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This paper presents an mathematical model for the prediction of temperature field distribution in spoke-type permanent magnet
synchronous machines. The mathematical model takes into account radial heat transfer streams; it is presented as a boundary
problem in a multilayer non-canonical region with conjugation conditions at the boundaries of the layers, with different
thermal physical properties. The entire study area is divided into five types of simple subdomains, including a shaft, an inner
fan-shaped magnet, an outer fan-shaped magnet, a slot opening and a slot. Moreover, on the border of the inner and outer fan-
shaped magnets in slot opening and a slot, we have an perfect thermal contact. The problem is solved by the finite element
method. Using the results of numerical experiments, the model allows you to control the temperature field of the machine,
allows you to calculate the temperature distribution in its individual parts.
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Y poborti npencTaBiaeHa MaTeMaTHYHa MOJIENb PO3IOLTY TEMIIEPATYPHOTO MOJISl B CHHXPOHHIN MallnHi 3 MOCTiHHUM, Yy Gopmi
CIHIb, MarHiTOM. MareMaTH4Ha MOZENb BPaxoOBY€ SK PajialIbHUI TakK i OCBOBHH ITOTOKH Iepeiadi TeIuia i MpeicTaBisie
coboro KpaloBy 3ajady B OaraTomapoBiii HEeKaHOHIYHIH 00JAcTi 3 yMOBaMH CIIPSDKEHHS Ha TPAaHMILIX IIapiB, 3 Pi3HUMHU
Tero(i3MYHUMH BIACTUBOCTSIMH. Besi 001acTh AOCHIKCHHS PO3/iJICHA HA M'STh TUIIIB MPOCTHX MiJo0JacTeil, a camMe Bal,
BHYTPILIHIA BiSUIOMOAIOHWH MAarHiT, 30BHIIIHINA BisUTOMONIOHWI MarHiT, ma3oBuil oTBip 1 ma3. [Ipwdomy, Ha TpaHuUIL
BHYTPILIHBOTO 1 30BHIMIHBOTO BisUTOMOMIOHMX MAarHiTiB ITa30BOI0 OTBOPY 1 Ma3y Mae Micle ieaqbHUK TEIUIOBHH KOHTAakT. B
Ja"id MamuHi 4 mapu momociB i 9 ciortiB. J[kepeno Terta piBHOMIPHO PO3MOIIICHO B 0OMOTKax craTopa.y LEHTpi clioTa
PO3TAIIOBYETHCSI OOMOTKA, IUIOIA $KOI JOPIBHIOE CyMi IDIOII BCiX MiTHHX HpPOBOMIB. 3ajada pO3B’SA3yETHCA METOAOM
KIHIICBUX CJIEMCHTIB. Y TIOPIBHSAHHI 3 iCHYIOUMMH MaTEMaTUYHUMH MOJCIISIMH TEIJIOBUX MPOIECIB B CHHXPOHHIW MallvHi 3
MOCTIHUM, Y (OpMi CITHIlb, MarHiTOM, OPUTIHAIBHICTH I[LOTO JOCTIMKCHHS TOJATae B MOOYIAOBI KOMIUIEKCHOI TEIIOBOT
MOJeNi, sIka BPaXOBY€ XapakTep TEIUIOBOr0 OOMiHYy Ha MeXi PO3Jily CKJIAJ0BUX YaCTUH MalIMHH. Pe3ynpTaTH mpoBeieHHX
JOCITI/UKEHb € OCHOBOIO JUISl TPOEKTYyBaHHS CHHXPOHHOI MAaIllMHM 3 MOCTIHHHM, y (OpMi CIHIb, MarHiToM, po3poOKH
AITOPUTMY KEpyBaHHsS TEMIIEPaTYypHHM IOJIEM CHHXPOHHOI MAaIllMHH, JI03BOJISIOTH BPAaXOBYBAaTH TeMIEpaTypHi e(dexTH,
0co0NMMBO B THUX MigoOmacTsAX, ae pododa Temrieparypa MOKe 3MIHIOBAaTHCA. 3alpolOHOBaHA MaTeMaTHYHA MOEIh
TEMIIEPaTypHOTO MOJIS B €IEKTPUYHINH MaIIMHI JO3BOJISIE KOHTPOJIOBATH TEMIEPaTypy B PeXHMi peajbHOro wacy. Mojenb
JIO3BOJISIE PO3PAXOBYBATH TEMIEPATYpy OKPEMHX YaCTHH MAlIWHHM, IO BAXJIMBO [UIS IIBHIKOTO PETYIIOBAaHHS YMOB il
EKCIUTyaTaIlii i 0XOJIOKECHHS.

Knrouoéi cnosa: EJIeKMPUYHA MauluHda, mamemamudna .Moaeflb, memnepamypHe noiie, Memoo KiHueBMX ejleMeHmia.

B nmanHOI cTaThe MpeacTaBIeHa MaTeMaTHUeCKass MOAENb PAaCHpeeNIeHUs] TEMIIEPATypHOTO IO B CHHXPOHHBIX MaIllHHAX C
MOCTOSHHBIMU CIMLEBUIHBIME MarHuTaMu. MaTeMaTudeckass MOJeNb YYHUTHIBAeT KaK paJuajibHbIA Tak M OCEBOIl NMOTOKU
nepefayd TeIla M IpeJACTaBiIseT co0oi KpaeByro 3ajady B MHOTOCIONHHONH HEKaHOHMYECKOH 001acTH ¢ YyCIOBHUSMH
CONPSDKEHUS] HA TPAHUIAX CJIOEB, C PA3IMYHBIMU TEIUIO(GH3MYECKHMH CBOMCTBaMHU. Besi 00nacTh mccinemoBaHus ACNUTCS Ha
ISITh TUIIOB MPOCTHIX MMOJ00JAacTel, BKIIOYasi Bajl, BHYTPEHHUI BeepooOpa3HbIl MarHWT, BHEIIHUH BeepooOpa3HbIi MarHur,
na3oBoe oTBepcTHe W ma3. [Ipudem, Ha rpaHnIe BHYTPEHHETO M BHEIIHETO BeepOoOOpa3HBIX MarHUTOB Ma30BOTO OTBEPCTHS H
Ma3a UMeeT MECTO HCalbHBIA TeIIOBOM KOHTAKT. 3ajada pemraeTcsi MeTOIOM KOHEYHBIX JIEMEHTOB. MoJens Imo3BoseT
paccUUTHIBATh TEMIIEPAaTypy OTAENBHBIX YacTed MAIIMHBI, YTO BAaXXHO ST OBICTPOTO pETyJIHPOBAHUS YCIOBHH ee
SKCIUTyaTalluy ¥ OXJIAXKICHHSI.

Knroueewie cnoea: JJIEKMPU4ecKas mawuna, mamemamudeckas MO()eflb, memnepamypHoe noiie, MemooO KOHEUHbIX 2JIeMEeHMO8.

1 Introduction

High-speed electric machines with excitation from permanent magnets are widely used in various
industries, including automotive industry. Recently, interior permanent magnet synchronous motors
have become known as a good candidate for hybrid electric vehicle traction drive application due to
their unique merits. Synchronous electric machine with different geometry and permanent magnets
(PMSG) became the object of numerous studies. In this paper we consider electric machine with a
spoke-type PM rotor and an internal permanent magnet [1-2]. In [1-2] the magnetic field in the spoke-
type PM rotor is investigated, and an attempt to account for the impact of the end effects (form of end
winding reactance or magnetic leakage flux) in a two dimensional approximation is made. In [1]
presents an analytical model for the prediction of magnetic field distribution in spoke-type permanent
magnet synchronous machines with rectangular magnets and magnetic bridges. In [3] mainly
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investigates the equivalent stator slot model used in temperature field of high torque-density permanent
magnet synchronous in-wheel motor. Based on the law of heat transfer in stator slot, a new layered
winding model is put forward in this paper. For high torque-density permanent magnet synchronous in-
wheel motor, service life and electromagnetic performance are related directly to winding temperature
[2]. With high efficiency and power density, interior permanent magnet (IPM) synchronous machines
have been employed in many commercialized electrified power trains [4-5]. The interior permanent-
magnetic motor is widely used for electric vehicles.

In [6] mainly analyzes the thermal field distribution of two conditions: the rated speed and rated load
condition; the low speed and rated load condition. In [7], the influences of temperature variation on the
characteristics and performance of spoke-type interior permanent magnet (IPM) machines are analyzed.
Key machine performance metrics, such as flux linkages, torque, and inductances variation as functions
of the temperature are simulated and discussed. However, in all these works, the complete mathematical
model of the thermal process in the permanent magnet synchronous machines was not considered, with
the help of which it was possible to determine the temperature regime at any point of it.

In [7-8], a mathematical model of the thermal process in an electric machine is constructed, which is
presented in the form of a three-layer cylinder, in which in one layer the internal heat sources operate,
while the heat is transferred to another by thermal conductivity. The method for solving boundary value
problems for the heat conduction equation in a complex region is a multilayer cylinder, where in one
part of the layers the internal sources of heat act, and in the other external ones, is proposed. The
method of solving the problem in conditions of uncertainty (absence) of one of the boundary conditions
on the boundary of the layers with conductive heat exchange between the layers is proposed. The
essence of the method is to average the temperature distributions along the radius in the inner layers. As
a result of transformations at the boundary of the layers, the boundary condition of the conjugation of
the impedance type appears. In [9] a mathematical model of the temperature field of the radial section
of an electric machine is constructed; the temperature distributions are considered in the individual
subdomains of the machine, and then the summation of the resulting solutions takes place. In this work
a complete mathematical model of the thermal process in synchronous machines with spoke-type
permanent magnet is investigated. Knowledge of temperature distributions in the windings and in the
air gap is very important for designing an electric machine and analyzing its temperature field of the
machine as a whole. Stator and rotor sheets have open, semi-closed or closed grooves in which current
conductors (windings) are located. In the stator most commonly used are semi-enclosed grooves of
rectangular or oval shape, in high-power machines - open grooves of a rectangular shape. The
distribution of the conductors in the slots has a certain influence on the maximum temperature of the
windings [10].

In comparison with other studies [11-15] of thermal processes in a permanent magnet synchronous
machine, the originality of this study is to construct a complete mathematical model of the thermal
process in synchronous machines. Moreover, the synchronous machine is represented as a multi-layered
region with different thermal physical characteristics of the layers. Let's consider a synchronous
machine with a spoke type permanent magnet rotor in the form as in [1]. Figurel shows an example
spoke type permanent magnet rotor.
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Figure 1. Spoke type permanent magnet rotor with eight poles
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2 Purpose of the Paper

The purpose of this paper is to construct and investigate the complete mathematical model of the
thermal process in spoke-type permanent magnet synchronous machines with four pairs of poles and
nine slots, that takes into account the nature of the heat exchange at the interface between the parts of
the machine.

3 Study resources and results

Figure 2. Machine geometry

In this paper, a mathematical model for the rotor shown in Figure 2 is constructed.

Fig. 2 shows the model with rectangular magnets and magnetic bridges [1], where 6 is the
circumferential position, the position of initial axis is defined as 6=0; riis the angular position of the ith
magnet with reference to initial axis; s jis the angular position of the jth slot; a1 is the width angle of the
magnet outer edge; a2 is the width angle of the magnet inner edge; c: is the slot opening width angle; c.
is slot width angle;r,,r,, r,andr;,ryare the radius of the shaft, stator bore, slot top and slot bottom,
machine respectively.

To achieve the set goal, the entire field domain is divided into five types of simple subdomains, i.e. a
shaft (1), an inner fan-shaped magnet (I1), an outer fan-shaped magnet (l11), a slot opening (IV) and a
slot (V). There are four pairs of poles and nine slots in the investigated machine. Besides, there is a
perfect thermal contact on the boarder of the inner and outer fan-shaped magnets and the slot.

Figure 3. Subdomains of electric machine
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Determination of the temperature distribution  T(r,p)in the multilayer region
Q:{0<r<r;, 0<p<2z},Where the internal heat source is concentrated in the windings, that is, in the
region V can be written as a boundary value problem with conjugation conditions in the form

1295 c, c, -
sz p ST <Ig,S;j —?<go<sj +?, 1=12,.
106, 0T 1 6%, a, a,
AiFg(ra—r')+ﬂi—za—(p2': 0, O<r<r1,r5sr<r6,(0<go<2;r),rl<r<r2,(ri—7<¢)<ri—?)
L <r<rn,(h —ﬁ<(p<ri+ﬂ),r3<r<r4,(sj—&<¢)<sj+&)
2 2 2 2
1)
AT3r (r37¢) = _a(T3 _Tc) _8O'(T34 _Tc4)v (2)
T (-0.9) =T, (5+0,9), @)
Tl(rl _Oiw):Ti(ri_‘_Orgo)v i:11214 (4)
ATy (13, 90) = —a(T, = T¢) —go'(T44 _Tc4): (5)
ATs, (15, 9) = —a(Ts = T;) _50'0-54 _Tc4)7 (6)

A, —coefficients of heat conductivity of the rotor, stator iron, conductors of electric current and
isolation, respectively, T, —ambient temperature, «;, 1, p,,&,o— corresponding heat transfer coefficient,
current strength, resistivity of current conductors, emissivity factor, Stefan-Boltzmann constant, T, - T;—
machine subdomain temperatures, T,, —Ts, —temperature derivatives in the corresponding subdomains.

Here S is the area of the slot, that is, the region V. For the calculations parameters were taken from
[1]. The following assumptions for calculating the temperature field were taken using the finite element
method. Convective and radiation heat exchange is considered. Radiation heat transfer always occurs,
especially when the speed of rotation of the rotor is very small or the rotor is still. The heat source is
evenly distributed in the stator windings. In the center of the slot is a winding, the area of which is equal
to the total area of all copper wires.

TABLE 1.Thermal parameters of the machine materials

Postion Materials Termal coefficient(W/m
K)

Shaft 45# 50.2

Rotor core DW 310-35 42.5

Winding copper copper 387

The solution of the problem (1) - (6) in the Partial Differential Equation (PDE) Toolbox is
implemented with the purpose of finite elements [16-18].

At first, the complex form of the region is constructed by combining intersection and subtraction
operations. Then we set Equation 1 and, after specifying the coefficients of the differential equation,
construct the computing grid using the Delaunay triangulation. The fundamental property is the
Delaunay criterion. In the case of 2-D triangulations, this is often called the empty circumcircle
criterion. For a set of points in 2-D, a Delaunay triangulation of these points ensures the circumcircle
associated with each triangle contains no other point in its interior.
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We divide the domain Q into triangles A;,i=12,..n. Such a partition is called triangulation.

Triangles with two vertices on the boundary of the region may have a curved side. We replace this side
with a segment of a straight line and denote the resulting region by & . The vertices of the triangles are

called triangulation nodes, we number them and let D1 be the set of nodes belonging to the boundary,
D2 is the set of internal nodes, D =D, uD,— set of all knots of triangulation. Further, finite elements

are constructed, in this case triangles.
Consider any triangle A; = Q,. For each vertex of this triangle we define the function v(r.),

equal to one at this vertex and equal to zero at other vertices (here i is the number of the triangle, j is the
number of the vertex in the set of all nodes D). The simplest such function is a linear function in the
form z =ar +bp+c, moreover, z = 1 in one of the vertices of the triangle and z = 0 in the other two

vertices. We associate an arbitrary parameter to the jth node, T;, j=1,...J Let the vertices of a triangle
A; have in the set D numbers j1, j2, j3. We define a new function

o (r.p) = s (1 @)+ Ty a (r.90) + Ui s (r.0). (rp) € 4
0, (rp) e,

The functiong, (r,@) is called the finite element. After the regionQ was triangulated, a finite

element mesh was regularized. The finite element mesh was rearranged in such a way that the
irregularity of all finite elements does not exceed the value set in the PDE Tool. Then we build the
system of equations.

Figure 4 shows that the highest temperature is observed in the windings of an electric machine. A
significant proportion of failures of the electric machine is associated with the stator windings. The
statistics of failures in the operation of an electric machine indicates that they occur due to overheating
of the windings during operation. The temperature of the electric machine during operation increases
with increasing current strength of the device; this can be caused by a decrease in the supply voltage to
95% and below.
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Figure 4. Solution of the problem (1) — (6), with the following working parameters of the electric machine
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I =6A Current density in DRM slots J :106%. Number of pole pairs 4, number of slots 9.
m

Geometric dimensions of the electric machine as in [1].

5 Conclusions

In this article a complete mathematical model of the thermal process in spoke-type permanent
magnet synchronous machines is proposed. The investigated field consists of five subdomains. There is
an ideal thermal contact on the border of the inner and outer fan-shaped magnets, the opening slot and
the slot. When describing this ideal thermal contact, boundary conditions consider the equality of
temperatures and feat flow on the surfaces. The boundary conditions of the fourth kind essentially give
the rule of coupling of temperature fields of the study volume and the external body, where the heat is
transferred by heat conduction. The problem is solved by the finite element method. The solution to the
problem described in the mathematical model is implemented in the Partial Differential Equation (PDE)
Toolbox. To implement the solution algorithm, a regularized computational grid was constructed using
Delaunay triangulation. The results and trends shown in this research paper set a foundation for
developing control algorithm which takes the temperature effects into consideration, especially in the
applications where operating temperature varies significantly. This proposed mathematical model of the
temperature field allows to control temperature in machine. The model allows to calculate the
temperature of individual parts of the machine. This is important for quick adjusting its operating and
cooling conditions.
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