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Abstract: In this paper, we present a methodology for eléiognonal characterization of two configurations: rpanent
magnet motor and its equivalent to wound rotorsThodeling approach is in the aim to evaluatingdifferent temperatures in
different active parts of the two configuratiorschoose the type and characteristics of the cgslyjstem to use. A comparative

study between the two solutions is presented.
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1. Introduction

2. Choice of Modeling Approach

The main objective of the electrothermal modeling o

thermal stresses is to respect the good workirtbeoklectric
motor. In fact, exceeding the melting temperatdrthe coils
insulation set at 100 ° C leads to the deterionatibthe coils
and subsequently damage the motor. In additionwladge
of different temperatures in the active areas @f émgine
allows firstly to take into account the change bé tB-H
magnets characteristic (critical temperature is tooéxceed
200 ° C for Sm-Co magnet), and secondly the change
resistance phases of electric motor, strongly axfing the
electrical, magnetic and mechanical behavior ofrengrhis
knowledge temperatures determines the nature awerpaf
the cooling system to integrate in the two engiakeced
configurations. The fisrt configuration is permaneragnets
synchrnous motor (PMSM) and the second is a coibaor
synchronous motor (CRSM). In this context, we sttidg
two cases of motors to choose the most efficiend a
consistent with a cooling system the least powegnd
consequentely the least expensive.

We set a goal to not exceed the limits of the feifg
temperatures:

200 ° C for permanent magnets (Sm-Co).

100 ° C for the insulator coil.

This survey must succeed to the choice of the streof
the motor compatible to the least expensive codiygiem.

Conventional analytical methods, describes heatstea
with an acceptable complexity. However these method
require precise knowledge of many coefficients rfired
conductivity, heat transfer coefficient, emissiyitjat's often
difficult to obtain.

Finite elements methods require an important memory
resources and computation time. They are therefwe
compatible with our approach should allow to model
magnetic component in its environment ie part chain of
power. In addition, the model developed should nedeunt
of all the phenomena involved in a magnetic compbne
(electric phenomena, magnetic and thermal).

The nodal method provides better accuracy compenis
results and simulation time. It is therefore coriipat to
optimization approaches such as the performancedeatric
pvehicle. It seems however best suited to our cascand
lends itself well to an experimental approach. Thmponent
to be modeled is divided into insulated areas @utenected
by a thermal resistance, the center of a zonellsdcaode. A
thermal capacity and a heat source are associdtaceach
zone. A system of differential equations is obtdibg writing
the heat balance at the various nodes. A first@agmation is
to consider thermal resistance as constant (faehatcuracy
thermal resistances can be modeled using analyélzdions).

For the components of our synchronous motor, the
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equivalent circuit is limited to a few resistorsdacapacitors temperatures. Temperatures are assumed uniformheén t
whose values can be obtained by calculation. The¢had material and in the different coils.
meets our specifications [1]. We consider an ambient temperature of 27 ° C and we
assume a maximum permissible temperature rise ©° 10
for the stator winding and the insulation. This marg-up is
3. Nodal Thermal Model of PMSM and determined by the temperature holding of the cotmtaand
CRSM Sructures the slots bottom insulators. at the same way, th&mum
warming-up of the magnets (Sm-Co) must be taket@ount
and we admit a warming-up of the order of 200 %CtHe
context of our model, we consider only perfect eotg, and
their conduction resistances are low and brokem agtount
and  magnetig, e thermal model of the PMSM and CRSM.
The heat exchange is assumed in the axial direction
N because the length of the two structures in thigction is
much lower than that in the radial direction, irddidn heat
exchange sections perpendicular to the axis oftbtor is
much greater than those radials [2].

The system to be modeled is a synchronous elautior
with axial flux and permanent magnet, or with alexbirotor
(Figure 1). For the two configurations the statowith same
structure and mechanical, electrical
characteristics are equivalent.

Rotor tooth Rotor coil

Stator coil

3.2. Heat Transfer in the PMSM and CRSM Structures

Heat transfer in the PMSM is illustrated by thddaling
Figure 3:

Inserted tooth

(a) Coiled rotor (b} Same stator

Rotor iron

l Irsulation I

Teeth: =Py Os=P, Coppsr

Statoryoks  0=P

(¢) Permanent magnet rotor (d) Same stator

Figure 1. PMSM and CRSM equivalents structures.

The 3 D structure of PMSM is illustrated by figire

Teath: Ba=Py

Figure 3. The heat transfer in the PMSM.

The heat transfer in the CRSM is illustrated byfigare
4 [3]:

Figure 2. 3 D structure of PMSM

3.1. Assumptions Used for Modeling

We recall firstly our assumptions about thermal el of
magnetic components to justify the principles ofesied
measures that lead to the measurement of average
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Figure4. The heat transfer in the CRSM.
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4. Transient Thermal Modd

We selected a model using thermal-electrical analby
order to simplify the model, we have the following
assumptions:

¢ Uniform heat generation.

¢ Uniformity of physical properties across the eleten

* Uniformity of the exchanges on each of the faces.

The machine is divided into simple volume elements
exchanging heat between themdmyduction or convection.
Copper losses include slots losses and end winldisges.
The transien thermal model of the PMSM structune tteen
be represented by an analog electrical networtteasribed in
figure 5 [1], [2], [3], [4] and [5].

The transient thermal model of the CRSM structige i
represented by an analog electrical network, asritbes! in
figure 6.

et

C

1

Ce

1/ih.5)

h

TH

E

Ccur
Hc'ﬁor T“”

Tear Taentr [

l i H:r.ll
l::'ucir Cdr

—

1{(h.sjﬂ
"~ i

m

Figure 6. Transient thermal model of the CRSM actuator.
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For the models presented in figure 5 and 6, wenddiivo Wherel, is thermal conductivity of the magnets, p is the
isothermal zones constituted by the magnetic nateri the nomber of pole pairs,.$ the magnet section andislmagnet
one hand and by the winding on the other hand. thikness.

Previously defined areas are warm seat due to copgses * The conduction resistance of the air-gap is expbsy
and iron losses. the following relationship:

P, P and Ry corresponding respectively to the total losses
in the coils, in the stator yoke and in the staemth. The Reen = €
variables Ti correspond to the temperatures agmdifft points A x(nx Dg - D,ZJ (5)
of the machine. The terms of thermal resistancesladuced ar 4

from the resolution of the heat equation bordeasire

Wherel,;, is the thermal conductivity of air and e is the
air-gap thikness.

For the sake of simplification, the conduction ajaie For CRSM structures, the conduction resistanceshef
transverse axis of the stator is not taken althdtighay be materials constituting the rotor are expressedbyfallowing
essential, especially in the windings. Heat transfex stator relationships:

4.1. Calculation of Conduction Resistances

element therefore allows one preferred directitwe, &xial * The conduction resistance of the copper rotor is
direction. This is reflected by the following hesfuation [1]. expressed by the following relationship:

®; T,-T N

—T = _Axgradl =-Ax—+ 2 1) 5prx1x7(De+Di)

Set X X2 Reer = 6 4 (6)

)\fer X[Lerx(Ecs"' Lerx Z)X 2+2X((¥)“‘P X%)X Lerjx ZXP
Where L, is the width of a rotor slot:

E
= 1 (D,+D;
A % St @ LerZLPXEX(%\J (7)

Equation 2 can be derived from a general formula of
thermal conduction resistance to an axial fluxribstion:

Wherel is the thermal conductivity,.3s the heat exchange .
and Eis equal to:
section andD+ is the total heat flux exchanged and E is the Esiseq

thickness of the heat exchange. D.-D.
The conduction resistances can be deduced from the Ecs :[ s 2 : j (8)
geometrical equations of PMSM and CRSM.
For PMSM structures, the conduction resistanceshef ; T
materials constituting the rotor are expressedbyfdllowing Lyis the polar pitch
relationships: L
* The conduction resistance of the rotor yoke is esged " p ©)

by the following relationship:
The conduction resistance of the rotor teeth isesqed by

Ry = He — the following relationship:
)‘fer X(T[xDe‘lDlj ®) Ng %1
apr xlx (De+Di)fo
Wherel, is the thermal conductivity of the irongHs the Reqr = 6 4 (10)
rotor yoke thikness, Dand Dare respectively the exetrnel and Mer XL xg x( De * D j XEX2%p
internal diameter of the motor. 3

* The conduction resistance of the magnet is expddsge

the following relationship: ¢ The conduction resistance of the rotor insulatisn i

expressed by the following relationship:

—_ Ha
Rcaim_m 4)
(1-K;)xNg %1,
SxL xlx(D D) <K,
P 6

R (11)

cisor —

Nio X [L X (Eget Lo ><2)><2+2><(( ]XL x J LerJXZXp
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Wherel;s, is the thermal conductivity of insulation and K for the two structures are equal.

is load factor of slots. * The conduction resistance of the coils is exprebgdtie
* The conduction resistance of the rotor yoke is esged following relationship:
by the following relationship:
R, = K¢ xHyg
Rccr = Hcr )\Cdex(zxLencx De;Di +%xAdennxLenc+%xAden2XLencJ (13)
N D - D? (12) . . |
fer X TOX 4 Wherel. is the thermal conductivity of copper angdisithe

stator tooth high.
* The conduction resistance of the insulator is esged

We recall that for both structures, the statorcttme is the . . ;
by the following relationship:

same. The conduction resistances respectively efctils
(Rew, insulation (R,) of main teeth (R, and stator yoke (&

1-K¢ )xH
.- -k, )<,

D, -D (14)

. D D
)\iso x Nd ><(le-enc>< l +7leden1LxLenc+7exAden2 ><I-encj

Where A5, is the thermal conductivity of the insulation, Wher Hsis the stator yoke thikness.
Agents the lower main tooth angle,q4\wis higher angle of the e The conduction resistance of the air between two
main tooth, N is the tooth number. modules is expressed as follows:

The slot width I, is expressed as follows:

— Eair
1( 2m I Rar = nx D2 (19)
Lenc=B 5”{2 [Nd_ a Bp(l_rdid)]] (15) A air X Te
Where q is the ratio between the angular width of the Where E; is the thickness of air between two modules.
inserted tooth and that of the principal tooth. sThatio is * The conduction resistance of the flanges is expreas
optimised by finite elements simulations in ordereduce the follows:
flux leakages and to improve the back electromddirce E
wave-form. Ris = Ry =—ﬂ2
Where B is equal to : o T De (20)
)‘fer 4
B:Le;Di (16)

Where g is the thickness of the flanges.

The PMSM and CRSM configuration is caracterized by 2. Convection Resistances Computation
variation law of the pole pairs number (p) accogdinp an
integer number n varying from one to infinity, tfaio (r) of The convective heat transfer is the preferred motle
the number of principal teeth {Nby the number of pole transfer within the fluids. Then it is generally aumore
pairs, the ratio\) between the angular width between twdmportant than conduction. We must distinguish leetw
principal teeth and that of a principal tooth, tiagio () natural convection and forced convection.
between the angular width of a principal tooth arbat of a Density differences related to differences in terapee
magnet and the ratioB) between the angular width of a cause movements of the fluid which is heated irtairwith

magnet and the polar step. hot body and thus carries the heat to colder atkasmatural
The conduction resistance of the main teeth isesgad convection. The yoke and the outer flanges of tehime in
by the following relationship: the absence of external fan, undergo this tramséete. In the

internal parts, not brewed areas are rare dueetootior. The
17) heat exchange coefficient between the housing dmdl t
ambient air, can be between 20 and 50 W.riK 2 for machine
natural ventilation and can exceed 80 W-.#  for machines
with forced ventilation.
The only network element that refers to a transigr
convection is By , which represents the overall thermal
Hee resistance between the surface of the casing/dahgds and

) the ambient air.
Mo x(nxDe -] J 18)
4

Hq

RCd ) )‘ferx(Nd ><Sd)

Where H is the teeth high, Ss the main tooth section.
* The conduction resistance of the stator yoke isesqed
by the following relationship:

R

cs

Rex = = (2 1)
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Where h is the heat transfer coefficientis3he area of heat Ty XNgXLg,
exchange with the stator andi$ the area of heat exchange R= Caim (27)
with the rotor. 7\/§x 5xK,

The calculation of external surface of the actuatguires
some remarks. Should we consider only the sideasesf
(flanges) of the machine or also include the ostaface of
the cylinder? Model assumptions, namely a consiiberaf
phenomena only in the axial axis, incite choose fitst
solution. Wherein the surfaces of heat exchangmhyection
are expressed by the following relationship:

Where g, is the resistivity of copper, 4. is the average
length of one turn, Nis the number of phase spireg;,ds the
dimensionnig torque of the motar,is the current density in
the copper and Ks the back electromotive force constant.

D. L
) Lsp = (A dent1+A enc) X [EI - ?] + (A dentikA engz
D

=S =TIx—& (22) _
SS Sr 4 X[&_ﬁ:]"'zx [—De Dij+Lenc
2 2 2
4.3. Calculation of Thermal Capacity

(28)

For CRSM structure the fluxd 4, corresponds to rotor
copper losses (P This flux propagates from the center of
gravity of the rotor copper, it is expressed by tbowing

We will study the thermal phenomena of a trangeint of
view, it is therefore necessary to involve the luegaacities of
the materials constituting the components of thetnimee.

el equation:

The terms of thermal capacity is calculated frone th
following relationship between the mass of matsréaid their ®, =R, x|§ (29)
massive heat capacity using the following equaf&jnand
[7]: Where Ris the resistance of the rotor winding, is expedss

C=pxVxc=Mxc (23) by the following relationship:
. . . . . prxrcustbesp

With p is the density of the material, V is the volumetaf Re = I (30)
material, ¢ is the mass heat capacity of the nstarid M is -
the mass of the material. g
4.4. Heat Flux where Nsyis the number of conductors of the rotor windihg,

is the excitation current and,ls is the average length of a
The heat fluxd ; corresponds to iron losses in the statokotor coil:
yoke (R;). This flux propagates from the center of grawfy

the stator yoke. It is expressed by the followingagion [8]: L= 2x([De;Di j+ Lerj{(DeZ D; ]pr ><§+2><Ler) (31)
®; =P =qxf 1 x M xB

Where q is the quality factor of the metal sheklg,is the 5. Results of Simulations

mass of the stator yoke andsB the magnetic induction in The loss model for both PMSM and CRSM structuresifo

the stator yoke. . . electromagnetic switch power chain is located unther

The heat fI_u>cD2 corresponds to the iron losses in the _stato nvironment of Matlab / Simulink. Heat fluxes asdaulated
yoke (Ry). This flux propagates from the center of gravity Ofbased on the inverse modeling approach of the peivain
the stator teeth. It is expressed by the followaggation [8]:

(figure 7).
q)Z :Pfd :qxf1-5dest§ (25) Motor
thermal
Where M is the mass of the stator teeth angdi® the 5| model
magnetic induction in the stator teeth. spocd Blectricvehice | o006 [miotor- —
The heat fluxd; corresponds to the copper losses in the dynamic model Converter [ Phase | train
stator (F). This flux propagates from the center of gravity of current | josses

the stator copper. It is expressed by the followgggation:

Figure 7. Electric vehicle power train model.

_p_3 2
®3=P = szxl (26) Simulation results are obtained for the standaavels

(1027 s) during repeated over a period of 200 QF0gire 8).
Where R is the resistance of the stator windingisit

expressed by the following relationship:
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5.1. PMSM Structure

The simulation of the thermal model of the PMSMisture,
with natural convection with air (convection coei@int equal
to 30 W/(m2.K)), shows the evolution of temperagiin
different active parts of the motor (figure 9).
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Figure 9. Evolution of temperatures in the different actieetp of the motor
(h =30 W/(m2.K)).

Where Tfl is the average temperature of the flangesis

the average temperature of the rotor yoke, Taitha@saverage

temperature of magnets, Ten is the average temyperat the
air gap, Tiso is the average temperature of thalatisn, Tcu

is the average temperature of the copper, Tdahtiaverage

temperature of the stator teeth and Tc is the gee
temperature of the stator yoke .

This figure shows that there's an exceeding of 7Q0for
the resin, which proves the need for a coolingesysiSeveral
simulations are undertaken for several values effimient of
forced convection in water, have led to the fixiafjthis

dardized travels.

coefficient to 5000 W/(mz2.K).

Evolutions of temperature in the different actiestp of the
engine for operation with a cooling system with cixat
convection in water (h = 5000 W/(m2.K)) is illuged in
figure 10.
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Figure 10. Evolution of temperatures in the different actieetp of the motor
(h = 5000 W/(m2.K)).

This figure shows that the temperature of the Bsonh is
reduced to 90 ° C, acceptable value.

5.2. CRMS Structure

The simulation of the thermal model of the CRSMisture,
rawith natural convection with air (convection coeiint equal
to 30 W/(m2.K)), shows the evolution of temperasuia

different active parts of the motor (Figure 11).

Where Tfl is the average temperature of the flangesis
the average temperature of the rotor yoke, Tdentthe
average temperature of the rotor teeth , Tcur ésabverage
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temperature of the rotor copper , Ten is the awerad®MSM structure. This property is justified by tleetfthat the
temperature of the air gap , Tiso is average teatper of the CRSM structure has additional rotor copper losses.

insulation, Tcu is the average temperature of thiscopper,

Accordingly, the PMSM structure system requires legest

Tdent is the average temperature of the staton teed Tcs is  powerful cooling system and the less expensives $tnucture

the average temperature of the stator yoke .

This figure shows that there's an exceeding of 40Gor
the resin, which proves the need for a cooling esyst
Simulations are launched for same value of coneacti
coefficient for a forced cooling system thein PMSivucture
(5000 W/(m2.K)) leds to the evolutions of temperatin the

different active parts of the engine figure 12.
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Figure 11. Evolution of temperatures in the different actieetp of the motor

(h = 30 W/(m2.K)).
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Figure 12. Evolution of temperatures in the different activartp of the

motor (h = 5000 W/(m2.K)).

This figure shows that the temperatures of coppet a
insulation are reduced to 84 ° C, acceptable vidua good

functionning of engine.

5.3. Comparison between the Two Structures Engine

Thermal analysis relied on the nodal thermal modetsth
PMSM and CRSM structures shows that for the sam@
functionning mode and for the same stator, the corepts of
a CRSM structure heats more than the componenta of g

is chosen for further study.

6. Conclusion

In this paper we present a methodology for elelstnonhal
modeling of two engine configurations, one withrpanent
magnet and the other with wound rotor to select the
configuration compatible with the less powerful ahd least
expensive cooling system. This approach is based on
modeling with nodal method because it providessa &nd
acceptable precision for our application, it isegrable to
optimization approaches of the design parameteseatric
cars. This study has led to the choice of the goméition with
permanent magnet since the simulation results shatthe
cooling system to be integrated to this configurais the less
powerful and less expensive by the following.

List of Symbols

Cur Rotor flanges capacity

Co Rotor yoke capacity

Caim Magnet capacity

Cer Air-gap capacity

Ciso Insulation capacity

Cuu Copper capacity

Cyq Teeth capacity

Cee Stator yoke capacity

Cair Air capacity

Cis Stator flanges capacity

P, Copper losses of stator

Py Iron losses of stator teeth

P Iron losses of stator yoke

Tar Average temperature of rotor flanges

T Average temperature of rotor yoke

Tair Average temperature of magnet

Ter Average temperature of air-gap

Tisc Average temperature of stator Insulation

T Average temperature of stator copper

Tden Average temperature of stator teeth

Tee Average temperature of stator yoke

T air Average temperature of air

Ths Average temperature of stator flanges

T, Ambient temperature

R Thermal conduction resistance of rotor flanges
R Thermal conduction resistance of rotor yoke
Raim Thermal conduction resistance of magnet
Rer Thermal conduction resistance of air-gap
Riso Thermal conduction resistance of of Insulation
RCU Thermal conduction resistance of stator copper

Thermal conduction resistance of teeth
Thermal conduction resistance of stator yoke
RAir Thermal conduction resistance of air

Thermal conduction resistance of stator flanges



16 Souhir Tounsi:

Co Capacity of rotor copper

Ca Capacity of rotor teeth

Cear Capacity of rotor yoke

Cisor Capacity of rotor insulation

Tdent Average temperature of rotor teeth

Tisor Average temperature of rotor insulation

Teuw Average temperature of rotor copper

Reor Thermal conduction resistance of rotor yoke
Rear Thermal conduction resistance of rotor teeth
Reisor Thermal conduction resistance of rotor insulation
Reur Thermal conduction resistance of rotor copper
Pi Rotor copper losses

h Coefficient of thermal convection
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