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Brushless motor with open-pole stator and permanent magnet rotor characterized by
sufficient simplicity of design and manufacturing techniques. It is also relatively economical
for asynchronous electric machines. At the same time, it provides much higher quality
consumer characteristics. According to the widespread use of traditional designs with internal
rotor gearless drive for a number of mechanisms is often necessary to use a design with
external rotor. This design is simple, reliable, technological and economical. Methods of
synthesis, optimization and research brushless motor with external rotor and permanent
magnets require a simple and reliable method of the thermal state calculation of the main
components, as it affects energy performance and reliability of this machine.

Estimation features of a thermal condition of the main components of the brushless
electromechanical converter with an open-pole stator and an external rotor with permanent
magnets are considered in the article. Particular attention is paid to the importance of such an
assessment for electromechanical brushless converters with permanent magnets on the rotor,
the maximum allowable operating temperature for which is limited to low values. Such
magnetic materials are known to be significantly cheaper at high-energy values, but lose, often
irreversibly, the magnetic properties when the temperature of the allowable heating is
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Elements of thermal calculus of components in electromechanical brushless converter...

exceeded. On the other hand, for a number of applications of such an electromechanical
converters. For example, in motor-wheel in vehicles, the cooling surface of the rotor with
permanent magnets is closed-type, which gives grounds to consider the need to assess the
thermal state of the main components of the electromechanical converter of brushless motor,
especially external rotor with permanent magnets, in all stages of its design - synthesis,
optimization of geometric dimensions and research.

The proposed method of a thermal calculus of brushless electromechanical converter
elements, such with permanent magnets on the rotor, allows with sufficient accuracy for
engineering practice to perform appropriate calculations of these motors, in particular, for
direct drive of mechanisms.

Key words: permanent magnets; brushless motor; thermal condition; open-pole stator;
external rotor.

Problem statement

Brushless direct current machine (BLDCM) is a DC electric machines in which the brush-collector
unit replaced on the inverter, which is controlled by signals from the rotor position sensor (RPS), located
on the same shaft of the rotor of the electromechanical converter (EMC) [1-4]. BLDCMs are increasingly
used in electric vehicles in world practice. One of the factors slowing down the domestic production of
electric vehicles, including electric cars, is the availability of inexpensive and high-quality electric drive,
which could provide, along with sufficient power of controlled motors, high reliability, durability and
controllability. In recent years, the efforts of foreign researchers in the field of electric cars were aimed at
creating new types of motors such as, for example, induction motors [5], brushless motors (BLDCM) with
permanent magnets (PM), characterized by a high specific magnetic flux without mechanical transmissions
[6]. Different study are developed in field of motors with two rotors [7], machines with hybrid, magnetic
and electromagnetic excitation, motors with two stator windings, electric machines integrated with
magnetic transmission system [8], etc.

Based on these motors, compact and reliable direct drives can be created for wheeled motors
systems, for vehicles, including electric vehicles. To control these types of electric motors, modern
methods of control theory are used: vector control with elements of adaptive control, sliding mode control,
intelligent control (fuzzy control, use of artificial neural networks) [6-8]. Unlike induction motors, the
efficiency of which significantly depends on changes in voltage and load, BLDCM with PM generally
maintain their speed and energy efficiency when the mains voltage and load change and therefore are
particularly attractive to motor developers [9-11].

Relevance of the study

Today, there is often a need for gearless drive, in particular, in transport, and therefore the use in
BLDCM of EMC with PM and an external rotor. Synthesis and analysis of BLDCM with PM on the outer
rotor requires a simple and reliable method of calculating the thermal state of important motor or converter
units, because it depends on the performance of such a motor. The open-pole internal stator, concentrated
coils of its winding and PM on the external rotor determine the difference between the methods of
calculating the thermal state of the EMC of BLDCM with PM on the external rotor from those known in
the literature [1-5, 8]. This calculation of EMC with an open-pole stator and an external rotor with
permanent magnets has a number of differences compared to the BLDCM of traditional design and is
especially important for EMC of BLDCM with magnets on the rotor, the maximum allowable temperature
for which is low [12]. Magnetic materials with high-energy performance and low allowable operating
temperature are significantly cheaper, but can irreversibly lose their magnetic properties in excess of the
allowable value of the heating temperature [12]. Important task is checkout calculating of thermal
condition of BLDCM with PM and external rotor on design and synthesis stages, on stage of geometric
dimensions optimization, and especially in the case when the surface of the rotor cooling is also limited,
such as in-wheel motor.
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Purpose and objectives of research
The aim of the article is to develop the method of thermal state calculating of elements in
electromechanical converter of BLDCM with PM. The last one would allow with sufficient accuracy for
engineering practice to estimate the heat load of the main EMC components of such motors, in particular
those application of magnetic materials critical to overheating both at the stages of design and optimization
of geometric dimensions and during research.

Actual scientific researches analysis
To the problem of calculating the thermal state in EMC, include the calculus of the average
temperature of the EMC active parts [16], determining maximum temperature of elements and components
depending on the profile loading, calculating heat flow between adjacent elements of design and so on. The
initial data are the distribution of energy losses over the volume of the machine [14], the values of physical
guantities [8], primarily thermal conductivity and heat capacity, and cooling conditions at the boundary
surfaces. In passive rotor BLDCM [14] heat sources are losses in the copper of the stator winding — DP, ,

stator steel loses — DP,; and rotor loses — DP,;, and mechanical loses, which consist of friction losses in

bearings and friction of rotor teeth to air — DP,,, . Since the designs of EMC of BLDCM with a passive

external rotor and EMC with PM on the explicit rotor are largely similar, as a basis for calculating the
thermal state of the latter we use the method described in [14].

The main material presenting

Among the significant structural differences between the EMC of BLDCM with PM on the outer
rotor and the BLDCM with a passive rotor (Fig. 1 [14]) is absence of laminated core of the rotor and,
accordingly, losses in the rotor steel. Instead, the frame of the external rotor with PM serves as a magnetic
conductor to close the flow of magnets, which provides for the feasibility of developing elements of the
method of the thermal state calculating of BLDCM components [14] for application to EMC with PM on
the external rotor.

To do this, as in [14], we accept the following assumptions. At first, losses in copper are
concentrated in the central part of the coils of the internal stator winding; losses in the stator steel are
concentrated in the central axial lines of the teeth and the central cylinder of the frame. The next
assumption — the coefficients of thermal conductivity of materials and air are constant and equal to their
value at the accepted design temperature. And, at last, the stator and rotor cores conduct heat only in the
radial direction.

In addition, suppose that heat fluxes propagate in the following directions. At first - from the stator
winding to the teeth and the stator back, the next - from the teeth of the stator through the air gap to the
rotor. So, the inverse direction — from the rotor to the indoor air and from the stator winding through the
interturn insulation to the indoor air; from the indoor air to the end surfaces of the rotor, which give off
heat to the outside air.

That is, as in [14], the thermal replacement circuit (Fig. 2 [14]) will consist of five elements: the

stator winding (M) with losses DP, and average temperature q,, ; stator (S) with loses DP,, and average
temperature q. ; rotor (R), with the zero loses DP,,, =0 and average temperature q, ; internal air (P) with
loses DF,.,, and average temperature q; rotor body K with average temperature q,, . Temperature of

external air g, .

Elements of the substitute thermal circuit are connected by thermal conductivities (see fig. 2). We
write a system of linear algebraic equations like in
Ar®=AP. 1
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where L, L, — heat conductivity from the stator winding to the teeth and the stator back and from the

kr air air

stator winding through the interturn insulation to the indoor air; L, L, - heat conductivity from the

stator teeth through the air gap to the rotor and from the rotor to the indoor air; L, , L, - heat

conductivity from the rotor to the rotor housing and from the indoor air to the bearing plates and the rotor
housing; L,,, L,, — heat conductivity from the rotor housing to the outside air and from the stator to the
outside air [14].

To find the unknown temperatures, it is necessary to pre-calculate the heat conductivities included in
(1) according to [14].

Since the structural stators of the BLDCM with PM and with a passive rotor are similar, the ratios
for determining the thermal conductivities included in (1) are determined from the geometric dimensions
of the stator components of the EMC. Similar to [14], we write equation (2):

S :(ZXb +ZXL)Xh «Z S =(ZXb +2xL+2xzxb )Xh xZ
1 Sz S Sz ks/ 'k s

K 2

) . 2
_¢€ 2 \U,- . _ . _o _
53_6(2x(bsz+L)xbk1+nxbkl)gxzs, 34_(2xbk1x|_)xzs, S:=5,-5,.
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where S,,S,,S,;,S, — the contact area of the stator winding coils with the teeth, the contact area of the

stator winding coils with the internal air, the ends of the coils in contact with the stator frame, the
same ends that are in contact with the internal air, respectively [14]; b, — width of stator teeth; h, -

AP height of winding; b, ,b,, — one-sided width of the coil (up and

m APSts

low); b, — the average value of the one-sided width of the coil;

D, , D? , b
=, | +D,th, +h > -—-Dih, +h? -—%;
QQ \/4 0 sa sa 4 sz hsz 2

0, =226, +h).

Then, according to [14], the heat flux from copper to the
}/\ai, teeth and the frame overcomes the thermal resistance of the
winding insulation of the conductors, enamel insulation and air
gaps between the conductors, the thermal resistance of the air
gap between the frame and the tooth, the thermal resistance of
the tooth. Therefore, the heat conductivity from copper to teeth
[14]:

_ 1
bne = 1 1 1 ®)

+ + +
Le_m.z Lk_m.z L&_m.z Lz_m.z

Fig. 2. Scheme for heat calculus of motor  where L, ,,— equivalent heat conductivity of coil insulation,
with external rotor [14]

varnish and air gaps; L, ,,, — heat conductivity of the frame;

L, . — heat conductivity of the air gap between the frame and the tooth; L, ,, — heat conductivity of the

stator tooth [14]. Similarly, the thermal conductivity from copper to the stator frame

_ 1
bna =77 1 1 1 )
+ + +
L L L L

e_m.a k_m.a 0_m.a a_m.a

where L, ., is the equivalent heat conductivity of the coil insulation, varnish and air gaps; L, ,,, — heat

conductivity of the frame; L ,, — heat conductivity of the air gap between the frame and yoke; L, ., -
heat conductivity of the stator yoke.
The heat conductivity of copper to indoor air
I—m mo t Lé mo
w Tl ©
'm_md 5_md
where L, ; — heat conductivity from the center to the outer surface of the coil; L, ,; — the heat
conductivity of the surface of the coil adjacent to the internal air.
Heat conductivity from the stator yoke to the outside air

L=t (6)

L L
where e L,— heat conductivity from the steel of the stator; L, — heat conductivity from the stator steel to
the outside air.
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Structurally, external rotor with PM is different from passive rotor because teeth and the core are
absent. And the frame of such EMC is the core for magnetic flux circuit, we can determine the appropriate
ratio and heat conductivity by different method than listed in [14].

Heat conductivity from the rotor to the stator teeth we can calculated as

Lzr XL() r.s
S L "

Z_| 0_r.s
where L, .. — heat conductivity of the PM in the external rotor; L, ¢ — heat conductivity of the PM in the

external rotor to the outer air.
The conductivity of the side surface of the rotor to the indoor air

—en(—+(5+h )2 - (7+5) -(b, hanEXZ% (8)
8
Conductivity from indoor air to the end surfaces of the rotor
La‘.tp = ar‘[p XSr‘[p ) (9)
where S, = ZXg mD; ”XDZ — heat area; D, - internal diameter of the rotor;
o
Conductlwty from internal air to the rotor frame

L ak XSlkr ' (10)

& 20
where S, =xzD, X§ZX( Lra—Lsa)lo 2;. Heat conductivity from the surface of the rotor housing to the

0
outside air
Lkr3=aks XﬂX(Dz+2XAkorp)ka ’ (11)
é 2xh ) U 2
where k, = L éth(mehp)x p><91-—_+meh x4k u, P = % ; s =0 T oy,
Pn Ny g b & s "4 2 XD
N, x(t, -Db
Ak, = M =6.8 ¢ Bm U _ heat transfer coefficient by radiation from the housing
ni(D, +214,) " BaxoCH
surface; hy, b, t, N, — height, width, step and number of fins, if its presence on the surface of the rotor
0.88
. &2q 0 4xh x(t -Db \Y;
housing; o, - 0.0056—— Re*® dfeu s dy, =— ( i p) ;Re= Gy — - Reynold’s constant.
de 0 3 2xh +t -Db, 18.9x 10
Conductivity from the end surfaces of the rotor to the outside air
Lk_23=ocnpxm(Dz+2ulp), (12)

where o, =20+ 2.6(0.5><V)0'9 — heat transfer coefficient of the end surfaces of the rotor; V - effective
linear cooling air velocity. Heat conductivity from copper to stator steel was calculated as L, =L, ,+L, ..

Heat conductivity from indoor air to the rotor housing can be find as L, =Ly, + Ly, .

Conclusions
To calculate the stability-heating mode of EMC with open-pole stator and PM on the rotor on the
basis of the described above method and formulas we developed computer program, which is part of the
design subsystem of such motors and allows to determine the average temperatures of its main
components. The proposed method of heat calculation of elements of BLDCM with PM allows to perform
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appropriate calculations of these motors with adequate for engineering practice accuracy, in particular, for direct
drive of the mechanisms. The elements of the methodology presented in the materials of the article serve as a
basis for calculating the heat state of the main components of an electromechanical converter with an open-pole
stator and an external rotor with PM at the stages of its design synthesis, optimization and research.

In the future, the authors will planning to investigate the demagnetization resistance of PM in
BLDCM using a mathematical model of this type of motor based on the theory of electric and magnetic
circuits. This will further give the ability to refine the model of the total heat calculation.
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EJEMEHTHU METOJUKH OHIHKHU TEIIJIOBOI'O CTAHY KOMIIOHEHTIB
EJEKTPOMEXAHIYHOI'O HEPETBOPIOBAYA BEHTUJ/IBHOI'O IBUT'YHA
3 ABHOIIOJIIOCHUM CTATOPOM I HOCTIMHUMH MATHITAMUA
HA 30BHIIIHBOMY POTOPI

© Binaxoscoxuil I. €., Tkauyx B. 1., Kawa JI. B., Xau M. B., 2021

BeHTuiabHMii ABMIYH 3 SIBHONOJIIOCHHUM CTATOPOM i MOCTiiHMMM MarHiraMM Ha pOTOpi Xapakre-
PU3YEThCH AOCTATHHOIO NMPOCTOTOI0 KOHCTPYKLII Ta TeXHOJIOTi€l0 BUIOTOBJICHHSI i € NMOPIBHAHO €KOHO-
MIYHIIIMM 32 ACHHXPOHHI ejJleKTpUYHi MammHu. BonHouac BiH 3a0e3nedye 3HAYHO AKICHINI cHOXKMBYI
XaPAKTePUCTHKH. 32 MIHPOKOr0o BUKOPHCTAHHSA TPAAHUIMHUX KOHCTPYKTHBHHUX CXeM i3 BHYTpilllHiM
poTropoM uisi Ge3pelyKTOPHOr0 NMPUBOAY HM3KU MEXaHi3MIiB 4acTO BMHUKA€ HeOOXiIHICTH 3aCTOCYBAHHS
KOHCTPYKUIi i3 30BHimHIM poTopom. Taka KOHCTPYKUifA NMpocTa, HajJiiiHA, TEXHOJIOTIYHA, eKOHOMIYHA.
MeToauKH CHHTe3y, ONTHMIi3alil Ta J0CJiIKeHHSI BEeHTHJbHUX ABMIYHIB i3 30BHilIHIM poTtopom i
NMOCTiIfHUMM MArHiTaMu noTpedyOTh MPOCTOro i HAIHOI0 MeTOAY PO3PAXYHKY TEIJIOBOI0 CTAHY OCHOBHMX
BY3J1iB, OCKIJIKH BiJl IIbOT0 3a/1€2KaTh eHepreTUYHi MOKA3HUKHU Ta HALiliHICTh Takol MAIIMHU.

Y crarTi po3risiHyTO 0c00JIMBOCTI OLIHIOBAHHS TEIVIOBOI0 CTAHY OCHOBHHMX KOMIIOHEHTIB eJIEKTPO-
MEXaHiYHOI'0 NMepeTBOPIOBAaYa BEHTUJIbHOIO JBUIYHA 3 SIBHONOJIIOCHMM CTATOPOM i 30BHILLIHIM poTopoMm i3
nocTiiHuMu MarHitaMu. Oco0MBY yBary 3ocepelKeHO Ha BaXJIMBOCTI TaKoi OUIHKM ISl eJeKTpoMe-
XaHIYHUX TEepPeTBOPIOBAYIB BEHTWILHUX JBHUIYHIB 3 NMOCTiilHUMM MarHiraMu Ha poOTOpi, MaKCMMAJILHO
JIOIyCTUMA podoya TeMIepaTypa 1jisl AKHX 00Me/KeHa HeBUCOKMMH 3HaYeHHsAMU. Taki MarniTHi matepiaim,
SIK BiZIOMO, 32 BUCOKHX eHepreTHYHUX MOKA3HUKIB iCTOTHO JeleBi, 0IHAK BTPAYal0Th, YaCTO HE3BOPOTHO,
MArHiTHI BJIaCTHBOCTI y pa3i nepeBUILeHHS TeMIepaTypH AOMyCTUMOr0 HarpiBaHHs. 3 iHumoro 6oky, ajas
HiJI0i HU3KH 3aCTOCYBaHb TAKOI0 €JeKTPOMEXaHiYHOr0 NMepeTBOPIOBAYAa, HANMPHUKJIAA, MOTOP-KOJIECo,
TMOBEPXHS OXOJIO[KEHHS POTOpa 3 MOCTIHHMMM MardHiramMm o0Me:KeHa, L0 Ja€ MiICTaBM 3BAa:KATH Ha
HeOOXiIHICTH OLiHIOBAHHS TEIUVIOBOI0 CTAHY OCHOBHUX KOMIIOHEHTIB eJ1eKTPOMeXaHiYHOIr0 NepeTBopIoBaya
BEHTWILHOI'0 JBUIYHA, 0CO0JIMBO 30BHIlIHHOr0 POTOpa 3 MOCTIHHMMHU MArHiTamMu, Ha BeiX eramax Horo
NMPOEKTHOr0 CHHTE3Y, ONTUMIi3awii reoOMeTPUYHMX PO3MIpiB Ta OCTiIKEHHS.

3anponoHoBaHi eJeMEeHTHM MeTOAWKH TeIUIOBOI0 PO3PaxXyHKy BEeHTHWIBHHUX JABHUIYHIB 00epHeHOI
KOHCTPYKUII 3 NOCTIHHMMH MATHITAMYU HA POTOPi JAKOTh 3MOrY i3 I0CTATHHOIO /151 iHXKEHEPHOI MPAKTUKH
TOYHICTIO BUKOHYBATH BilIOBIIHi PO3paxXyHKHU LMX ABMIYHIB, 30KpeMa, JJIsl NPAMUX NPUBOAIB MeXaHI3MiB.
Hageneni B MaTepianax cTaTTi eJ1eMeHTH MeTOIMKH CJIYTYIOTh 023010 /IS PO3PAaXYHKY TeIIOBOIO CTaHY
OCHOBHHUX KOMIIOHEHTIB €JIEKTPOMEXaHIYHOI0 IepeTBOpPIOBaya i3 IBHOMOJIOCHUM CTATOPOM Ta 30BHILLIHIM
POTOPOM i3 NOCTIHHUMH MATHITAMH HA €TANaxX HOro MPOEKTHOT0 CMHTE3Y, ONTUMI3awii Ta 10C/Ii/IKeHHS].

Kniouogi cnoea. nocmiiini maznimu; 6eHmMunbHUll 08UZYH; MENA0GUIL PO3PAXYHOK; AGHONOJIIOCHUIL
cmamop; 306HIWLHIll pomop.
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