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Abstract – This paper presentsa methodology to achieve an
overall model of a power system that consistsof a battery,
an inverter, a permanent magnet servo motor and a turbine.
The stressis placedupon the fact that onesinglefinite element
model would not be able to provide a satisfactory representa-
tion of thebehaviour of thewholesystem.A stagedmodelling is
proposedinstead,which succeedsin providing a completepic-
tur eof the systemand which relieson numerousfinite element
computations.

1. Intr oduction

One hasto analysethe transientbehaviour of the system
consistingof :� a battery,� a three-phaseinverter bridge,� a permanentmagnet (PM) servo motorand� a turbine (mechanicalload).

As thesystemis foreseenfor massproduction, all elements
arekeptassimpleandcheapaspossible,e.g.very simplein-
verterwith minimum control, standardmagnetic iron (high
iron losses),low DC supplyvoltage. The consequenceof
thatis astrongerinterrelation between:� thedifferent componentsof thesystem(e.g.thewaveshapes
of the inverted currentsdepend on the back-emf level, and
consequently on thespeed,whereasin turn, thetorque,and
consequently the speedagain,depends critically on those
waveshapes);� the different physical fields involved (e.g. temperaturede-
pendency andmagneticsaturationof thecores);� thedifferent timescale.

Thegoalof theanalysisis to dimension themotor (ge-
ometry, magnetsandcoils) in orderto fulfill a setof tech-
nical specificationsconcerningthe dynamicsof the system
(ramp-uptime,acceleration, . . . ) andits thermalrobustness.
Note that the specificationsconcernnon-magnetic proper-
tiesof thesystem,whereasthedesignparametersarerelated�
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with the electro-magnetic functioning of the motor. This
separationadvocatesclearlyto adopting a global modelling
approach.

In particular, a classicalfinite element(FE) analysis is
notthemostappropriateapproach.Indeed,evenif oneman-
agesto solveall equationstogether(magneto-dynamic,ther-
mal, power electronicsandmechanical), the model would
anyhow besoheavy andslow that it would beof no practi-
cal usefor design,becausedesigning means exploring thor-
oughly a largedomainof parameters. On theotherhand,a
simplifiedanalysisbasedonananalytical modelof themo-
tor would fail to provide a sufficiently accuratedescription
of the system,becauseof the critical importanceof losses
andsaturationin this case.

This paperpresentsa methodology which, by doing a
limited number of simplifications, allows to combine the
concisenessandefficiencyof analytical models with theac-
curacy of discretemodels(time steppingin circuits, finite
elements).

2. Toward stagedmodelling

A. FE modellingof Powersystems

Thereasonsof thesuccessof thefinite elementmethod are
probably its wide applicability andflexibility , aswell asthe
fact that the discretisationerror canbe theoreticallymade
assmallaswished.In view of thedevelopment of comput-
ersandnumerical techniquesin therecentyears,onemight
feel freeto imaginethat thereexist no limit to thepower of
representationof FE modelsandthatall thevarious aspects
of a physicalsystemcould be taken at onceinto consider-
ation. Therefore, FE modelling is sometimesseenas the
endof empiricalmodelling, i.e. thekind of modelling that
consistsin making simplifications and approximations, in
carefully selectingthe representative quantitiesof the sys-
temandfindingout therelationships betweenthem.

But themajortrendsin FE modelling of power systems
(i.e. multiphysics,coupling with electronic circuits,3D ge-
ometries,accuratematerialmodelling, etc.) have remained
unchanged for quite a time now. The development and
validationof large FE modelsof industrialpower systems
hasbecome a common academicexercise, which requires



month
�
s and which is nowadays a typical PhD thesissub-

ject. Experienceshowshoweverthat,evenif suchambitious
projectsturn out to besuccessfulat theend,thedeveloped
modelslack generality, andthey arevery heavy andhardly
reusable.Moreover, their accuracy cannot be controlled,
unlessby experimentalmeansin a limited setof particular
situations.

B. Designof Powersystems

Let usconsidertheproblemfrom another pointof view. En-
gineersthink in termsof a limited set of variables,even
in presence of complex systems.The purposeof designis
to build or to modify a systemin order to make the inter-
relationsbetweenthosevariablesmatchpredefined techni-
cal specifications.Now, the model is the exploratory tool
thatshouldhelpin doingso,i.e. a thingonemayinterrogate
at will insteadof doing measurements.

But at R&D stage,designers are still essentiallycon-
cernedwith qualitative questionsand they must usually
work onbasisof incomplete,notyetfixedor inaccuratedata
sets.

Ontheotherhand,in ordertobeabletoplayasignificant
role in a modern designprocess,the model hasto account
for all important aspectsof the system,including interac-
tionswith its inputandoutput systems.It mustalsobeflex-
ible andopento gradual enrichment andimprovements as
thedevelopment progresses.Finally, its computationshould
requirea reasonableamount of timeandits accuracy should
alwaysstayunder control. Theseareprinciplesof whatwe
call stagedmodelling: anintellectualconstruction,basedon
well-arguedsimplifications,andintendedto helpanswering
pre-definedtechnical questions. AlthoughFE computations
play an important role in building stagedmodels, they are
not themselves thekind of model we arelooking for.

Thestagedmodelling of thesystemunderconsideration
in this paperis described in the following sections.A set
of preliminary computationsarefirst presentedin section3.
The ‘over oneperiodstationary’ analysisis thenpresented
in section4.andthetransientanalysisin section5.As thisis
essentiallya paperaboutmethodology, ratherthananappli-
cationpaper, the dataandparameters might be incomplete
at someplaces.Theauthors apologizesfor that.

3. Preliminary computations

A. Thefluxplot

Thekey pointin therealisationof astagedmodelis to define
carefullytheinterfacequantitiesbetweenthedifferentcom-
ponents of thesystem.Betweentheinverter andthemotor,
theinterfacing quantities aretheelectricalquantities associ-
atedwith thethreestatorphases.In particular, to represent
the back-emfof the phase,we will pay attentionto the so-

calledfluxplot ���	��
��������������������
������� !#"�$ (1)

whichgives thetotal flux embracedby onestatorphaseasa
function of theangularpositionof therotor

�
andthecurrent

in that phase
�
. If the motorworks in an equilibratestate,

the flux plot of onephaseis sufficient, as the flux plot for
theotherphasesareobtainedby a simpleangleshift. If the
machineworks off saturation,the dependenceon

�
canbe

neglected. Theflux plot gathers in onetableall theneeded
information concerning the motor, seenfrom the point of
view of theinverter.

B. Core lossesparameters

In a PM motor, corelossesaremostly locatedin thestator
core. At high speeds,they mayoverride copperlossesand
needtherefore to be estimatedcarefullyover a wide range
of frequencies.A difficulty in thecalculationof corelosses
is that themagneticflux density not only variesin time but
alsovarieswidely in space.Onemay distinguishhystere-
sis losseswhich areproportional to thefrequency andeddy
current losseswhich areproportional to the squareof the
frequency. Onewill thereforeassumethatorelossescanbe
expressedaccuratelyby theformula%'&)(*,+ �	�-
/.0�1�32546�	���7.98:2<;6�	���=. ;

(2)

wherethefrequencyindependentconstants
2 4 �>���

and
2 ; �	���

areexpressedby2 4 �	���?� ��@BA	C,A (*'D � ;EF GIH�J ���	��
��� " �LKM
 (3)2 ; �	���?� ��@BA	C,A (* D 2 +/NON,PQ�R � ;EF S H�J �����T
��� S ; " � KVU (4)

This assumption is oneof the simplificationsof the staged
modelling.

Oneseesthattheflux plot (1) aswell asthecorelosses
parameters (3) and (4) depend on

���	��
���
and HWJ ������
���� .

They cantherefore becomputedbeforehandfor a givenge-
ometryof themotor, by postprocessingadequatelya series
of 2D staticFE computations,andthenstoredinto tables.

4. The ‘over oneperiod stationary’ analysis

Becauseof thebig differencein scalebetweenoneelectrical
periodandthe time neededby themotorto reachits nomi-
nalspeed,aclassicaltransientanalysiswouldrequireseveral
tenthousandsof time steps.Thetransientanalysisis there-
fore split up into two parts.Thefirst partconsistsin calcu-
lating ‘over oneperiod’ thestationarycurrentwaveshapes
for a fixedspeed

.
, a fixedcommutationangle X andfixed

temperatures.Thesecondpartis the transientdynamic and



TABLE I
COEFFICIENT FOR THE DISTRIBUTION OF THE BATTERY

VOLTAGE OVER THE DIFFERENT PHASES (WYE-CONNECTION).

phaseY phaseZ phase[\^]0_`\^] a5]0_cb bd_ea5]
0 OFF 0

1/2 OFF -1/2
-1/3 2/3 -1/3
1/3 1/3 -2/3\^]0_cb bd_`\^] a5]0_ea5]

OFF 0 0
OFF 1/2 -1/2
-2/3 1/3 1/3
-1/3 2/3 -1/3bd_fa5] \^]�_`\^] a5]�_cb

0 0 OFF
-1/2 1/2 OFF
-1/3 -1/3 2/3
-2/3 1/3 1/3a5]0_fa5] \^]0_cb bd_g\^]

0 OFF 0
-1/2 OFF 1/2
1/3 -2/3 1/3

-1/3 -1/3 2/3a5]0_cb bd_fa5] \^]0_g\^]
OFF 0 0
OFF -1/2 1/2

2/3 -1/3 -1/3
1/3 -2/3 1/3bd_`\^] a5]�_fa5] \^]�_cb

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 thestagedmodelling.

During the‘over oneperiodstationary’analysis,thein-
ductances,resistancesandback-emf ’sof thephases,theex-
travoltagesandresistancesdueto theelectronic components
andtheswitchingstrategyof theinverterbridgeareall taken
into considerationfor thecomputationof thewaveshapesof
thephasecurrents andvoltages.

Onestartsfrom therelationbetweentheelectricquanti-
tiesassociatedwith eachstatorphase:hTi �kj i � i 8 H A � i 
mln�ko'
�pq
�2

(5)

where
� i

is given by (A.). The total resistanceof thephasej i
is computedanalytically. It may be augmentedby ex-

tra resistancedueto the electronic components. The total
phasevoltage

hri
is equalto thebatteryvoltage

h�s C,AtA +)*�P
dis-

tributedover thedifferent phases,according to theparticu-
lar topology ateachinstantof timeof theinverterandto the

connection type(herea Wye-connection). Onewritesh i �vu h s C,AtA +)*�P
(6)

where
u

is thecoefficient takenfrom Tab. I.
The tablehassix sections,which correspondto the six

periods betweentheswitching-on of two successivephases.
For instance,let us considerthe last groupof four lines in
the table. In the consideredperiod,the phase

o
hasto be

switchedon ( w#x 8zy
) andthephase

2
hasto beswitched

off (
8zy x w ), the phase

p
remainingin the samestate

( � y x � y ). Immediately aftersending theswitch-onsig-
nal to phase

o
, all threephasesareconducting.Theinverter

topologiescorrespondingwith thelasttwo linesof thegroup
arethenused.In bothof them,thevoltageis positive in the
switchedon phase(i.e. phase

o
), thevoltage is negative in

theswitchedoff phase(i.e. phase
2

), andthevoltageis ei-
therpositiveor negative in phase

p
, whichallowsto control

thecurrent in thatphase.After a while, thecurrent in phase2
reacheszeroandthephaseceasesto beconducting.From

that instanton, thefirst two linesof thegroup areused,the
first oneto let the current decrease(freewheeling) andthe
secondoneto make it increasein the loop formedby the
phases

o
and

p
.
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Fig. 1. Stationarywaveshapesof thephasecurrents(in all phases)
andof thevoltages(in onephase)atlow speed( {}| ]Ob~b�b<� ���6�6�~��� )
andwith ��| b .

Startingfrom (5), the following explicit time-stepping
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Fig. 2. Stationarywaveshapesof the phasecurrents (in all
phases)andof thevoltages(in onephase)at a higherspeed( {V|��� b�b�� ���L�6�����

) andwith ��| �~�~�
schemecanbewritten:� i �	�^8M�z���0��� i ������8 hTi � . H�J � i � j i � i �����. H�� � i ���

(7)

andapplied until theachievementof astationarywaveshape� i �����
overoneperiod � .

Fig.1andFig.2show examplesof thecomputedstation-
arywaveshapesof thephasecurrentsandof thevoltagesthat
arethedifferenttermsof (5).

Themeantorque is now computedby� ��.d
 X �1���Q�R � ;EF � H�J ���	� � X 
 w ���-�	��� " � � %'&)(*,+ �>�T
�.0�. U
(8)

with
% &)(*,+

givenby (2). This first partof thestagedmodel
can then be seenas a procedure that gives the torque for
givenspeed,commutationangle andtemperatures.

5. The transient analysis

The transient analysisof thesystemcannow bedescribed.
Actually, two transientanalysisarecarriedover in parallel.
Onefor thetemperaturesandonefor thespeed.

��� ��� ���
�/  ¡�¢

£�¤ ¥L¦ §6¨ ©�ª«¬ ®�¯ °±,² ³

Fig. 3. Sketchof a thermalmodelwith six nodes.

A. Thethermalanalysis

Temperaturehasa stronginfluenceon thebehaviour of PM
motors(through the temperature dependency of the mag-
netstrengthsandtheelectricalconductivity). Knowing the
different losses(Joulelossesin the statorcoils, statoriron
lossesandpower dissipatedby the power electronics com-
ponents) and their location in the different regions of the
system,anelementarytransientthermalmodelcanbebuilt
up in order to estimatethe temperaturelevel of the differ-
entpartsof themachine.Thethermal model (Fig. 3) asso-
ciatesonenodewith eachregion of the model(e.g. coils,
yoke,cooling fluid, powerelectronicscomponents,ambient
air around the motor, etc.). Eachnode is associatedwith
a temperature

� � , a heatsource ´ � anda thermalcapacity2 � . The nodesare linked with branches. Eachbranch is
associatedwith a heatflux

% �Oµ anda thermalconductivity¶ �Oµ . All thoseparametersareestimatedanalyticallyor by
meansof dedicatedthermalFEanalysis.Onecannow write
evolutionaryequationsfor thetemperatures:

H A �·2 � � � �¸8º¹ µ % �Oµ � ´ � 
 (9)% �Oµ � � ¶ �,µ � � µ � � � � U (10)

B. Thedynamic analysis

Thesecondpartof thetransientanalysisis the transientdy-
namicanalysis of the speedof the motor, according to the
ordinarydifferential equation in time» H A .¼8º½W�t.0�1� � ��.d
 X � (11)

where
»

is the inertia of the rotatingpart,
½W�t.0�

is the re-
actiontorqueexertedby the turbine andfriction forcesand
where

� �t.d
 X � is givenby (8).
Differentstrategiesof flux weakening, i.e. modification

of X asa function of
.

, cannow beanalysedeasily, Fig. 4
andFig. 5.

C. Combinationwith the‘over oneperiodstationary’ anal-
ysis

At eachtime stepof the transientanalysis,one ‘over one
periodstationary’analysisis donewith thecurrentvaluesof
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Fig. 4. Plotof thetorquevs speedcharacteristic,with andwithout
flux weakening.
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Fig. 5. Plot of the torqueasa function of the speed{ and the
commutationangle � . Flux weakening consistsin selecting,at
eachspeed{ , thecommutationangle� thatmaximizesthetorque.

thespeed
.

, of thecommutationangleX andof thetempera-
tures

� � (whichaffect thevaluesof all resistancesandof the
flux plot). Theoutcomeof the‘over oneperiod stationary’
analysisis thevalueof thetorque

� ��.d
 X � andthevaluesof
all losseś � in thedifferent regionsof thesystem.With this
values,thespeed

.
andthetemperatures

� � areupdatedby
theexplicit schemesdescribedin theprevioussections.

Conclusion

Building the stagedmodel has implied doing simplifica-
tions. In counterpart, the stagedmodel hasthe big advan-
tageof providing atareasonable computationalcosta faith-
ful dynamic descriptionof the overall system. As the de-
velopmentgoesalong, thestagedmodel is opento gradual
enrichmentandimprovements, thanks to furtherFE investi-
gations aimingat determining its different parametersor at
estimatingtheinfluenceof thesimplificationsthathavebeen
done.
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