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Temperature Estimation of IPMSM
using Thermal Equivalent Circuit
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This paper deals with the temperature estimation of interior permanent magnet synchronous motor (IPMSM). A thermal equivalent
circuit of IPMSM considering eddy current loss of PM and core losses of rotor is proposed. And the transient 3D finite element
analysis is used to calculate the eddy current loss of PM. This thermal equivalent model is represented by the thermal resistances and
thermal capacitances. In order to determine the factor of these components, a heating test is processed. Finally, this thermal equivalent
model is verified by a temperature test in a 25kW 12-pole/18-slot IPMSM.

Index Terms—Interior permanent magnet synchronous motor, Demagnetization, Eddy current loss, Permanent magnet temperature

estimation, thermal equivalent circuit,

I. INTRODUCTION

I nterest in interior permanent magnet synchronous machines
(IPMSM) has been growing for several years at various
fields, such as industry, home appliance, and transportation
[1]-[3]. In the design of IPMSM, the thermal is highly
constrained with specified electromagnetic torque and power
because of the temperature sensitive materials. For example,
the knee point of NdFeB magnet rises as the temperature
increases. Thus the irreversible demagnetizing might occur at
high temperature [4], [5]. In the design of IPMSM, therefore,
it is necessary to estimate the PM temperature of the IPMSM
in order to guarantee that it is near the designed value as well
as the total temperature.

In order to estimate the temperature of IPMSM, in this
paper, a thermal equivalent circuit for the totally enclosed
structure is proposed. Not only can it be used to solve the
steady-state temperature, but also suitable for estimating the
transient temperature. It is described with the dimensions of
each motor components and constant thermal coefficients,
which means that it is adaptive to various models. In addition,
it is different from the conventional thermal model, an extra
thermal model for eddy current loss of PM is considered,
which increases the calculation accuracy of this model.
Compared with finite element analysis (FEA), the solving
process of this thermal equivalent circuit spends shorter time.
And it can show the temperature of each component of
IPMSM, such as the tooth, yoke, PM and so on. Therefore, it
will be a very effective method to estimate the temperature of
IPMSM in the design process.

This paper first introduce the fundamental theory on the
equivalent circuit of thermal including the thermal resistance
modeling, thermal capacitance modeling, and thermal
equivalent circuit networking. Then, a numerical method on
the loss calculation be presented. A heating test is processed to
determine the thermal coefficients. Finally, the temperature of
a 25kW IPMSM which is applied in an in- wheel EV traction
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a (b)
Fig. 1. General Cylindrical component: (a) Cylindrical model (b) Thermal
network for symmetric component

system is estimated and measured by the proposed equivalent
thermal model and an experiment in order to verify the
validation.

Il. PRINCIPLE OF THERMAL EQUIVALENT CIRCUIT

A. General Cylindrical Component of Mellor and Turner

A general cylindrical symmetric model as shown in Fig.
1.(a) is studied in this paper. The corresponding elementary
network proposed by Mellor and Turner is shown in Fig 1. (b)
[6]. In Fig. 1 (b), the resistance R, represents the thermal
conduction resistance in the axial direction, while R,,, R, and
R. represent the thermal conduction resistance in the radial
direction. These resistances are defined in terms of the
dimensions of the cylinder, and the axial and radial thermal
conductivities, k, and k; as expressed in (1)-(4).

L
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B. Thermal Resistance and Capacitance Modeling

The Mellor and Turner model is proposed for the Induction
motor [7], [8]. Based on their previous works, a new thermal
network for the IPMSM is proposed in this paper. In this
thermal equivalent circuit, the resistance of the motor is
divided into nine parts: frame, stator yoke, stator teeth, end
winding, slot winding, air gap, end cap air, rotor and shaft.
And rotor part consists of outer rotor, magnet, flux barrier tip
and inner rotor. Fig. 2 and Fig. 3 show the equivalent rotor
structure and the components of thermal equivalent circuit of
IPMSM. Under the high speed, core loss of rotor and eddy
current loss of magnet are distributed at outer rotor and
magnet, respectively. Therefore, these components are
modeled separately. The thermal resistances of these four
components of rotor part are calculated by equation (1)-(4).

And the convective heat transfer between the exposed
surfaces of the solid components and the internal or external
cooling air are modeled in the usual manner by a single
thermal resistance R, which has a value equal to the reciprocal
of the surface area A. in contact with the cooling air times a
boundary film coefficient h [6].

1
R.=——
C hpb

These two cases are denoted by the subscripts.

(6)

(i) hy: heat transfer between frame and external air
(i) h, : heat transfer between stator or rotor and air gap

h; is a natural convective heat transfer coefficient that is
determined empirically. h; is forced convective heat transfer
coefficient that is calculated by the air gap between the stator
and rotor.

Ny Kai
h, = —NuZair )
lg
where the Nusselt number Ny, for the convective heat transfer
between two rotating smooth cylinders is given by Taylor. The

expression of Nusselt numbers for the small air gap machines
in Taylor is

Nyy=2.2 NpaO 41 ®)

Npy =0.23NE83NO27 41« Ny, 0 100 9)

where the dimensionless Taylor Ny, and Prandtl numbers N,
are defined from the air gap dimensions and fluid constants
using the expressions given by Taylor. The critical value of 41
form the Taylor number refers to a change from laminar flow,
which is normal in small air gapped machines, to turbulent
flow.

The total thermal capacitance of the cylinder is found from
the material density p, the specific heat c, and the motor

dimensions as
C=pe,r(h’ —r5)L (10)

flux barrier tip

inner rotor

Fig. 2. Equivalent rotor structure for thermal analysis
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Fig. 3. Equivalent rotor structure for thermal analysis
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C. Loss Modeling

- Eddy current loss

In order to reduce the eddy current loss, the cores of stator
and rotor are laminated by the thin electric steel. Different to
the laminated core, the permanent magnet usually has single
body or few segments due to manufacture and cost issue.
Therefore, the eddy current loss in PM is much larger than the
core of rotor, and even might be larger than the copper loss of
armature winding at high speed operation region. The eddy
current loss directly causes the temperature of magnet
increases and the total efficiency of motor decreases. It is
necessary to consider it in the equivalent thermal circuit. In
this paper, the eddy current loss of PM is calculated in
transient 3D FEA [9].

- Iron loss

Fig. 4 shows the flow chart for the core loss calculation
[10], [11]. The temporal and the spatial variations of the
magnetic flux density waveforms are calculated by
electromagnetic FEA. Spectrum analysis is used for the
frequency analysis of the magnetic flux density at each
element of the FEA model. Core-loss data provided by
manufacture are described with frequency and flux densities.
Under sinusoidal flux conditions, core loss is computed in the
frequency domain.

D. Thermal Equivalent Circuit

The thermal equivalent circuit network of IPMSM is
shown in Fig. 3. Supposing constant thermal capacitance and
resistance in every node, a linear differential equation for the
node i can be derived as expressed in (5).

dr;, 1
i—=—(T; -T,)+g; 5
U RIDA )
where C; is the i node thermal capacitance, T; is the i"" node
temperature, R; is thermal resistance between two adjacent
node i and j.
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Fig. 6. Calculation process of core loss

I1l. PERFORMANCE OF THERMAL MODEL

A. Analysis model

The thermal model in the article model is IPMSM for in-
wheel type electric vehicle. Table | shows specifications.
Output characteristics are shown in Fig. 4. In the constant
torque region, MTPA control is applied to and field
weakening control is applied in constant power region. Rotor
and stator structure are shown in Fig.4.

B. Analysis results

The loss of motor is shown as TABLE Il. After teeth, yoke
and rotor are separated respectively, core loss is computed
according to speed and flux density calculated by FEA. Room
temperature of 25 degree was assumed. Finally, thermal
equivalent circuit is analyzed by using calculated values and
the result is shown in Fig.9. The temperatures of End-coil,
housing, frame and permanent magnet is estimated. As a result
of analysis, end-coil is saturated at 148 degree which is the
highest temperature, permanent magnet at 85.9 degree,
housing at 79.8 degree and motor flange at 70.9 degree
respectively.

TABLE
SPECIFICATION OF ANALYZED AND TESTED IPMSM FOR IN-WHEEL
APPLICATIONL

Specification Values
Pole / Phase number 12/3
Rated output power 10 kw

Base speed / Max. speed 1250/ 5000 rpm

TABLE I
CORE LOSS AND EDDY CURRENT LOSS
Core loss [W] Eddy current
Total = Tooth = Yoke = Rotor loss [W]
1250rpm 94.3 38.4 40.6 15.3 15.2

C. Test results and discussion

The experimental testing is conducted on In-Wheel type
IPM motor. Test speed and torque are 1250rpm and 77.4Nm.
The initial temperature is 25.2 degree and room temperature is
25 degree. Temperature sensors attached to the position of In-
Wheel motor are shown in Fig. 7. Using total eight
temperature sensors were tested and the results are shown in
Fig. 10.

The temperatures of end-coil, housing, flange and
permanent magnet is estimated. As a result of test, end-coil is
saturated at 140 degree which is the highest temperature,
housing at 87.2 degree and motor flange at 70.3 degree
respectively. The end-coil, housing and flange reach saturation
temperature in 3 hours and 30 minutes. TABLE Il compares
the experimental results and analysis results. It can be seen
that the analyzed results have similar shape to the
experimental and it is possible to predict the temperature of
IPMSM. Using the predicted PM temperature, analysis of PM
irreversible demagnetization can conduct.
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Fig. 6. Structure of IPMSM for in-wheel type EV

IV. CONCLUSION

In this paper, a thermal equivalent circuit of IPMSM for
estimating temperature is proposed. Using the numerical
method, core losses at stator and rotor, and eddy current loss
in PM are calculated. Compared with finite element thermal
analysis, this equivalent circuit can solve the temperature of
each motor component in shorter time. Therefore, it will be a
very effective method to estimate the temperature of IPMSM
in the design process. Also the analysis results using
equivalent circuit of thermal is validated by a temperature test
under load condition.

Fig. 8. Test set

TABLE Il
COMPARISON OF SATURATION TEMPERATURE

End-coil Housing Magnet Flange
Analysis[ (] 148 79.8 85.9 70.9

Test[ (] 140 87.2 - 70.3
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Fig. 9. Analysis results using thermal equivalent circuit of IPMSM
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Fig. 10. Test results
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