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Abstract

Purpose — Thermal analysis of electrical machines is usually performed by using numerical methods or lumped parameter
thermal networks (LPTN) depending on the desired accuracy. The analytical prediction of temperature distribution based on the
formal resolution of thermal partial differential equations (PDES) by the harmonic modeling technique (er the Fourier method) is
uncommon in electrical machines. Therefore, this paper presents a two-dimensional (2-D) analyticalkmodel of)steady-state
temperature distribution for permanent-magnet (PM) synchronous machines (PMSM) operating il generator mode.

Design/methodology/approach — The proposed model is based on the multi-layer models with the,convelution theorem
(i.e., Cauchy’s product theorem) by using complex Fourier’s series and the separation of variables method. This technique takes
into the different thermal conductivities of the machine parts. The heat sources are determined by, calculating the different power
losses in the PMSM with the finite-element method (FEM).

Findings — In order to validate the proposed analytical model, the analytical results are compared with those obtained by thermal
FEM. The comparisons show good results of the proposed model.

Originality/value — A new 2-D analytical model based on the PDEinysteady-state for full prediction of temperature
distribution in the PMSM with taken into account the heat transfer by conduction; convection and radiation.
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I. INTRODUCTION

HE PMSM are becoming important importance ‘in, various_industries. In recent years, these types of machines are increasingly

used in many fields including automotive, aerespace, energy preduction, household appliances, manufacturing and medical
applications. Nowadays, with increasing customer,demand for high-torque and high-power densities, highly efficient and small size
PMSM, the thermal analysis becomes extremely necessary.

The thermal stress can cause the insulation, the'performance degradation and/or the failure of the electrical machine (e.g., reduced
efficiency, winding failures er PM demagnetization); henceiimpact directly on the lifetime of a machine (Wang et al., 2008; Li et al.,
2017). The heat sources in electrical‘machines ean be classified into three types: i) electrical losses (i.e., Joule losses in the windings),
ii) mechanical losses (i.e., friction‘losses inbearingsrand in the air-gap), and iii) electromagnetic losses (i.e., iron core and PMs losses).
To extend lifetime and protecting the, different part of PMSM from high temperature, there are two different ways. The first is to
dissipate the losses by coolingyand the'second is'to reduce the losses by optimized electromagnetic design of the electrical machine
(Ghahfarokhi et al., 2016). Forthis reasonythe accurate knowledge of the temperature and heat flow distribution created by the power
losses in each part of the maghine s \very,important.

Various toels can be used to'analyze the temperature distribution in electrical machines. The most commonly used are numerical
methods, such asiFEM, oranalytical method, such as LPTN. This latter is the most popular method used to estimate the temperature
rise in electrical machines. 1t has the advantage of a fast calculation time. The steady-state thermal model is based on the
representation‘ofsheat sourees and machine materials by a heat generator and thermal resistances respectively. For the transient
analysis, heat thermal capacitances are added to consider the temperature variation with time. However, the circuit that accurately
models the main heat transfer paths require from the developer to invest some effort to define (Nasab et al., 2020; Zhang et al.,
2021; Boglietti et al., 2009). On the other side, FEM are also very often used for thermal analysis of electrical machines. They can
be coupled to electromagnetic analysis or directly take the power losses as heat sources (Chang et al., 2017; Wang et al., 2020;
Zhang et al., 2017; Jiang and Jahns 2015). The main advantage of this numerical method is that any device geometry can be
modeled. Moreover, the distribution and the average values of temperatures in all parts of the electrical machine can be obtained
and higher accuracy can be given compared with the results of LPTN. Nevertheless, it is very demanding in terms of computational
time of the simulations. Indeed, FEM can only be used to model conduction heat transfer in solid components. On the basis of
experimental correlations, the radiation and convection must be approximated as boundary conditions (BCs) (Nategh et al., 2012).
In fact, the computational fluid dynamics (CFD) can be also used to calculate the correlation of heat transfer coefficients of each
surface between solid and fluid domains (Nategh et al., 2013; Yang et al., 2017; Nategh et al., 2019). Furthermore, multi-physics
technique that couples the two numerical methods (i.e., FEM and CFD) is used to take the turbulent flow properties without need
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to use heat transfer coefficients as input data in FEM (Dong et al., 2019; Hosain et al., 2017; Chong 2019). This technique is also
well known in the field of thermal analysis of electrical machines. It has the distinction of being able to describe the fluid flow.
However, next to the very considerable time commitment for simulation and model formation, very powerful computer hardware
is required (Adouni and Cardoso 2019).

In the thermal analysis of electrical machines, except for the approaches mentioned previously, there are few attempts in previous
researches to develop other methods based on the analytical calculation of heat transfer using the formal resolution of thermal
PDE. Buyukdegirmenci et al., (2013a) developed a closed-form solution (viz., multi-layer model based on Poisson’s and
Laplace’s equations) for the steady-state stator temperature distribution over one slot pitch in a radial air-gap electrical machine.
Only two homogeneous layers have been used (i.e., stator lamination and slot/tooth region) where the slot/tooth region was modeled
as a homogeneous body with an effective thermal conductivity. The heat source of copper losses is modeled using a heat-flux BC
outside of slot/tooth region. In Buyukdegirmenci et al., (2013b), the simplified multi-layer model has been‘applied to a linear
stator structure and has been improved by add more heat-flux BC using horizontal and vertical planar heat sources. Grobler et al.,
(2013) and Grobler et al., (2015) presents a 2-D analytical thermal model for a high-speed PMSMgT he ‘developed:model only
allows the temperature to be calculated in a single region inside the PM of the electrical machine.[However, the.main drawback of
the previous approaches is that they cannot consider the different thermal conductivities of the machine parts.”Therefore, the
analytical prediction of temperature distribution based on the formal resolution of thermalh,PDE\by the harmonic modeling
technique (or the Fourier method) is uncommon in electrical machines. To best of thé atthors’»knowledge, there are only two
references in the literature that deal with this type of modeling, viz., Boughrara et al., (2018) and Boughrara and Dubas (2021),
where the authors developed a new 2-D exact analytical for the steady-state heatgdransfer prediction considering different thermal
conductivity in all parts of electrical machines with isotropic or anisotropic materialss It is based an the new subdomain technique
developed by Dubas and Boughrara (2017a) and Dubas and Boughraraf2017k) which was first applied in the electromagnetic
field and can take into account the variation of material properties in both'directions (e.g.pthe thermal conductivity in the case of
thermal analysis or the magnetic permeability in the case of electromagnetic analysis). This capacity was not available in the
conventional subdomain technique (Dubas and Espanet 2009; Boughrara et al;;32012). However, the model developed in Dubas
and Boughrara (2017a) and Dubas and Boughrara (2017b) doesnet take into account the heat transfer by radiation and the
losses in the stator are calculated uniformly, without calculating separatelyithe losses in the stator teeth and yoke. The same remark
can be made for the heat transfer by radiation in Buyukdegirmenci et al., (2013a), Buyukdegirmenci et al., (2013b), Grobler et
al., (2013) and Grobler et al., (2015).

In this paper, we present a new 2-D thermal analytical model based on the formal resolution of thermal PDE in steady-state for
PMSM operating in generator mode. It is based @n the multi-layermodels with the convolution theorem (i.e., Cauchy’s product
theorem) by the harmonic modeling techniquextor the'Fourier method) by applying complex Fourier’s series and the separation of
variables method (Sprangers et al., 2016; Djelloul-Khedda et al., 2017; Djelloul-Khedda et al., 2019). The developed model
takes into account the variation of thermaliconductivity in‘different parts of the electrical machine. In addition to the heat transfer
by conductive and convectivenin the electrical, machine, the heat transfer by radiation is also taken into account. It is worthy to
point out that the presented method has not beenfused to develop any thermal model in the literature. The loss determination is
carried out by FEM in differént parts,of the'studied machine, where the iron losses are calculated for different parts separately as
rotor yoke, stator yoke and teeth. Thissallows the value and location of heat sources to be well determined. The temperature
distribution in all regiohsiof PMSM is predicted with and without the air-gap cooling. Finally, a parametric study was performed
to see the temperature change for different parameters. All the results of the proposed analytical model are verified and validated
by the thermal FEM (Meeker; 2010).

Il. MOTOR CONFIGURATION

The PMSM'opérating inigenerator mode is shown in Fig. 1. It consists of an outer stator with Q; = 36 slotsand g = 3 phases
overlapping winding (viz., the single layer distributed winding), and an inner rotor PM surface-mounted by radially magnetized
patterns with 2p =12 poles where p is the number of pole pairs. The main dimensions and parameters of the studied machine are
given in Table I.
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Fig. 1. Studied PMSM (1/4 of the machine).
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TABLE |
PARAMETERS OF PMS

Parameters

PMs remanence flux density
PMs relative permeability
PMs conductivity

Number of or slots
Number of ;&“rs

Shaft radius

Rotor yoke
PMs height

teeth angle
Stator slot opening angle

tor teeth tips angle

PMs opening angle

Angle of air space between PMs
Mechanical speed

Stator resistance

Stator fill factor

Number of conductors of slot coil

36

6

45 (mm)
77.8 (mm)
13.7 (mm)
2.5 (mm)
3 (mm)
30.5 (mm)
15.5 (mm)
310 (mm)
5()
5()

1.5 (°)
72()

2 (%)
6(°)

500 (rpm)
53.19E-3 (Q)
0.29

11

0.556E6 (S.m™1)

Fig. 2. Single-phase electrical equivalent cir

cuit.

Fig. 3. Single-phase phasor diagram.
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I1l. ELECTROMAGNETIC PERFORMANCES

The prediction of the integral quantities allows the electromagnetic performance evaluation of PMSM. Moreover, this
performance is affected and simultaneously affects the temperature in electrical machines.

A. Electric Power Calculation
The electric power generated by the PMSM is calculated as

Po= 1 [ RaliE© + 0 + 2@l @

where R, is the load resistance, T is the electrical period, and {i,, i, ,i.} are the phase currents.

B. Electromagnetic Torque Calculation
According to the Maxwell stress tensor, the electromagnetic torque T, is computed by

_ Lu R; 2 airg airg
Tom(t) = e B9 (R,,0,t)By " (R, 0, £)d6 2
0 0

where 1, is the vacuum permeability, L,, is the axial length of the electrical machine, Rgi= (R R4)j/2.is the average radius in
the air-gap, and B/ & By are respectively the radial and tangential components ofithe magnetigyflux density in the air-gap.

C. Mechanical Power Calculation
The PMSM mechanical power is calculated by

Pe(t) = 22 [y, () ©

where Q.. is the mechanical speed.

D. Back Electromotive Force (EMF) Calculation
The single-phase back EMF, i.e., E,, can be computed ‘as

(U] e I 5eee) 2

where N, is the number of conductors of slot'€oil, S isithe conductor area of each turn of phase winding, A is the magnetic vector
potential component along the z-axis, and .t & Q3 are‘respectively the cross-sectional areas of 'go’ and 'return’ conductor of the
coil.

E, = £

E. Voltages and Currents Calculation

The stator phase circuit equation.can be obtained from the single-phase electrical equivalent circuit shown in Fig. 2 by
) di ) di

Ua:Ea—Rsza—Lsd—tazRLza+LLd—f (5)
where Rgis the statorresistance, L, and L, are respectively the stator and load inductance, and U, is the voltage of one phase.

According to'single-phase phasor diagram shown in Fig. 3, (5) can be given by
Ua(t) ~ E, — Rsiqg — jXsiqg = Ryl +jX, i, (6)

where X, and X, are respectively the stator and the load impedance given by

Xs = pwyLs (M
X, =pwrly (8)
where w,. is the rotor speed in (rad/s).
From (6), we can obtain the currents of one phase by
Eq

e T R TR, 4K+ X)) ®)
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IV. L0oss CALCULATION

Losses in electrical machines are an important part of the electromagnetic performance evaluation. Moreover, these losses directly
affect the efficiency and are the main source of heat generation in these machines. However, in our case, because the low-speed of
rotor, the friction losses in the air-gap is neglected.

A. Iron Core Loss Calculation
For a no-sinusoidal excitation and according to Bertotti’s (1988) model, the iron core loss calculation, i.e., P;.oy, in the PMSM
can be expressed by

Piron:Phys+Pedd+Pex

1, 1 (dB\? 1
= khTBme + ked? . (E) dt + kex? .
where Ppys, Peqq, and Py, are respectively the hysteresis, eddy-current and excess losses; B is the iron,coremagnetic density; By,
is the peak value of the magnetic flux density in the iron core; T is the iron core magnetic flux density period; ky,, k.4, and k.,

are respectively the coefficient of hysteresis, eddy-current and excess losses. The eddy-current losses coefficient and the correction
factor C; used to take the total loss depend on the magnitude of every local minor loops are given by

dB*®

a8 10
al @ (10)

Oirond?
e = 220 (11)
5
0.6
G =1+—— ) BB (12)
B i=1

where 0;,.,,, 1S the electrical conductivity; d is the lamination thickness; Nyis the number of hysteresis loops, and AB; is the
magnitude of i hysteresis loop.
B. PMs Loss Calculation

In general, the 3-D PMs eddy-current losses canbe expressed by Benlamine et al., (2015)

Py = fV 12/8, dv 13)

where ] is the resultant eddy-current density, g, isthe electrical conductivity of PMs, and V is the PMs volume.

C. Winding Loss Calculation
The copper loss in the stator winding is calculated as

Py = % fT Rs[i2() + i5 (1) + i2(D)]dt (14)

D. Principal Quantities and‘Power Lass Results

The extracted parameters, values, ofythe studied machine are calculated at 2,,, with an electric load {R, =2.220 & L, =
3.22 mH3} [see Fig::2]. Using the dimensions/parameters of the studied machine and the coefficients of M800-65A (i.e., laminated
steel core) given in Tahle I and [l respectively. The main quantities of the machine performance are calculated based on the FEM
and summarized-insTable“lbl.The iron core losses are calculated in different parts of the electrical machine, viz.: rotor/stator yoke
and teeth losses. The results of different type of power losses will be used as input data for the developed analytical thermal model.

TABLE I

IRON LOSs COEFFICIENTS OF M800-65A.
Symbols Parameters Values (Units)
Ehys Hysteresis losses coefficient 225.252 (W.s. T~%.m~3)
ke Excess loss coefficient 1.414E-1 (W.s!5. 7715 m=3)
a Steinmetz constant 2
Ciron Conductivity 3.546E6 (S.m~1)
d; Lamination thickness 0.65 (mm)

P Lamination mass density 7.8E3 (kg.m~?)




COMPEL: The International Journal for Computation and Mathematics in Electrical and Electronic Engineering
DOI: 10.1108/COMPEL-07-2021-0226

TABLE 111

EXTRACTED PARAMETERS OF PMSM.
Symbols Parameters Values (Units)
Tabe RMS phase current 80.33 (A)
Udabe RMS phase tension 200 (V)
Tom Electromagnetic torque 870.11 (N.m)
Pre Mechanical power 45.559 (kW)
P, Electrical power 42.862 (kW)
P, Rotor yoke losses 48.43E-3 (W)
P, PMs losses 17.74 (W)
Py Stator slot losses 1.03 (kW)
P, Stator teeth losses 344.69 (W)
Py, Stator yoke losses 288.56 (W)
Pioss Total power losses 1.68 (kW)

V. THERMAL ANALYTICAL MODELING

A. Problem Formulation and Assumptions

The model is formulated in a 2-D polar coordinate system. The problem can beidivided into T =\2p, then, the periodicity of the
problem is 2mr /T with six regions (i.e., layers) as shown in Fig. 1, viz.,

o Regions I and VI: the rotor and stator yoke;

e Region II; the PMs and the air-space between PMs;

e Region IlI: the air-gap;

e Region IV: the stator isthmus-opening and tooth-tips;
e Region V: the stator slots and teeth.

The angular position of the i™ stator slot-opening and, /" PMs are defined respectively by

2n \m (15)
a;=—I1——
) Qs
14! » »

with 1<i<Qgand1 < I 2p.
The model is formulated withithe following assumptions:

e Interfaces betweenregionsare assumed to be perfect;

o Heat sources are uniform and‘constant;

e Materials are considerediisotropic’having constant thermal conductivities without any variation with temperature;

o Stator andretor slots/teeth-have radial sides;

o Thepaxial length of the machine is considered infinite and invariant (i.e., the end-effects are neglected);

e The thermal conductivity in regions is spatially invariant in the radial direction, but can be spatially variant in the
tangential direetion.

B. Heat Source and Thermal Conductivity Distribution
The heat powersource density P can be cc by

PO = ) Be (17)
n=—oo
where j = vV—1, n € ]—oo, +oo[ is spatial harmonic orders. Practically, we develop (17) and the all following expressions which
will be presented in complex Fourier series expansion to a certain rank harmonic N where n € [—N, +N]. B, is the complex Fourier
coefficient defined by
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(Q/T
Z 2mjn [P e_]m

L (PrBr + Psbs),

— e™JnOr) 4 2P sin (

nto )
e

n+0
(18)

n=20

where {Q, Pr, Ps, 07, 05, a;, i} are replaced by region according to Table IV. In this table, {Vry, Voo Voo Vi, Vi, Vsy} are the volumes
of different parts of source heat given in Appendix A. All coefficients of B, are grouped together in one column vector P as

= [P—N

PylT

The thermal conductivity distribution is given in terms of the complex Fourier series decomposition by

K@= dye

n=—oo

Ainv(e) — Z /ﬁ{we—jnr@

n=-—oo

where 1,, is the complex Fourier coefficient defined by

(or

Q

|

4| — 2mjn
Q

kﬁ ArBr + A505),

9 ,
[ATe_’"TTS(l — e IMOT) 4+ 2j2¢ sin(

nré )
2

(19)

(20)

(21)
n+0

(22)
n=20

where { A5, A5} are given to Table IV according to the regionsToscalculate A7, we replaced {A; & A} by {1/, 1/As} in (22).

TABLETV

€eMPLEX FOURIER COEFFICIENTS PARAMETERS
OF HEAT, SOUREE AND THERMAL CONDUCTIVITY.

Regions _Q Pr Ps A1 As O 0s ; i
I W PgfVey LBy Viy A A Otm Om ool
I 2p L/ Vi 0 Am Ae Om, Osm Y l
111 2p Peo)Va P.,/V, Aa Aa Orm Om Y l
v Qs PV, 0 As Ae O1s Oss o i
VvV Qs Pt/Vt, Py /Va As Ast 0 0s &%) i
VI Qs Py /Viy  Psy/Vsy As As 0: 0 «; i

Fig. 4 shows,the thermal conductivity and heat source distribution in all parts of PMSM developed by complex Fourier series
presented in (18) and (22). The distribution of these components is compared with those of FEM [see Fig. 4] and will be used for

the development of.the thermal analytical model.
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Fig. 4. Thermal conductivity distribution in left side and heat source distribution in‘right side for region (a) I, (b) Il, (c) Il1, (d) IV, (e) V and (f) VI.

C. Analytical Temperature Calculation

In steady-state, the thermal PDE of the/temperature distribution are given by the following Poisson’s equation:

1
—=P

2 —
Vet 1

0
0 /6 /3
0 (rad)
(®)
x10*
54 —Analytical
* FEM
“e5.3
s
S 52
o
5.1
0 w6 /3
0 (rad)
U]
(23)

where T and A are respectively.thetemperature and the thermal conductivity. In terms of the complex Fourier series decomposition,

the temperature distribution is given by

T(r,0) = Z T.(r) e=Int

n=—oo

(24)

The basie,law that defines the relation between the temperature gradient VT and the heat-flux density q is Fourier’s law given

in the next form

q=-AVT

Using (25), the components of heat-flux density are obtained as follows:

In complex Fourier terms

_ T
Gr = A5
10T

9% ="7 30

q-(r,0) = Z q\r,n (r) e~jntd

n=-—oo

(25)

(26)

(27)

(28)
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qo(r,0) = Z Gon(r) eIt

n=—oo

(29)

By using the Cauchy’s product theorem and the complex Fourier series decomposition (Sprangers et al., 2016; Djelloul-Khedda

et al., 2017; Djelloul-Khedda et al., 2019) in (26) - (27), we obtain

N ~
Finv & 0Ty
Z Anm Qrm = _W
m=—-N
N ~
Simp A 10T,
z A qom = _;?
m=—N

in matrix form (31) - (32) given by
oT
€ or

1
4o = j;)‘c N.T

qr = —A

where A, is the convolution matrices of thermal conductivity given by

Ay 2
A= :
Az A
or by
,10 )l—ZN
A= E :
Aoy o Ao |

and N, is the diagonal matrix of N, viz.,
N, = diag[N,]
N, =7.[-N-N]
In matrix form (24), (28)"and (29)rean bewritten by
T(r,0) = [T],]".[Elo]"
a-(r,0) = [q,|,]". [E.lo]"
(1, 0) = [qgl,]". [E|o]"

with
T, = [Ty () Ty
4l = [ar_ @ = &y@]
ol = [do_y () oy

E.lg = e IN:O

D. Thermal PDE in each Region
The temperature distribution in all regions is calculated from (23) by solving the following Poisson’s matrix equations:

92TK 19TK VE\?
|r + - |T‘_ (_) TKlr

— _[K]-1nK
or? r or r =—[a1"p

1
with VK = ([AK]7IN, A¥N,)z where K is the index of regions in the lettering (sym*: K =1, I, ... VI).

(30)

(1)

(32)

(33)

(34)

(35)

(36)
@37)

(38)
(39)
(40)

(41)
(42)
(43)
(44)

(45)
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Using the separation of variables method in (r, 8), the general solution of (45) is formulated as
LK

r A\ Ry,
) ak + wk (7) b¥ + r2FK (46)

k+1

|, = WK(

The index k represent the radius of different machine parts, in the lettering (sym,: k =1, 2,... 7), where R;: {R, to R,} are given
in Appendix B. The matrices L¥ and WX are respectively the diagonal eigenvalue and the eigenvector matrix of V¥, the vectors
a & b¥ are the column vectors of the constant's unknown coefficients, and the term r2F¥ represents the particular solution of
(45) with

FC = ([VK]? — 4D~ [Af]71p¥ (47)

where | is a diagonal identity matrix with same size as N;.

From (32), (33) and (46), the matrix equation of heat-flux density {q,; qg} in the different regions are given by

1 r K R\™
qfl, = —~ )ngKLk( ) ak — AKWKLK (7) bE&F 27 2AKEK (48)
k+1
j rv R,
Q"] = [AEN WK (K) af + AKN, WK (T) bX + r2AKN_FK (49)
+1

E. Definition of BCs
When considering heat transfer inside the machine by conduction, the BCs between two‘adjacent media are given as follows

'rK_1|T=Rk‘_'rK|T=Rk =:0 (50)
q$_1|T=Rk _-q$|T=Rk ::0 (51)

where K € [II, VI] and k € [2,6].

Inside the rotor and outside the stator, the BCs due to the heat transfer by convection and radiation can be mathematically written as

~ Tin*) (52)

~ Teut*) (53)

4
q£|r=R1 = _hT(TI|T=R1 - Tint) — &0 (TI

4
q¥1|r=R7 — hs(TVI|r=R7 - Text) + ESO' (TVI

=Ry

T=R7

where {h,; hs} and {e,; €} are respectivelyithe convection and the emissivity coefficient inside the rotor and outside the stator, o
is Boltzmann’s constant, {Ti,;; Tey:diare the temperature column vectors of vacuum in the rotor shaft and outside the machine
given in Appendix C.

Both (52) and (53) are fourth degree‘€quations and cannot be applied in the presented modeling, then we have to change them by
applyingéhe followingequality. Ghahfarokhi et al., (2016) and 0)

&0 (T’4

- Tint4) = hr,ra(TI|r=R1 - Tint) (54)

- Text4> = hs,ra(TV1|r:R7 - Text) (55)

=Ry

4
£,0 (TV’

T=R7y

where {hma& hs,m} are the radiation coefficient inside the rotor and outside the stator respectively. From (54) and (55), we have
Ryrq = mean|e,a(T!(Ry,0)% + Tine”)(T'(Ry, 0) + Tiny)] (56)
Rrq = mean|e,a(TV (R;,0)% + Tox?)(TV (R7,0) + Toxe)] (57)

In fact, {hr_m& hs,a} are varied depending on the 8-direction, because the temperature inside the rotor and outside the stator is
almost constant. We take the mean values as indicated in (56) and (57). Then, (52) and (53) will be

q”r:Rl = _hr,eq(TI|r=R1 - Tint) (58)
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q¥1|r=R7 = hs,eq (TVI|r=R7 - Text)

where {hmq& hs,eq} are the equivalent convection-radiation coefficient inside the rotor and outside the stator given by

hr,eq =h, + hr,ra
hs,eq = hs + hs,ra

At r = R, where k € [2,6] and K € [II, VI], (46), (48), (50), and (51) give

K-1 1K

L
WK-1aK-1 4 WK-1 (—RI’;*) bt — w RR" ) Ak - WD = (<P FORGE
k k+1

L LK
lé(—le—lLK—laK—l _ )\Ic(—le—lLK—l <R£_1> pk-1 — )\é{wKLK (RRk ) ak + )Lé{wKLKbK
k k+2

= 2(—AKTIFK-1 L AXFOR, 2

Atr = Ry, (46), (48) and (58) give

!

1 R 1
(hr,eqw' _ (R_l) AQWILI) (R—l) al + (hr,qu’ + (R_l) )JCWILI) b =22, — o RADRIF' + By oy Tt

2

At r = R, (46), (48) and (59) give

LV
6

(59)

(60)
(61)

(62)

(63)

(64)

1 1 R
(—hs,eqw"’ - (R—7> )JC”W’LV’> a’ + (—hs,eqw‘” + (R—7> AZ'WV’LV') <R—) b/i= (20 + hgeqRIDR;FY! — hg o Tex

7

(65)

The system of 12 BCs matrix equations (62) ~(65) permits to determine the coefficients of temperature in the all regions of
PMSM. All coefficients and BCs matrix equations are’collected inmatrix under the form X = A=1 .Y where X, A, and Y represent
respectively the column vectors of unknown coefficients, the coefficient factor matrix and the column vectors of the constant

values in the BCs equations.

F. Dissipative Heat Power Calculation
The dissipative heat power (i.e., total heat flux) outside the stator P,,. and inside the rotor P,,; are calculated by

2n

Pext — LuR7j qVI(R7, 9) dg
021'[

Pine = LyRy q'(R,,0) d6
0

where

q"I(R,,0) = jqrw(m, 0)2 + gl (R, 0)2

q'(Ry, 0) = quel, 8)? + g} (Ry, 0)2

G. Algorithmic Selution

(66)

(67)

(68)

(69)

Fig. 5 shows the steps to obtain the temperature distribution in the PMSM by an iterative procedure. In the first step, the temperature
distribution is calculated without considering the heat transfer by radiation. Then, the radiation coefficients are calculated from the
inside and outside (i.e., ambient) temperature of PMSM by using (56) to (57). In the next step, the calculation of temperature
distribution is performed taking into account the heat transfer by radiation. In the algorithmic, the term & represents the maximum

allowable error to achieve convergence of solution.
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Calculation of radiation Calculation of the tem- (?al(%ulation O.f new ra-
coefficient inside the ro- perature in all parts of 1] [diation coefficient ms%de
tor and outside the sta- the machine with tak- I the rotor and outside
tor by use the Eq.(56) ing into account the ]Jvr[ the stator by use the
and (57) heat transfer by radia-| |1 Eq.(56) and (57)

hia e tion hiva&hii

2 A

Calculation of the
temperature in all Convergence
parts of the machine test
without taking into |],,£,f‘fa*1) _ },ﬂm <¢
account  the  heat
transfer by radiation No | hf;{f,;l) — h(ffg | <¢

Fig. 5. Algorithmic solution.

VI. RESULTS AND VALIDATION

The main dimensions and parameters of PMSM are given in Table I. The power, losses, used as sources for the thermal model,
are given in Table I11. The thermal conductivities, ambient temperatures,,convection and emissivity coefficients used in the
thermal model are listed in Table V where forced air cooling is applied'to the outside of the stator.

The computation time requirements for the temperature calculationjin the\PMSM and the root-mean-square (RMS) error of the
temperateure in the middle of the air gap are shown in Table V1. In the develeped model, for N = 120, which represent the optimal
value with an acceptable RMS error and a small caleulationtime, the the resulting system of equations has 2. [(2N + 1).6,¢gions] =
2,892 unknown coefficients with & = 0.1. For the FEM, we have26,750 domain elements and 2,748 boundary elements. The RMS
error is calculated with Ms = 500 points as

M.

1 S
RMS erroy = - Z |TFEM _ .AM)| (70)
Sm=1

where T.EEM and T,AM are the temperatures,of a peinton the air-gap by FEM and the devloped analytical model respectivly.

TABLEV
PARAMETERS OF THE THERMAL MODEL.

Symbels Parameters Values (Units)
Ae Vacuum thermal conductivity 2.9E-2 (W/m/K)
Aa Air-gap thermal conductivity 2.93E-2 (W/m/K)
A PMs thermal conductivity 9 (W/m/K)
AMIR00 MB800-65A thermal conductivity 35 (W/m/K)

A Stator iron thermal conductivity AM800

Ar Rotor iron thermal conductivity AMS800

Asi Stator slot thermal conductivity 1 (W/m/K)

hr Convection coefficient inside the rotor 3 (W/m?/K)

hs Convection coefficient outside the stator 105 (W/m?/K)
& Emissivity coefficient inside the rotor 0.2

€s Emissivity coefficient outside the stator 0.8

o Stefan-Boltzmann constant 5.670367E-8

Tint Temperature inside the rotor 25 (°C)

Tewt Temperature outside the stator 20 (°C)

Air kinematic viscosity

20.96E-6 (m?/s)
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TABLE VI
COMPUTATION TIMES AND RMS ERROR.

N

Analytical Model
20 40 60 80 100 120 140 160 180 200

FEM

Time [sec]

RMS error (m°C)

041 1.01 2.02 335 4.08 5.95 9.93 14.53 19.96 25.79
141.16 64.01 42.37 33.38 29.65 29.13 28.90 28.88 28.85 28.83

14

@

(b)

Fig. 6. The level of temperature distribution in the PMSM: (a) Analytical,.and (b) FEM.
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Fig. 7. Temperature and heat flux component distribution in the middle of air-gap: (a) Temperature, (b) Radial flux, and (€),Tangential flux.

The level of temperature distribution in the PMSM obtained by the developed analytical modehand FEM is shown in Fig. 6. It
can be observed that most of the heat is located in the stator slots. In the rotor, yoke, PMs andair-gap, the temperature is
approximately equal in each region. The area of lowest temperature in the PMSM.,is the statoryoke. This result is very reasonable,
because most of the losses are located in the stator slots. The convection coefficient'inside the rotor/is very low, equal to 3 W/(m2.K)
(i.e., without cooling on this side), so the heat is trapped in the rotor although'the losses in this‘part are low. For the stator yoke,
the cooling effect is obvious because the convection coefficient outside the statords veryhigh. Moreover, the analytical results are
very similar to those obtained by FEM.

The temperature and heat flux component distribution in the middle ofair-gapis shewn in Fig. 7. The analytical results are very
similar to those from the FEM. The temperature is very stable in thelair-gap [see Fig. 7(a)], varying by 0.4°C in the 8-direction.
This result is confirmed by the tangential heat flux component [see Fig. 7(e)];where this value of g4 is very small and reaches at
+2 W/m?2 (i.e., the tangential heat flux component is obtained from the derivation of temperature versus 8). In Fig. 7(b), the small
error of 0.5 W/m2 appears at 8 = {0, /6, 7/3}. Thisis notsignificant because the value of g,. is very small, which may exceed its
value in some case to 10* W/m2. The radial heat flux component is\obtained from the derivation of temperature versus r. The
positive value of g, means that the temperaturedn'the air-gap is decreasing in the r-direction, the reverse in the other case where
q- is negative. In the cases of small value of g,., thisimeans that the temperature is stable in the r-direction and the change is almost
negligible. This corresponds perfectly to the caseisshown,in Fig. 7(b).

675 — Analytical e | 2y */;E?/Ilytical 72
67.495 L. TEM 67.5 70! 70/
—~ o2 ° e . —~ — 68!
g 67.49/\ < onas| 868 £
= = — Analytical = - 66
67.485 67.46 * FEM 64 —Analytical
66 * FEM
67.48 67.44 - ‘ ‘ 62
5 W0 15 20, 25 122 126 130 134 138 3 4 5 6 7 140 150 160 170 175
() Radii (mm) 0(°) Radii (mm)
(a), (b) _ @ _ ®
Fig. 8. Temperature in the middle of the 1% PM in the: (a) 8-, and (b) r- Fig. 9. Temperature in the middle of the 1% stator slot-opening in the: (a) 8-,
direction. and (b) r-direction.

The temperature curves obtained analytically in the 1% PM and 1% stator slot-opening presented in the 8- and r-direction are
given in Figs. 8-9 and compared with FEM. The results are in very good agreement between the analytical model and FEM. In
Fig. 8, the temperature distribution in the PM is stable with a small change in the r-direction where it increases in this direction.
The reason is that the heat source in the PMSM comes from the stator. The PM eddy-current losses are very low due to the
distribution winding type. In the stator slot [see Fig. 9], the heat is concentrated in the middle and decreases in the r-direction,
because there is cooling in that direction outside the stator.
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(@ (b)
Fig. 10. Heat flux inside and outside the PMSM (1/4 of the machine) represented by level and direction of arrow: (&) Analytical, and (b),FEM.
TABLE VII
DISSIPATIVE HEAT POWER FROM THE PMSM.
Power in (W) Pint Pe:nt Rnt + Pezt Ploss
Analytical 16.71 1665.60 1682.31
1680485
FEM 16.57 1665.54 1682.11

InFig. 10, the heat flux inside the rotor and outside the stator of PMSMis represented by arrows. The level of heat flux is presented
by the color and size of the arrows. The maximum value of the heat flux‘outsidesthe stator reaches g = 4,553 W/m? and inside the
rotor is equal to g =190 W/m2. It can be seen that the direction of heat'flux is directlyout of PMSM in both the rotor and stator parts.
The most of heat is extracted from the stator part due to the presence of cooling system on this side and the high value of losses in the
stator, where this dissipative heat power is equal t0.1665.6 W [see Table. VI1], which represent 99 % of the extracted power from the
PMSM. In Table. V11, it can be observed that the total extracted.power from the PMSM, viz., P, + P.,., is almost equal to the total
losses in the PMSM, viz., P,,,. Both results in Fig. 10 and Table. V11 af the analytical model and FEM are in good agreement.

Tr°C) T[°C]
65 65

&0 60

155 155

150 150

145 145

35

(@) (®)
Fig. 11. The level of temperature distribution in the PMSM with air-gap cooling: (a) Analytical, and (b) FEM.
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In addition to cooling outside stator, theair=gap cooling can also be applied. This type of cooling can be modeled by applying a
negative power in the air-gap. Fig. 11 represent the level,of temperature distribution where, in addition to the cooling applied to
the outside of the stator, theypower absorbed,by cooling applied in the air-gap is equal to 200 W (i.e., =0.3 MW/m?). This value is
added in (18) (i.e., p.,=-200Whin [Table. 1\V/).»A good cooling of PMSM can be seen in Fig. 11, especially in the critical parts of
the electrical machine. Fig. 12(a) represents the temperature in the air-gap which is lower than 41°C, where by comparison with
Fig. 7(a), a difference of 26:6°C can be observed. Fig. 12(b) gives the results of g, in the air-gap where its value is negative. This
means that the temperature inithe air-gap increases in the r-direction. Fig. 13 provides more details on the temperature change
caused by the air-gap coaling. The,temperature is decreased by 33°C in the PM and 5.5°C in the stator slot from 0 to 200 W of the
power absorbed by@ooling:“All results of the numerical and analytical method are identical. This makes the developed model able
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FEM

0 /6 w3
0 (rad)
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©
Fig. 12. Temperature and heat flux component distribution with cooling in the middle of air-gap. (a) Temperature, (b) Radial flux, and (c) Tangential flux.
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to predict the temperature in eleetrical machines with different cooling condition.
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Fig. 13. Temperature with varying the absorbed power by cooling at the center of the 1% (a) PM and (b) stator slot.
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In Figs. 14 - 19, a parametric study has been performed. It can be observed that the effect mode of the temperature variation in
the elements of stator and rotor parts is different. This means that the air-gap separates them. The cooling outside the stator affects
all parts of PMSM [see Fig. 14], where the temperature decreases by about 191°C from hg;=5 W/(m2.K) without cooling to hs=
105 W/(mz.K) with cooling. However, the application of cooling inside the rotor [see Fig. 15] cannot give a good result compared
to the result of cooling outside the stator, because the two things, which have already been mentioned before, the majority of heat
source are concentrated in the stator part and the role of the air-gap which represents a thermal insulator between the stator and the
rotor parts. In Fig. 16 and 17, the emissivity variation does not significantly affect, however, their effect is important. The
emissivity outside the stator decreases the temperature in all parts of PMSM with linearly, contrary with the emissivity inside the
rotor where the influence on the temperature is affected only in the rotor parts [see Fig. 17]. The influence of temperature by the
variation of absorbed power by cooling applied in the air-gap is presented in Fig. 18. A linearly variation form-af.temperature can
be seen in all parts of PMSM and the heat trapped in the rotor has also been released. However, the cooling in thestator parts is
good including the stator slots. Finally, Fig. 19 represents the influence of the air-gap thermal conduetivity'on the temperature of
PMSM. There is a very small change in the temperature of the PM and the rotor yoke. However, there are no,significant differences
between a good thermal conductor or a good thermal insulator in the air-gap (i.e., 30 and 0.03 W/(m.K)). The comparison of the
parametric study results by analytical method and those obtained by FEM confirms the validity,of theyproposed analytical method
to analyze and/or to predict the temperature distribution in the PMSM with a very good‘accuracy.
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Fig. 14. Temperature variation with varying hg and hy =3Wi(m2 -K)in a point Fig. 16. Temperature variation with varying & and &.= 0.2 in a point at the
at the center of different parts of PMSM. center of different parts of PMSM.
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Fig. 15. Temperature variation with varying h,- and h; = 5 W/(m2 -K) in a point Fig. 17. Temperature variation with varying &, and ;= 0.8 in a point at the
at the center of different parts of PMSM. center of different parts of PMSM.
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VII. CONCLUSION

In this paper, the authors proposed a 2-D analytical model of steady-state temperature and-heat flux components in PMSM. It is
based on the multi-layer models with the convolution theorem (i.e., Cauchy’s produet theorem) byusing the separation of variables
method. Six regions are established. All the Laplace’s and Poisson’s equationsiare solved analytically where these equations are
completely defined in terms of complex Fourier’s series. The BCs inside the electrical machine are obtained from the continuity
of temperature and radial heat-flux density at the interface. Then, the heat transfer by convection and radiation outside the electrical
machine are applied, where any iterative method solves efficiently and takes inteiaccount the heat transfer by radiation. The model
is validated by FEM for different conditions with excellent accuracyalt canbe used for an optimization process that includes the
effect of different cooling type or a parametric study by varying differentiimportant parameters such as the heat source or thermal
conductivities of different parts of PMSM. Whereas, the analytical method has the advantage of a fast calculation time compared
to FEM. In the same time, the analytical method hasithe disadvantage of not being able to model complex geometries. Although
there is a way to solve this problem by adding more,layers in the developed model.

In addition, it should be noted that one can introduce the nonlinear characteristic of thermal conductivity, which varies with
temperature A(T) according to 0) where isgsimilarto,the B(H) curve. Moreover, to introduce the heat source directly into the
proposed thermal model, the model must be coupled with,an analytical model to predict the iron core losses [e.g., coupled with the
model presented in Djelloul-Khedda et al.; (2019)].\However, to improve the results of the proposed model in order to take into
account the end effect, an axial 2D model (i.e., x-y coordinate) by using the presented method should be develop by which the
temperature in the final windingsican be calculated:

APPENDIX A
The volumes of different'parts of source heat are given by

V.y = Lyn(R; — R}
Vin = Lypbi, (REZI - R%)
Va LuT[(RZ - R%)

L

Ve =2 [0, (RE ~ R) + 01, (RE — B (A1)
L,0Q.0

Vo = 2% (g — )

Viy = Lyn(R7 — R&)

where V..., Vi, Vo, Ve, Vg, and Vs, are respectively the volume of the rotor yoke, all PMs, the air-gap, all teeth including tooth-tips,
all stator slot and the stator yoke.
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APPENDIX B

The radii of different regions used in the developed analytical model can be calculated from the parameter's geometry according
to Table I by the following formulas

Rl - Rsh
R, = Ry +
{Ry=Rs+hy (B.1)
Rs = Ry + hy,
Rg =Ry + hy

APPENDIX C
The external and internal column vectors of ambient temperature {T;,;; T.,.} are given by

PN -~ T
Texe = [Text_N TextN] (C.1)
e 2 T
Tine = [Tint_N o Tiney] (C.2)
(e 1 0 ,
i S . nt .
'Z 2—[ ampre 72 (1 — e WOT) 4 25T,y 6 Sin (Ts)] e/, n#0
ambn 4' i=1 (C3)
Q
kﬂ (Tamb rOr + Tambses) n=20

where {Tampnr Q) Tamp,r Tamb,s) O, 05, @i, i} are replaced by {7, 8 Qs, Tink, Tine @805, ;, 1} for the internal ambient temperature
and by {Toxen, Qs, Texts Texer 0z, 05, @, 1} for the external ambient temperature:

APPENDIX D
The equivalent thermal conductivity of air-gap Ag.is calculated carresponding to (Ball et al., 1989) by

0= B 77_2'9084 R0.4-614- In(3.33617) (Dl)

= Ryhy— U_o (D.2)

where g is experience factor considering surfaceroughness of rotor; n = R3/R,; R4 is rotor outer radius; R, is stator inner radius;
¢ 1S Reynolds number; hgis air-gapylength;iand v, is air kinematic viscosity.
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