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Abstract — This paper presentsa methodologyto achieve an
overall model of a power systemthat consistsof a battery,

an inverter, a permanent magnet sevo motor and a turbine.

The stressis placedupon the fact that onesinglefinite element
model would not be able to provide a satisfactory representa-
tion of the behaviour of the whole system.A stagedmodelling is

proposedinstead,which succeedsn providing a completepic-

tur e of the systemand which relieson numerousfinite element
computations.

1. Intr oduction

One hasto analysethe transientbehaiour of the system
consistingof :

o abattery

o athree-asenvetter bridge,

o apermaentmagné (PM) seno motorand
o aturbine (mectanicalload).

As the systemis foreseerfor massproduction all elements
arekeptassimpleandcheapaspossibleg.g.very simplein-
verterwith minimum contrd, standardnagreticiron (high
iron losses),low DC supplyvoltage. The consegenceof
thatis astrongeiinterrelation between

thedifferent compamentsof thesystem(e.g.thewaveshaps
of theinverted currentsdepad on the back-enf level, and
conseqently onthe speedwhereasn turn, thetorque,and
conseqantly the speedagain, depeands critically on those
waveshapes)

the different physical fields involved (e.g. tempeaturede-
pendacy andmagneticsaturatiorof thecores)
thedifferert time scale.

The goal of the analysisis to dimensia the motor (ge-
ometry magnetsandcoils) in orderto fulfill a setof tech-
nical specificationscorcerningthe dynamics of the system
(rampuptime,acceleration...) andits thermalrobustness
Note that the specificationscorcern nonmagretic proper
tiesof thesystemwhereashedesignparametesarerelated
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with the electremagnéic functioning of the motor. This
separatioradwocatesclearlyto adoptig a globd mocklling
apprach.

In particular a classicalfinite element(FE) andysis is
notthemostappopriateapprach.Indeed,evenif oneman-
agedo solveall equationstogethe(magnéo-dyramic,ther
mal, power electronicsand mechaical), the model would
anyhow be so heary andslow thatit would be of no practi-
cal usefor design becauselesignig mears exploring thor
oughy alarge domainof paraméers. On the otherhand,a
simplifiedanalysishasedn anandytical modelof the mo-
tor would fail to provide a suficiently accuratedescription
of the system,becausef the critical impartanceof losses
andsaturatiorin this case.

This paperpresentsa methoalogy which, by doing a
limited number of simplificatiors, allows to comhne the
concisenesandefficiency of andytical modés with theac-
curacy of discrete models(time steppingin circuits, finite
elements).

2. Toward stagedmodelling

A. FE modellingof Powersystems

Thereasonof the succes®f thefinite elementmetha are
prokably its wide applicalility andflexibility, aswell asthe
fact that the discretisatiorerra can be theoreticallymade
assmallaswished. In view of the development of comput-
ersandnurrericaltechnigiesin therecentyears,onemight
feelfreeto imaginethatthereexist no limit to the power of
represetationof FE modelsandthatall thevarious aspects
of a physicalsystemcould be taken at onceinto consider
ation. Therwefore, FE mocklling is sometimesseenas the
endof empirical modelling i.e. thekind of mocelling that
consistsin making simplificatiors and appraximations, in
carefully selectingthe representatve quantitiesof the sys-
temandfinding outtherelationshig betweerthem.

But the majortrendsin FE mocklling of power systems
(i.e. multiphysics,coupling with electronc circuits, 3D ge-
ometries,accuate materialmocklling, etc.) have remaned
unchanged for quite a time now. The developmen and
validation of large FE modelsof industrial power systems
hasbecone a comnon academiocexercise, which requies



montts and which is nowadays a typical PhD thesissub-
ject. Expeienceshavs howeverthat,evenif suchambitiols
projectsturn out to be successfuht the end, the developed
modelslack generdity, andthey arevery heary andhardly
reusable. Moreover, their accurag can not be contrdled,
unlessby experimentalmeansn alimited setof particular
situations.

B. Designof Powersystems

Let uscorsidertheprodem from anothe pointof view. En-
gineersthink in termsof a limited set of variables,even
in presewe of comgex systems.The purposeof designis
to build or to modify a systemin order to make the inter-
relationsbetweenthosevariablesmatchpreddined techni-
cal specifications.Now, the modelis the exploratory tool
thatshouldhelpin doingso,i.e. athingonemayinterrogate
atwill insteadof doing measuements.

But at R&D stage,designes are still essentiallycon-
cernedwith qualitatve questionsand they must usually
work on basisof incomgete,notyetfixedorinaccuratalata
sets.

Ontheotherhand,in orderto beableto playasignificart
role in a modern designprocess,the model hasto accoum
for all important aspectof the system,including interac-
tionswith its inputandoutput systemslt mustalsobeflex-
ible and opento gradu# enrichnent and improvemerts as
thedevelopmen progessesFinally, its computationshould
requile areasoableamoun of time andits accuacy should
alwaysstayuncder control. Theseare principes of whatwe
call stagedmodelling: anintellectualcorstructionbasedn
well-aguedsimplifications,andintendedo helpanswering
pre-cefinedtechnicé questios. Although FE compuations
play animportant role in building stagedmocels, they are
notthemseles thekind of mode we arelooking for.

Thestagedmodelling of the systemunderconsideation
in this paperis descrited in the following sections. A set
of preliminary compuationsarefirst presentedn section3.
The‘over oneperiodstationay’ analysisis thenpresented
in sectiord.andthetransientanalysisin section5. As thisis
essentiallya paperaboutmethodlogy, ratherthananappli-
cationpape, the dataand parametes might be incomplete
atsomeplaces.Theauthas apolaizesfor that.

3. Preliminary computations

A. Thefluxplot

Thekey pointin therealisatiorof astagednodelis to define
carefullytheinterfacequantities betweerthedifferentcom-
ponetts of the system.Betweentheinverter andthe mota,

theinterfadng quartities arethe electricalquartities associ-
atedwith thethreestatorphaseslin particuar, to represeh
the badk-emfof the phasewe will pay attentionto the so-

calledflux plot
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which gives thetotal flux embraedby onestatorphaseasa
function of theangulampositionof therotor§ andthecurren
in that phasel. If the motorworksin anequilibratestate,
the flux plot of onephaseis sufficient, asthe flux plot for
the otherphasesreobtainedby a simpleangleshift. If the
machineworks off saturationthe depexdenceon I canbe
neglected Theflux plot gathes in onetableall the needed
information concening the motor, seenfrom the point of
view of theinverter.

B. Core lossegarametes

In a PM motor, corelossesaremostly locatedin the stator
core. At high speedsthey may override copperlossesand
needtherefae to be estimatedcarefully over a wide range
of frequencies A difficulty in the calculationof corelosses
is thatthe magneticflux dersity not only variesin time but

alsovarieswidely in space.One may distinguishhystee-

sislosseswhich areproportional to the frequency andeddy
current losseswhich are proportiond to the squareof the

frequeng. Onewill therebreassumehatorelossescanbe

expressedaccuratelyby theformula

Qcm‘e(I;w) = CI(I) W+CQ(I) w2 (2)
wherethefrequeryindependentonstant€’'; (1) andCs (1)
areexpressedby

2
ciI) = / ( h 9gb(6,1) d0) , (3)
stator 0
_ Ceddy 2 2
Cx(I) = — |8b(6, I)|d6 | . (4)
stator 27 0

This assumptia is oneof the simplificationsof the staged
modelling.

Oneseeghatthe flux plot (1) aswell asthe corelosses
parametes (3) and (4) deperl on b(68,I) and d4b(0,I).
They cantherefae be computedbeforehandfor a givenge-
ometryof the motor, by postpocessingadeqately a series
of 2D staticFE computations,andthenstoredinto tables.

4. The ‘over oneperiod stationary’ analysis

Becausef thebig differencein scalebetweeroneelectrical
periodandthe time neededy the motorto reachits nomi-
nalspeedaclassicatransientinalysisvouldrequire several
tenthowsandof time steps.Thetransientanalysisis there-
fore split up into two parts. Thefirst partconsistdn calcu-
lating ‘over oneperiod’ the stationarycurrentwaveshaps
for afixed speedv, a fixed commutationanglea andfixed
temperattes. The secondpartis thetransientdynamic and



COEFFICIENT FOR THE DISTRIBUTION OF THE BATTERY
VOLTAGE OVER THE DIFFERENT PHASES (WY E-CONNECTION).

TABLE |

phased phaseB phaseC
+1 — +1 -1—0 0— -1
0 OFF 0

1/2 OFF -1/2

-1/3 2/3 -1/3

1/3 1/3 -2/3
+1—-0 0—>+1 —-1-—>-1
OFF 0 0
OFF 1/2 -1/2
-2/3 1/3 1/3
-1/3 2/3 -1/3
0—>-1 +1-—>+41 -1—-0
0 0 OFF

-1/2 1/2 OFF
-1/3 -1/3 2/3
-2/3 1/3 1/3
—1—- -1 +1—=0 0—+1
0 OFF 0

-1/2 OFF 1/2

1/3 -2/3 1/3

-1/3 -1/3 2/3
-1->0 0——-1 +1—>+1
OFF 0 0
OFF -1/2 1/2
2/3 -1/3 -1/3

1/3 -2/3 1/3
0—+1 —-1—-1 +1 -0
0 0 OFF

1/2 -1/2 OFF

1/3 1/3 -2/3

2/3 -1/3 -1/3

thermalanalysis This splitting is oneof thesimplifications
of thestagednodellirg.

During the ‘over oneperiodstationary’analysisthein-
ductanes,resistanceandback-enfi's of the phasesthe ex-
travoltages andresistancedueto theelectromc compments
andtheswitchingstrategy of theinverter bridgeareall taken
into corsideratiorfor the computationof thewaveshapesf
thephasecurrens andvoltages.

Onestartsfrom therelationbetweerthe electricquanti-
tiesassociateavith eachstatorphase

‘/E:Rﬁlﬁ +at¢ﬁ ) ‘SZA:B)C (5)

whereg, is given by (A. Thetotal resistanceof the phese
R, is comptedanalytically 1t may be augnentedby ex-
tra resistancelueto the electroc compnents. The total
phasevoltage V¢ is equalto thebatteryvoltageViqtery dis-
tributedover the different phasesaccordhng to the particu-
lar topdogy at eachinstantof time of theinverterandto the

connetiontype (herea Wye-comectior). Onewrites
V-E = /\%attery (6)

where is thecoeficienttakenfrom Tah I.

The table hassix sectionswhich correspondo the six
periods betweerthe switching-a of two successie phases.
For instance et us considerthe last groupof four linesin
the table. In the consicredperiod, the phaseA hasto be
switchedon (0 — +1) andthe phaseC' hasto be switched
off (+1 — 0), the phaseB remainingin the samestate
(-1 — —1). Immedately after sendiig the switch-onsig-
nalto phaseA, all threephasesarecondicting. Theinverter
topolagiescorrespadingwith thelasttwo linesof thegroup
arethenused.In bothof them,thevoltageis positivein the
switchedon phase(i.e. phaseA), thevoltage is negdive in
the switchedoff phase(i.e. phaseC’), andthevoltageis ei-
therpositive or negdive in phaseB, whichallowsto contrd
thecurrert in thatphase After awhile, thecurrentin phase
C reachezeroandthephaseceaseso becondicting. From
thatinstanton, thefirst two lines of the group areused the
first oneto let the current decreasdfreavheeling) andthe
secondoneto malke it increasein the loop formedby the
phasesA andB.
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Fig. 1. Stationarywaveshapesf the phasecurrentg(in all phasep
andof thevoltagegin onephaseptlow speedw = 1000 [rad/s])
andwith o = 0.

Startingfrom (5), the following explicit time-stepmg
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Fig. 2.  Stationarywaveshapesof the phasecurrents(in all
phasespndof the voltages(in onephase)at a higherspeedw =
2500 [rad/s]) andwith a = 55°

schemecanbewritten:

Ve — wOype — Rele(0)

Ig(e + AQ) = 15(0) + w31¢>§

A8 (7)

andappied until theachiezementof a stationarywaveshape
I¢ () overoneperiodr.

Fig. 1 andFig. 2 shav exanplesof thecomputedstation-
arywaveshapesf thephasecurrentsandof thevoltageghat
arethedifferenttermsof (5).

Themeantorgue is now computedby

T(w,a) = 3 /27r —0pp(6 — 0, 0)1(6) db — Qeore(I,w)
0

2w w
(8)
with Q.ore givenby (2). Thisfirst partof the stagednodé
canthenbe seenas a procedire that gives the torque for
givenspeedcomrmutationande andtempeatures.

5. The transient analysis

Thetransien analysisof the systemcannow be descriled.
Actually, two transientanalysis are carriedover in parallel.
Onefor thetemper&uresandonefor the speed.
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Fig. 3. Sketchof athermalmodelwith six nodes

A. Thethermalanalysis

Temper&ure hasa stronginfluerce on the behaiour of PM

motors (through the temperatte depenleny of the mag-
netstrenghs andthe electricalcorductivity). Knowing the
different losses(Joulelossesin the statorcoils, statoriron

lossesand power dissipateddy the power electronis com-
ponens) and their locationin the different regions of the

system,an elementantransienthermalmodelcanbe built

up in orde to estimatethe tempeaturelevel of the differ-

entpartsof the machine.Thethernal modé (Fig. 3) asso-
ciatesone nodewith eachregion of the model(e.g coils,

yoke, coding fluid, power electronicccompnentsambiert

air arourd the motor, etc.). Eachnock is associatedvith

atemperatte Ty, a heatsouce P; anda thermalcapacity
Cr. Thenodesarelinked with brantes. Eachbrarch is

associateavith a heatflux @7y andathermalconductivity

Kr;. All thoseparanetersare estimatedanalyticallyor by

meanof dedicatedhermalFE analysis.Onecannow write

evolutionary equatimsfor thetempeatures

0(CrTy) + Z Qs = P, )
7

Qry = -Kp;(T;-Tr). (10)

B. Thedynanic analysis

The secondpartof thetransientanalysisis thetransientdy-
namicandysis of the speedof the motor, accordimg to the
ordinary differential equaion in time
JOw + f(w) = T(w,a) (11)

where J is the inertia of the rotating part, f(w) is the re-
actiontorque exertedby the turbine andfriction forcesand
whereT (w, ) is givenby (8).

Different stratgiesof flux wealening i.e. modfication
of a asafundion of w, cannow be analyseckasily Fig. 4
andFig. 5.

C. Combiration with the‘over oneperiodstationay’ anal-
ysis

At eachtime stepof the transientanalysis,one ‘over one
periodstationary’analysids dore with the currentvaluesof
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Fig. 4. Plotof thetorquevs speedcharacteristicwith andwithout
flux wealening.
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Fig. 5. Plot of the torqueas a function of the speedw andthe
commutationangle«. Flux wealening consistsin selecting,at
eachspeedv, thecommutatioranglea thatmaximizesthetorque.

thespeedy, of thecomnutationanglea andof thetempera-
turesT (which affed thevaluesof all resistanceandof the

flux plot). The outcane of the ‘over oneperiad stationary’
analysisis thevalueof thetorque T'(w, ) andthe valuesof

all lossesP; in thedifferen regionsof thesystem With this

values the speedv andthetemperattesT’; areupdatedy

theexplicit schemeslescribedn theprevioussections.

Conclusion

Building the stagedmodel has implied doing simplifica-
tions. In countepart, the stagedmocel hasthe big adwan-
tageof providing atareasonale compuationalcostafaith-
ful dynamic descriptionof the overall system. As the de-
velopmentgoesalong the stagedmocel is opento gradué
enrichmentandimprovemerts, thanls to further FE investi-
gatiors aiming at determirng its different paranetersor at
estimatingheinfluenceof thesimplificatiors thathave been
done.
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