For the secondcomponentx of the flat output,the choice
is notsoobviousbecaus¢hevalueof a donotcorrespondo
a clearcontrol objective. However, this variablegivesa de-
greeafreedomin orderto achieve a complementargontrol
objective. For example,it is possibleto minimize the copper
lossedn thestatorat every constanspeedvith achoicesuch
thata = TL (see[42].

Betweentwo time intervals on which w is constantt —
a® canbe choserasa functionof w. For example,we refer
to [42] for a detailedplanningof the referencetrajectories
of # anda in orderto startthe motor from restto nominal
speedvithoutsingularityatstarting(u, remaindoundedv-
erywhere).

5.3 Stabilization around desired trajectories

We presenhereafeedbackvhichis designednthe station-
ary operationof the system.This is possiblebecausef the
goodseparatiorof thetime scalesasseenbefore. This leads
to a control schemewhich do not necessitatthe implemen-
tationof aflux obsenrer.
As ¢ =1 e~ M, i, = i,e~7™? andfrom (58b)it is
pOSS|bIeto write:
d

7@, e ") + Ryi, ™ = 0

/) -
a(gr)e Mpb —]npwyrempg + R, @™ = 0

%(QT) —mpwy + Rei, = 0 (67)
whichis theexpressiorof the electricalequationof therotor
in thefixedframe.

The stationarymode of equationg(58a)and (67) arere-
spectvely:

2%+ Rei, = u, (68a)
)6 —npw)p + Ryi, = 0 (68b)
As,
¢, = Ly, + Mi,
Y = Mig+ L,

—T

onehas
. 1
i, = 7 (v, Mi) (692)
v, = L, +M (zp Mz) (69b)
Equationg68) and(69) leadto:
. . M
<R5+J06Ls) 15+J6L_s%r = U
Rr . Rr G
_ML—TLS + (L_r —I—](5—npw)> %s = 0
Thus,
i, = Zs(w,0)u, (70a)
¢ = Zp(wd)u (70b)
where
I
S(w7 ) - Z
. M
Z, = r
(@, ) =
with 7 = ( +JU5L) (f 46— npw)) +
MR J(;M
Th|s Ieadsto the controlscheme
Ju,* = JLe — (@~ 5w - w)
nyMSm (23 (w,87) Z,(w,§9))
wherew? = 64 is the referencetrajectoryof the angular

speedandd? = a? — n,w? is thereferencespeedf theslip
speed.This controldo not necessitata flux obsenrer.

5.4 Example of experiment

We end up this sectionwhit the presentatiorof few exper
imental resultsof a flathess-basedontrol schemeimple-
mentedon the experimentalketupof GDR Automatique IR-
CyN, Nantes.

The first experiment(Fig. 4) consistsin acceleratinghe
motor, startingfrom restto its nominalspeed.We obsene a
goodtracking(it is almostalwaysdifficult to distinguishthe
experimentaltrajectoryfrom the referenceone)anda small
overshoot.

Fig. 5 show the brakingof the motorfrom nominalspeed
to rest.

Finally, Fig. 6 illustratestheinversionof rotatingdirection
atverylow speedj.e. from —27 rad/sto 2« rad/s.
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