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ABSTRACT The stator and rotor can are added to the permanent magnet canned motor (PMCM) to prevent
the stator and rotor core corrosion. The can losses accounts for about 40% of the total losses, therewith the
temperature problems can be brought in this kind of motors. Based on this, the accurate analytical calculation
method of the magnetic field, can losses, and temperature of PMCM is the key to the rapid design of this kind
of motor. The no-load magnetic field is solved by the subdomain method, and the harmonic magnetic density
is decomposed by Fourier. Secondly, the calculation formula of can losses is proposed based on the law of
electromagnetic induction. The derived calculation formula of can losses can separate the can losses into each
harmonic can loss. Then, the results of the analytical solution are added into a new thermal network model
(TNM) to predict the temperature distribution of the cans accurately. The new TNM of PMCM can consider
the influence of uneven heat dissipation of cans and cooling channels. The key is to re-divide the structure of
cans and winding and improves its thermal resistance calculation formula. Finally, the effectiveness of the
proposed TNM is verified by comparing it with the results of experiment.

INDEX TERMS PMCM, sub-domain method, can losses, TNM.

NOMENCLATURE
R1 The outer radius of the rotor.
R2 The outer radius of PM.
R3 Stator inner radius.
R4 The outer radius of a notch.
R34 Radius at the boundary of the two layers of

coils.
n1 Rated speed.
Qs Number of stator slots.
p Number of pole pairs.
µ0, µr Vacuum permeability and relative perme-

ability of PM.
Br Residual flux density of PM.
β Slot width angle.
J , Ji1, Ji2 Current destiny in the slot.
M Magnetization vector.

The associate editor coordinating the review of this manuscript and

approving it for publication was Jinquan Xu .

Mr Radial components of PM magnetization.
θm Center position angle of N-pole of PM.
α Pole arc coefficient of the PM.
n Harmonic order of the permanent magnet

sub-domain and the air gap sub-domain.
m Harmonic order of the slot sub-domain.
A1,n,C1,n Integration constant for the subdomain of

the permanent magnet.
A2,n ∼ D2,n Integration constant for the air gap sub-

domain.
A3,i,m(ib0,it0) Integration constant of the slot domain.
Bm1 Fundamental magnetic density.
Bυ υ-harmonic magnetic density.
τ Polar distance.
x Development direction along the circumfer-

ence.
lef The effective length of the core.
Vm1 Relative linear velocity between the cans

and the fundamental magnetic field.
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Vυ Relative linear velocity between the
cans and the v-harmonic magnetic
field.

D The average diameter of cans.
σT1 , σT0 The conductivity of cans material at

temperature T1 and T0.
rm1, rm2 Inner radius and outer radius of the

cans.
δm Temperature coefficient of cans

material.
Pcan,Pcan1,Pcanυ Can losses, can fundamental losses

and can harmonic losses.
Rm1,Rxv Can fundamental resistance and can

harmonic resistance.
A,L, k Heat transfer area, length, and the

thermal conductivity of the material.
r1, r2 The inner and outer diameter of

cylindrical.
l Cylindrical elements.
T ,G,P Matrix of node temperatures, thermal

conductance, and power sources,
respectively.

λep/cu/air Thermal conductivity of the insulation,
copper winding, air.

λEQ Equivalent heat dissipation
coefficient of winding.

Rwi,Rgi,Rtr
Rfs,Riv The thermal resistance of wire

insulation, ground insulation, winding,
filling strips, and impregnating varnish.

Req The equivalent thermal resistance of a
winding.

d The axial length of the winding model.
Wa ∼ Wd Length of the copper winding, the

copper winding with enameled wire,
the whole model including copper
winding, enameled wire, and epoxy
resin (or air).

αi Average heat dissipation coefficient in
i− th section(i = A ∼ K ).

di ith Length of the section. (i = A ∼ K ).
Rac ∼ Rkc The average heat dissipation

coefficient in sections A to section K .
αs, αss Equivalent convection heat dissipation

coefficient of the stator can, the rotor
can.

Lb,Ld The total length of stator can and rotor
can.

Rcold,Rhot Cold coil resistance, hot coil resistance
at the moment of power failure.

Tcold The ambient temperature at which
Rcold is measured and 234.5 is the
constant associated with copper coils
and is material dependent.

I. INTRODUCTION
The canned motor pump is a combination of pump and motor
usually used in nuclear power, aviation and other fields. The
quality of the PMCM determines the quality of the canned
pump. The stator can and rotor can are installed on both sides
of the air gap to separate the transport medium and the motor
[1]. The stator can and rotor can made of corrosion-resistant
alloy steel will produce large eddy current losses under the
action of air gap rotating magnetic field [2], [3]. The can
losses accounts for about 30%∼40% of the total losses, which
results in a significant reduction in efficiency [4], [5]. At the
same time, due to the existence of can losses, the temperature
rise of the PMCM is larger than that of the ordinary motor.
In addition, the PMCM because of its special applications
and special structure, need to ensure that the working process
of the tightness, which further increases the PMCM heat
dissipation problem [6]. It is important to research the fast
calculation method of the magnetic field, can losses, and
temperature field of PMCM.

The sub-domain method(SDM) is to divide the two-
dimensional plane of the motor into several regions. Based
on Maxwell’s electromagnetic field theory, partial differ-
ential equations are established on each part, after which
the equations are solved according to the magnetic field
boundary conditions, and the magnetic field distribution in
each part is finally obtained. In [7], a sub-domain model
that takes into account the effect of tooth tips has been
developed to predict the armature reaction field in a surface
mounted permanent magnet machine(SMPM). An alternative
sub-domain in the form of a generic solution is created, which
is more intuitive in terms of mathematical representation [8].
In [9], a SMPM with unequal-thickness permanent magnets
and a quasi-squared dodecagonal rotor structure is used as
an example. The unequal-thickness permanent magnets are
divided symmetrically, and the magnetic fields generated
by each pair of divided permanent magnets are superim-
posed to finally obtain the magnetic field distribution of the
motor, which verifies the accuracy of the method. In [10],
a combination of sub-domain and magnet equivalent circuit
methods are used to predict the cogging torque of SMPMwith
rotor eccentricity and magnet defects. In [11], the SDM and
the angle-preserving transformation method are combined
to develop an analytical model of an eccentric slotless per-
manent magnet motor under no load and rated load, while
the stator part of the motor is equated to the surface current
distribution in the calculation process, and the final perfor-
mance parameters such as the magnetic field distribution and
the inverse potential torque of the motor are obtained. The
SDM has a basic assumption that the rotor and stator core
permeability is infinite. Therefore, it will produce large errors
when themotor has a large non-linear effect. In [12], the SDM
is combined with the magnetic circuit method to consider the
magnetic saturation of the stator core. The results are more
accurate than the conventional SDM. In [13] and [14] an
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analytical method for calculating and optimizing magnetic
fields is proposed for pole eccentric surface-mounted and
spoke-type permanent magnet motors. The optimal results
show the harmonic content of flux density can be reduced a lot
by optimizing eccentric distance of eccentric pole arc while
fundamental content will reduce a little. In [15], [16], and
[17], the design and electromagnetic characteristics of coax-
ial magnetic gears, permanent magnet brushless motors and
vernier permanent magnet motors are respectively analyzed.
New design approaches to the motor structure are proposed,
all of which improve the performance of the motor.

The thermal network method takes each component of
the motor as a heat source, and the voltage of each node
of the network is the central average temperature of each
component of the engine. By using heat transfer and Kirch-
hoff’s law, the temperature field calculation is transformed
into a centralized parameter thermal circuit calculation. Gen-
erally, according to the mechanical structure, the TNM is
established by rapid analysis using a simplified thermal path
model [18]. In [19], the stator temperature distribution is
analyzed by finite element software and extended by TNM,
so TNM is used as an auxiliary tool for FEA. In addition, the
TNM is only applicable to obtain the average temperature
of the main components, not to obtain the characteristics
such as maximum value and distribution [20]. To solve
these shortcomings, equivalent TNM with network struc-
ture [21], [22], [23], [24], [25] are proposed. Similar to FEA’s
mesh method, the ETN method subdivides main components
into multiple elements, such as T-shaped element [22], π

shaped elements [23], or multi-segment elements [24]. Then,
the heat flow cycle equation is established, and the node
temperature is obtained to generate an accurate heat distri-
bution [25]. However, the generation of these networks is
structure-dependent and limited by many formulas. In refer-
ence [26], the thermal conductivity in each unit is constructed
by dividing the target area, which undoubtedly increases the
modeling difficulty and calculation cost. In addition, when
there is a large temperature gradient in the slot, the average
winding temperature is inaccurate [27]. Therefore, a practical
element modeling method is needed to reduce the modeling
and calculation cost, and the essential winding model and
cans model are critical to improve the accuracy.

To precisely establish the winding thermal model, several
methods are proposed in [28], [29], [30], [31], and [32].
In [28], an equivalent thermal circuit for toroidal winding is
proposed and verified. However, the winding temperature is
approximately gradientless. Usually, the temperature gradient
difference is unavailable in the TN model but unignorable
because of the heterogeneous winding composition [29].
To enhance the accuracy, commercial software is employed
for over temperature predictions, which is popular at faulty
operation. In [30], the thermal model under inter-turn short-
circuit conditions is analyzed by FEA for maximum tempera-
ture prediction. In [31], fractional-slot concentrated-winding
machines are proved to exhibit different temperature and fluid
distributions from integer slot distribution winding using the

FIGURE 1. A half of the calculation model.

TABLE 1. Parameters of the studied motor.

FIGURE 2. Sub-domain model after slot shape equivalence.

computational fluid dynamics (CFD) software. The FEA and
CFD have become the primary methods when high accuracy
and local details are required. However, their employments
suffer from time-consuming solving processes and cumber-
some modeling operations [32].

In this paper, the magnetic field, can losses, and tem-
perature of PMCM are calculated by analytical calculation
method. The can part consider the effect caused by the uneven
heat dissipation of the cooling channel. Combined with the
SDM, the can losses of PMCM is studied as a heat source,
and the results of the experiment and analytical method are
compared to verify the proposed TNM.

II. ANALYTICAL MODEL AND CALCULATION METHOD
A. PMCM STRUCTURE
The main feature of PMCM is the two corrosion-resistant
cans respectively placed on each side of the air gap. A 750W
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PMCM is taken as an example in this paper. Half of the
calculation model is shown in Fig.1. The structure parameters
are shown in Table 1. Permanent magnet and cans thicknesses
are 3mm and 0.2mm respectively.

B. SDM AND MAGNETIC FIELD CALCULATION
The sub-domain model of the motor discussed in this paper
is shown in Fig. 2.

To simplify the calculation, the semi-closed slot is equated
to an open slot in building the sub-domain model.The finite
element analysis revealed that the presence or absence of the
cans has little effect on the air gap magnetic field. However,
when solving the air gap magnetic field distribution using the
SDM, the permanent magnet sub-domain and the two cans
sub-domain equations need to take into account the corre-
sponding eddy currents when considering the effect of the
stator and rotor cans, to establish the diffusion equation. The
solution to these equations requires the solution of complex
Bessel functions. From an analytical point of view, this is dou-
bly difficult. It is therefore ignored. So the canmaterial can be
treated as an air gap in the solution. The three sub-domains
are divided, with the permanent magnet as the sub-domain
1 region, the air gap as the sub-domain 2 region, and the slot as
the sub-domain 3 region. For ease of analysis, the following
assumptions are made:

1. The magnetic permeability of the stator and rotor cores
is infinite.

2. The relative permeability of the permanent magnets is
taken as its actual value.

3. The end effects of the motor are ignored.
4. The stator slots and permanent magnets are of a regu-

lar radial sector shape. The stator slot is simplified from a
pear-shaped slot to a radially open slot according to the area
principle [10].

Using the center of the motor circle as the origin, a two-
dimensional polar coordinate system is established on the
stator. The partial differential equation satisfied by the vector
magnetic potential A in each sub-domain is derived from
Maxwell’s equations:

∇
2−→A = −µ0µr

−→
J − µ0(∇ ×

−→
M ) (1)

In a two-dimensional magnetic field, since B has only
radial and tangential components, the magnetic vector poten-
tial has only z-directional components:

−→
A1 = A1(r, θ) ·

−→ez
−→
A2 = A2(r, θ) ·

−→ez
−→
A3i = A3i(r, θ) ·

−→ez

(2)

To simplify the calculation, two functions are
introduced [8]:

Pz(x, y) = (
x
y
)z + (

y
x
)z (3)

Qz(x, y) = (
x
y
)z − (

y
x
)z (4)

The magnetic vector potential of the permanent magnet
subdomain satisfies Poisson’s equation:

∂2A1
∂r2

+
1
r

∂A1
∂r

+
1
r2

∂2A1
∂θ2

=
µ0

r
∂Mr

∂θ
R1 ≤ r ≤ R2, 0 ≤ θ ≤ 2π

(5)

At r = R1, the boundary condition can be expressed as:

∂A1
∂r

∣∣r=R1 = 0 (6)

The general solution of the magnetic vector potential of the
subdomain of the permanent magnet is obtained by solving
according to the separation of variables method:

A1(r, θ) =

∞∑
n=1

AI,n
Pn(r,R1)
Pn(R2,R1)

cos(nθ )

+

∞∑
n=1

CI,n
Pn(r,R1)
Pn(R2,R1)

sin(nθ) + η(r, θ) (7)

The η(r, θ) is the special solution of (5). It can be expressed
as:

η(r, θ) =

∞∑
n=1

Xn(r) sin[n(θm − θ )] (8)

The Xn(r) can be expressed as:

Xn(r) = [
R1
n

(
R1
r

)n

f ′
n(R1) + fn(r)]

−
Pn(r,R1)
Pn(R2,R1)

[
R1
n

(
R1
R2

)n

f ′
n(R1) + fn(R2)] (9)

fn(r) =



4Brp
π (1 − n2)

· r · sin(
nπ
2p

α), n/p = 1, 3, 5 . . .

−
2pBr
nπ

· r ln r · sin(
nπ
2p

α), n = p = 1

0, else

(10)

The vector magnetic potentials in the air-gap subdomain
satisfy the Laplace equation:

∂2A2
∂r2

+
1
r

∂A2
∂r

+
1
r2

∂2A2
∂θ2

= 0

R2 ≤ r ≤ R3, 0 ≤ θ ≤ 2π
(11)

The solution to the air gap subdomain equation is:

A2(r, θ)

=

∞∑
n=1

[
AII,n

R2
n

Pn(r,R3)
Qn(R2,R3)

+ BII,n
R3
n

Pn(r,R2)
Qn(R3,R2)

]
cos(nθ )

+

∞∑
n=1

[
CII,n

R2
n

Pn(r,R3)
Qn(R2,R3)

+DII,n
R3
n

Pn(r,R2)
Qn(R3,R2)

]
sin(nθ)

(12)

For the double-layer winding form, the slot area is divided
into the top and bottom of the slot. To make the area of the
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top of the slot area equal to the area of the bottom of the slot,
so that:

R34 =

√
(R23 + R24)/2 (13)

Denoting the magnetic vector potential of the upper, and
lower edges of slot i byA3it andA3ib, respectively, the Poisson
equation is:

∂2A3it
∂r2

+
1
r

∂A3it
∂r

+
1
r2

∂2A3it
∂θ2

= −µ0Ji1

R34 ≤ r ≤ R4, θi ≤ θ ≤ θi + β

∂2A3ib
∂r2

+
1
r

∂A3ib
∂r

+
1
r2

∂2A3ib
∂θ2

= −µ0Ji2

R3 ≤ r ≤ R34, θi ≤ θ ≤ θi + β

(14)

The boundary conditions for the slotted subdomain are:

∂A3it
∂θ

∣∣
θ=θi = 0,

∂A3ib
∂θ

∣∣
θ=θi = 0

∂A3it
∂θ

∣∣
θ=θi+β = 0,

∂A3ib
∂θ

∣∣
θ=θi+β = 0

∂A3ib
∂r

∣∣r=R4 = 0

(15)

The solution for the top region of the slot is:

A3it (r, θ) =

∞∑
m=1

AIII,i,m
Pmπ/β (r,R4)
Qmπ/β (R3,R4)

· cos
[
mπ

β
(θ − θi)

]
+ AIII,it,0 +

1
2
µ0Ji1(R234 ln r −

1
2
r2)

+
1
2
µ0Ji2(R24 − R234) ln r (16)

The solution for the bottom region of the slot is:

A3ib(r, θ) =

∞∑
m=1

AIII,i,m
Pmπ/β (r,R4)
Qmπ/β (R3,R4)

· cos
[
mπ

β
(θ − θi)

]
+ AIII,ib,0 +

1
2
µ0Ji2(R24 ln r −

1
2
r2) (17)

The partial differential equations satisfied by each
sub-domain are derived from the sub-domain model and
given as general solutions. The integration constants in the
general solutions need to be solved in conjunction with the
boundary conditions.

The boundary conditions at the interface of subdomain 1
and subdomain 2 are:

A1(R2, θ) = A2(R2, θ), 0 ≤ θ ≤ 2π
∂A1
∂r

∣∣∣∣
r=R2

=
∂A2
∂r

∣∣∣∣
r=R2

, 0 ≤ θ ≤ 2π
(18)

The boundary conditions at the interface of subdomain 2
and subdomain 3 are:

A3it (R34, θ) = A3ib(R34, θ)
A3ib(R3, θ) = A2(R3, θ)
∂A2
∂r

∣∣∣∣
r=R3

=
∂A3ib
∂r

∣∣∣∣
r=R3

∂A3it
∂r

∣∣∣∣r=R34 =
∂A3ib
∂r

∣∣r=R34
(19)

FIGURE 3. Air gap magnetic density(r = 24.5mm): (a) Radial component.
(b) Tangential component.

FIGURE 4. Harmonic decomposition of air gap magnetic: (a) Radial
component;(b) Tangential component.

The A I,n,C I,n,A II,n,B II,n,C II,n,D II,n,A3it ,A3ib can be
determined from the general solution of the equation in each
sub-domain and the boundary conditions.
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TABLE 2. Efficiency comparison.

Based on the relationship between magnetic flux density
and magnetic vector position, the expressions for the radial
and tangential magnetic densities in the air gap subdomain in
polar coordinates can be obtained.

Br =
1
r

∂A2
∂θ

(20)

Bθ = −
∂A2
∂r

(21)

The calculation result of magnetic field distribution is
shown in Fig.3. Fig.4 shows the harmonic decomposition
graphs in two cases. The harmonic components in the two
cases are also very consistent. As the polar arc factor of the
motor model in this paper is 1, the greater the polar arc factor,
the higher the air gap magnetic density and therefore the
slightly higher the amplitude of each harmonic at equal air
gap lengths.

C. LOSS CALCULATION
The can is made of metal alloy. The stator and rotor cores
of the PMCM are made of silicon steel sheets. As an inte-
gral part, the cans cannot effectively suppress eddy currents
like the stator and rotor cores laminated structure. Small
changes in magnetic flux can lead to large eddy current
losses.

The losses of ordinary permanent magnet motors include
stator copper losses, stator core losses, etc. The stator can
and rotor can are added to the PMCM. The losses in PMCM
include stator copper losses, stator core losses, stator can
losses and rotor can losses. The efficiency of an ordinary per-
manent magnet motor (OPM) is 92.33%, due to the addition
of the stator can and rotor can, the efficiency of a permanent
magnet canedmotor (PMCM) is usually 86.58%. Loss results
and efficiency comparisons are shown in Table 2.

The cam losses generate a lot of heat during operation.
Therefore, the calculation method of cans losses considering
the influence of temperature is proposed. The electromotive
force under the fundamental magnetic field and harmonic

TABLE 3. Harmonic value of can losses.

magnetic field can be expressed as:
Em1 = Bm1 sin

(π

τ
x
)
lefVm1 = Bm1 sin

(
2p
D
x
)
lefVm1

Exv = Bv sin
(π

τ
x
)
lefVv = Bv sin

(
2pv
D
x
)
lefVv

(22)

Due to the uneven heat dissipation effect of the cooling
channel, the conductivity of the cans will also change with
the temperature, and the change law is as follows:

σT1 =
σT0

δm [T1 − T0] + 1
(23)

Combining the above two formulas, the following results
can be obtained:

Rm =
lef [δm (T1 − T0) + 1]

πσT0
(
r2m2 − r2m1

) (24)

Then the calculation formula of eddy current loss of cans
can be expressed as:

pcan = pcan1 + pcanυ =
E2
m1

Rm1
+

∑
υ

E2
xυ

Rxυ

=

B2m1 sin
2
(
2p
D x

)
lefV 2

m1πσT0
(
r2m2 − r2m1

)
[δm (T1 − T0) + 1]

+

∑
υ

B2υ sin2
(
2pv
D x

)
lefV 2

υ πσT0
(
r2m2 − r2m1

)
[δm (T1 − T0) + 1]

(25)

The magnetic density distribution at the center of the stator
can(r = 24.1mm) and rotor can(r = 24.9mm) can be obtained
according to equation (20).The results of the magnetic field
in the section B are introduced into (25). The can losses of the
PMCM can be obtained, and the results are shown in Table 3.
The rotor can is attached to the outside of the rotor core and
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FIGURE 5. TNM of PMCM.

FIGURE 6. Equivalent model for thermal resistance of stator slots.

rotates together with the rotor. The eddy current losses in
the rotor can will be divided into those caused by the eddy
currents induced by the fundamental and harmonic magnetic
fields. As the fundamental magnetic field and the rotor rotate
at synchronous speed, the relative speed is zero and does not
cut the magnetic field. As a result, the eddy current losses
in the rotor can caused by the fundamental magnetic field
are 0W.

III. THERMAL NETWORK MODEL
The traditional heat network model is a fast and accurate
calculation model, but this model considers that the heat flow
in the object is constant. In fact, the conduction of heat flow in
the body is linear, resulting in a certain deviation in the theo-
retical calculation of temperature rise. In considering the heat
transfer phenomenon in the stator slot, the effects of material
properties, geometry, boundary conditions, internal energy
sources and other factors are considered. The equivalent sta-
tor slot model considers the effects of geometry through the
equal area rule, the effects of material properties and bound-
ary conditions through the heat dissipation coefficients of
the different parts, and the effects of internal energy sources
through whether each part is a source of heat generation.
The same is obtained when solving for the heat dissipation
coefficient of the cans. At the same time, without taking into
account the uneven distribution of the can temperature, the
heat dissipation coefficient of the solved TNM is a constant

FIGURE 7. Cans equivalence.

FIGURE 8. Thermal resistance model of stator slot.

value, which is not the same as the actual situation, and
the heat dissipation coefficient of the cans in this case is
often chosen as the average value at room temperature, which
results in a low can temperature. To solve the shortcomings
of the traditional TNM, a TNM considering the uneven heat
dissipation of the cooling channel is proposed in this paper,
and the thermal resistance calculation formula is improved.

A. ESTABLISHMENT OF TNM
In addition to the winding model, the TNM is established
using the simplified lumped parameter thermal network prin-
ciple, as shown in Fig. 5. The calculation formulas of thermal
resistance shown in Fig. 5 are given in the appendix and will
not be mentioned in the article.

The model is based on the cylinder thermal resistance
formula as follows:

Raa =
L
kA

=
ln( r2r1 )

k · 2π l
(26)

Equation (26) applies to cylindrical areas such as case,
yokes, PM, and rotors. The thermal resistance between two
components can be considered as half of each element.
In Fig. 5, red thermal resistance indicates convection, green
indicates conduction, and blue indicates natural convection.
For simplicity, power and thermal capacity are hidden. The
stationary solution can be obtained by

GT = P (27)
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FIGURE 9. Simplified model of stator slot thermal resistance.

To facilitate the subsequent thermal network calculation,
the winding and cans are simplified. The simplified model
and simplified process are shown in Fig. 6 and Fig. 7. The
derivation of winding thermal resistance will be given in
the second subsection, and the derivation of cans thermal
resistance will be provided in the third subsection.

B. WINDING THERMAL RESISTANCE
To better optimize the stator winding, the whole stator slot
needs to be modeled, as shown in Fig. 8. To calculate the ther-
mal resistance of each part of the winding more conveniently,
it is necessary to simplify the winding model, which is shown
in Fig. 9.

After simplifying the winding model, each thermal resis-
tance shown in Fig. 9 is solved according to the principle of
series-parallel connection of the circuit. The thermal resis-
tance of wire insulation as follows:

Rwi =
(Wb −Wa)

/
2

Wa · d · λep
(28)

The thermal resistance of ground insulation as follows:

Rgi =
Wd − 2 · (Wc −Wb)

/
2

(Wb −Wa)
/
2 · d · λep

(29)

The thermal resistance of winding is as follows:

Rtr =
Wa

Wa · d · λcu
(30)

The thermal resistance of filling strips is as follows:

Rfs =
(Wc −Wb)

/
2

Wb · d · λair
(31)

The thermal resistance of impregnating vanish is as
follows:

Riv =
Wc

(Wc −Wb)
/
2 · d · λair

(32)

The formula for solving the equivalent thermal resistance
of winding is as follows:

Req =
d

Wc ·Wd · λEQ
(33)

FIGURE 10. Convection heat dissipation coefficient: (a)stator can;
(b) rotor can.

According to the circuit principle, the equivalent heat dis-
sipation coefficient of the winding is obtained:

1
Req

=
2
Riv

+
2
Rgi

+
1

4Rwi + 2Rtr + 3Rfs
(34)

λEQ =

(
2
Riv

+
2
Rgi

+
1

4Rwi + 2Rtr + 3Rfs

)
· d

/
Wc

/
Wd

(35)

Substituting the obtained heat dissipation coefficient into
the thermal resistance calculation formula in the appendix can
get the required thermal resistance results.

C. CAN THERMAL RESISTANCE
The heat dissipation resistance is closely related to the heat
dissipation coefficient, and the heat dissipation performance
of motor cooling fluid is related to its flow, velocity, and other
factors. Therefore, the calculation accuracy of the thermal
network largely depends on the accurate selection of convec-
tion heat dissipation coefficient on the fluid-solid interface.
In this section, CFD technology will be used to establish the
fluid domain of the cooling medium of this motor, and the
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FIGURE 11. Stator can TNM.

FIGURE 12. Rotor can TNM.

FIGURE 13. Temperature distribution.

interface heat dissipation coefficient will be directly obtained,
or the convection heat dissipation coefficient will be deter-
mined by the empirical formula method according to the fluid
flow rate.

The fluid field model of the motor is built into Fluent soft-
ware. The convection heat dissipation coefficient of the cans
of the PMCM is shown in Fig.10. As shown in Fig.10, the
stator and rotor can are divided into five sections, each with
different lengths. At an axial distance of 0.04m, the distance
to the outlet is only 0.01m. Since the coolant enters from
the inlet, its heat dissipation capacity is strongest at the inlet,
hence the convective heat transfer coefficient is maximum at
the inlet. As the coolant progresses, it absorbs more and more
heat, resulting in a weakening of its heat dissipation capacity.
At the outlet, 0.05m away, since there is no anti-backflow
device in the cooling channel, there will be a reflux of coolant
at the outlet, causing secondary heat dissipation at the outlet.

TABLE 4. Comparison of TNM and FEA results.

As a result, the convective heat transfer coefficient at the
outlet is not the smallest, but rather the smallest at 0.04m.

It can be seen that the convection heat dissipation coeffi-
cient between the stator and rotor can, and the cooling fluid is
not a constant value but changes continuously with the rotor
rotation process. When the motor reaches the rated operating
condition, it can be seen that the convection heat dissipation
coefficient of the stator can be roughly divided into five
sections according to the axial length. The division section of
the convection heat dissipation coefficient of the rotor can is
the same as that of the stator can.

The thermal network of the stator and rotor can is shown in
Figs. 11 and 12. Thus, the heat dissipation coefficient of the
stator can is obtained as follows:

αs = (αada + αbdb + αcdc + αddd + αede)/Lb (36)

The analysis process of rotor can is similar to that of the
stator can, which will not be repeated here. Similarly, the
equivalent convection heat transfer coefficient of the rotor can
be obtained as follows:

αss = (αfdf + αgdg + αhdh + αjdj + αkdk)/Ld (37)

Substituting the obtained heat dissipation coefficient into
the thermal resistance calculation formula in the appendix can
get the required thermal resistance results.

IV. TEMPERATURE FIELD CALCULATION RESULTS AND
FEA VERIFICATION
To verify the correctness of the results of thermal network
calculation, a 750W PMCM is taken as the research object,
and its temperature field model is established in fluent. Its
temperature distribution is shown in Fig. 13.
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FIGURE 14. Experiment rig: 1-PMCM, 2-hysteresis dynamometer, 3, 4, 5,
6-Driver, 7-oscilloscope, 8, 9-DC source.

FIGURE 15. Comparison results.

FIGURE 16. Temperature profile of the case over time.

TABLE 5. Comparison of TNM and experimental results.

The radial temperature of the centerline is extracted from
the results calculated by the FEA and compared with the
results of the TNM, as shown in Table 4. The TNM proposed
in this paper, mainly for the stator slot with the stator can and
rotor can part of the local optimization, optimization of the
part of the error is small, the stator part of the error is larger.
And the power of this motor is 750W and its corresponding
loss values are on the low side, which, together with the corre-
sponding water-cooled cooling system, results in a maximum
temperature rise of only 20K.

V. EXPERIMENTAL VERIFICATION
To validate the proposed method of subdomain method and
can losses, experimental tests of electromotive force and
temperature field are implemented on a platform. The experi-
mental rig is shown in Fig. 14, and the main parameters of the
tested prototype used in the experiments are listed in Table 1.
The comparison results of the electromotive force are shown
in Fig. 15. The comparison results of the temperature field
are shown in Table 4. When doing temperature experiments
for verification, as the prototype does not contain a water
cooling system. Therefore, the temperature profile of the case
measured in Fig. 16 will be higher than the temperatures
discussed in this paper. Table 5 gives the results of the temper-
ature comparison between the case and the winding. Where
the case temperature is obtained from a thermistor connected
to a temperature indicator and the winding temperature is
estimated by the resistance method. The resistance method
is based on the change in resistance as the coil heats up,
to measure the coil temperature. The relationship between
resistance and temperature satisfies the following equation:

Thot =
Rhot
Rcold

(Tcold + 234.5) − 234.5 (38)

It can be seen that the electromotive force calculated by
the analytical method is consistent with the experimental
measured electromotive force, which directly verifies the cor-
rectness of the subdomain method in this paper. In addition,
it can be seen from Formula (22) that the induced electromo-
tive force is required to calculate can losses. The comparison
results indirectly verify the rationality of the computed results
of the electromotive force in the can losses. Finally, the
case and winding temperatures obtained from the TNM and
the experimental method are compared in the temperature
section. The two values are closer, further validating the
correctness of the analytical model developed.

VI. CONCLUSION
To effectively improve the thermal analysis of PMCM, the
magnetic field results obtained by the subdomain method are
used to calculate the harmonic loss, and the heat dissipation
coefficients of winding and cans in TNM are optimized by
referring to the circuit principle. The following conclusions
are obtained from the study.

The Laplace and Poisson equations in polar coordinates
have been solved in the slot, air gap and PMs sub-domains
by means of variable separation techniques. Solutions have
been obtained using boundary and continuity conditions. The
flux density is close to the FE prediction.

The can losses of PMCM are mainly based on the
fundamental can losses of stator can. Therefore, it is impos-
sible to reduce can losses through harmonic suppression
technology. The reasonable design scheme can only be given
through electromagnetic design.

The TNM can simulate the non-negligible temperature
gradient in the groove and tooth areas, as well as the scene of
uneven heat dissipation of the cans, even in the thermal stable

VOLUME 11, 2023 74825



L. Gao et al.: Analytical Model for No-Load Magnetic Field, Can Losses, and Temperature of PMCM

state. The calculation accuracy of other components will be
significantly improved under the accurate winding and cans
model.

The TNM is calculated with a lower calculation time,
including winding temperature distribution, can temperature
distribution, and steady-state temperature.

APPENDIX
In Fig.5, the PMCM is divided into eleven parts: environment,
housing, yoke, teeth, winding, stator can, cooling channel,
rotor can, PM, rotor and bearing.

On the basis of TNM, the main thermal conductivity
between parts can be calculated with sufficient accuracy by
analyzing the equation.
Ra- Conduction thermal resistance between case and

ambient

Ra =
1

παw
[
(Ds/2)2 − (Ds/2 − he1)2

] (A1)

αw = 14(1 + 0.5
√

ω)3
√
T0
25

(A2)

where, ω is the wind speed outside the case,T0 is the temper-
ature outside the motor, Ds is the diameter of the stator, he1 is
the height of the stator yoke.
Rb-Conduction thermal resistance between case and yoke

Rb =
1

2πλtieL/3
ln

(
Ds1/2

Ds1/2 − he1/2

)
+

1
2πλqiL/3

ln
(
Ds1/2 + Lb
Ds1/2

)
+

1
2πλkeL/3

ln
(
Dke/2 − hyke/2
Ds1/2 + Lb

)
(A3)

where, λtie/qi/ke is the thermal conductivity of the stator, air
and casing, Ds1 is the outer diameter of the stator, hyke is the
thickness of the casing,Dke is the height of the case, L is axial
length of stator.

The gap between the case and the stator core can be
obtained from the empirical formula:

Lb = (0.5 + 3Ds) × 10−5 (A4)

Rc- Conduction thermal resistance between tooth and yoke

Rc =
(Ds1 − Ds2) /4
λtieZabcL/3

(A5)

where, bc is the yoke width of the stator, Ds2 is the inner
diameter of the stator and Za is number of stator slots.
Rd- Conduction thermal resistance between winding and

yoke

Rd =
he1/2
λtieSd

+
hcoil/2
λEQSd

(A6)

Sd =
πRarZaL

3
(A7)

where, hcoil is the height of stator winding,Rar is the arc radius
of slot bottom.

Re- Conduction thermal resistance between winding and
tooth

Re =
bcoil/2
λEQSe

+
ba

λtieSe
(A8)

Se =
2ZahsL

3
(A9)

where, hs is the height of the stator slot, ba is the tooth width
of the stator and bcoil is the equivalent width of the copper
winding in the stator slot.
Rf- Conduction thermal resistance between tooth and stator

can

Rf =
Ls/3

λtiebaLsZa
(A10)

where, Ls is axial length of stator can.
Rg- Conduction thermal resistance between water and sta-

tor can

Rg =
1

αsπ
(
R2w1 − R2w2

) (A11)

where, Rw1andRw2 is the outer and inner radius of stator can.
Rh- Conduction thermal resistance betweenwater and rotor

can

Rh =
1

αssπ
(
R2w3 − R2w4

) (A12)

where, Rw3and Rw4 is the outer and inner radius of rotor can.
Ri- Conduction thermal resistance between PM and rotor

can

Ri =
(D02 − D01) /3

λpmSi
(A13)

Si = πD02Li (A14)

where, D01and D02 is the inner and outer diameter of the
permanent magnet, λpm is the thermal conductivity of PM and
Li is axial length of PM.
Rl- Conduction thermal resistance between PM and rotor

Rl =
(D02 − D01)/4

λpmSl
(A15)

Sl = πD01Li (A16)

Rj- Conduction thermal resistance between bearing and
rotor

Rj =
Lj + Li/6

λtieSj
(A17)

Sj = πD03Lj (A18)

where, D03 is the inner diameter of the rotor and Lj is axial
length of rotor.
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