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Summary 

In high load cycles the components of electric powertrains heat quickly. Overheating can result in 

irreversible damage. Within the design process, a thermal model to calculate the expected maximum 

temperatures is essential. To analyze complex, transient operating conditions (e.g. behavior on race tracks), 

the thermal model is designed as a lumped parameter thermal network (LPTN). The accuracy of LPTNs 

depend on the number of lumped masses (eq. discretization) and the accuracy of the thermal resistances. 

Both issues are discussed in this paper as well as recommended methods to determine the thermal 

conductivity of the winding and to define a sufficient discretization. 

Keywords: permanent magnet motor, thermal management, simulation, modeling, cooling 

1 Introduction 
Due to their high power density and their high level of efficiency, permanent magnet synchronous motors 
(PMSM) are particularly advantageous as a traction motor in battery-electric sports cars [1]. The low but 
unavoidable power losses operate like internal heat sources and lead to heating of the motor. Short-term 
overloads are possible, but cause the component temperatures to quickly rise. As a consequence of 
persistent high loads, for example when driving on a race track, components can reach critical 
temperatures. In this case, the power of the motor must be reduced in order to avoid irreversible damage to 
the motor. The critical components in PMSMs are the windings and the permanent magnets. 

Within the scope of design and the development of cooling concepts, a prediction of the expected 
maximum temperatures is essential. The component temperatures are determined at stationary load points 
to identify the continuous power. Furthermore, transient load point profiles have to be calculated in order to 
predict, for example, the available power when driving on a race track. For this purpose, a model with 
reduced computing time is required. For the development of cooling concepts, it is important that the model 
is physically based so that new concepts can be easily set up and evaluated. For creating fast computing 
models, the complexity of the system must be reduced. Thus, modeling investigations are carried out in this 
paper. The aim is to determine and reduce the influence of the simplifications on the accuracy of the results. 
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2 Thermal Modeling of Electric Motors 
The considered permanent magnet synchronous motor is modeled as a thermal network. In thermal 
networks, the components are modeled as lumped masses (e.g. [8]). The discretization is relatively coarse 
compared to a CFD/CHT model. Thus, the computation time can be reduced considerably which allows the 
analysis of transient load cycles. 

The thermal equation of state for a lumped mass (equations (1) and (2)) is derived from the 1st law of 
thermodynamics [2] as: 
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where ݐ is the time, ܥ௜ is the heat capacity, ߴ௜ is the temperature and ௅ܲ,௜ are the losses of the lumped mass 
݅. ሶܳ ௜௝ is the heat flux and ܴ௜௝ is the thermal resistance between two connected lumped masses ݅ and ݆. 

For a volume element the thermal resistance of heat transfer by heat conduction is given by [2]: 

 ܴ௖௢௡ௗ ൌ
∆௫

ఒ∙஺
          (3) 

where ܴ௖௢௡ௗ is the thermal resistance by heat conduction, ∆ݔ is the increment of space coordinates, ߣ is the 
thermal conductivity and ܣ is the cross-sectional area of the element. Equation (3) shows the importance of 
thermal conductivity for the accuracy of the model. 

The accuracy of thermal networks is discussed in many publications (e.g. [3], [4]). In [4] a detailed 
investigation to determine a proposed discretization of the considered PMSM is presented. The considered 
PMSM and the proposed thermal network is shown in Figure 1. The stated investigation concerns the axial 
and radial discretization of active parts. The proposed thermal model is composed of 8 lumped masses in 
the axial direction and 4 lumped masses for each active part in the radial direction. This leads to a total 
number of 151 lumped masses. 

 

Figure 1: LPTN of the PMSM (axial and radial cut) [4]. 
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3 Important Thermal Conductivities 
In this section the thermal conductivities of the important parts of the electric motor are determined. These 
important parts are the iron sheet stack, the winding and the end windings. The one thing that all of the 
investigated parts have in common are their anisotropic properties. In addition to known values and 
measurements, simplified analytical models are presented. A comparison of the available methods show 
their suitability. 

3.1 Thermal Conductivity of the Iron Sheet Stack 

The thermal conductivity of the iron sheet stack can be found in data sheets. Furthermore, it can be 
measured by a TIM tester (TIM: thermal interface material) or by DSC (DSC: differential scanning 
calorimetry). The measured values, scaled to the values of the data sheet, are shown in Table 1. 

Table 1: Thermal conductivity of the iron sheet stack. 

 Measurement (TIM tester), 
scaled to value of data sheet 

Measurement (DSC), 
scaled to value of data sheet 

Axial direction 2.42 2.18 
Radial / circumferential direction 0.905 1.125 

 

The thermal conductivity in the radial direction of the stack, which is declared in the data sheet, matches 
the measured values. In the axial direction, the measured thermal conductivity is more than two times 
greater compared to the data sheet specification. It is worth noting that the thermal conductivity in axial 
direction depends on the boundary conditions such as the iron sheet coating and the pressing force. 

3.2 Thermal Conductivity of the Winding 

The thermal conductivity of the winding affects the accuracy of the model. Furthermore, the detected 
deviation influences the performance of the vehicle significantly, as described, for example, in [5]. A 
detailed description of the determination of the thermal conductivity of the winding is given in [6]. 

3.2.1 Thermal Conductivity along the Winding 

A modeling approach for calculation of the thermal conductivity of the winding along the conductors is 
presented in Figure 2. 

 

Figure 2: Modeling approach of the thermal conductivity along the winding [6]. 

The approach to model as a parallel connection leads to equations (4) and (5) for the thermal conductivity 
[6]. 

 ஼݂௢ ൌ
௏಴೚
௏೟೚೟

 and ூ݂௦௢ ൌ
௏಺೙
௏೟೚೟

       (4) 

௫ߣ  ൌ ஼௢ߣ ∙ ஼݂௢ ൅ ூ௡ߣ ∙ ூ݂௡ ൅ ோߣ ∙ ሺ1 െ ஼݂௢ െ ூ݂௡ሻ      (5) 

where ஼݂௢ and ூ݂௡ are the filling factors of copper and wire insulation calculated from the volumes. ߣ஼௢, ߣூ௡ 
and ߣோ are the thermal conductivities of copper, wire insulation and resin. 
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3.2.2 Thermal Conductivity across the Winding 

For determination of the thermal conductivity across the winding, different methods are available as 
described in [6]. These are known simplified approaches, measurements, FEM calculations and new 
approaches. The recommended approach is shown in Figure 3. 

 

Figure 3: Modeling approach of the thermal conductivity across the winding [6]. 

In the recommended approach, the geometry is simplified as a square. The thermal resistances of the 
separate materials are connected as a combination of parallel and serial connections. Thus, the thermal 
properties can be well represented. 

3.3 Thermal Conductivity of the End Windings 

The thermal conductivity across the end windings significantly affect the accuracy of the model as well. 
The thermal conductivity of the end windings can be investigated by a comparison of a maximum detailed 
LPTN and the measured temperature of the end windings of an electric motor as described in [6]. The 
absolute temperature deviation is presented in Figure 4. Obviously the thermal conductivity in the axial 
direction is crucial. In the case of the considered motor the axial thermal conductivity is chosen to be 
22 W/(m∙K) and the radial thermal conductivity is chosen to be 16 W/(m∙K). In this example it is assumed 
that the measurement error is negligible. 

 

Figure 4: Absolute temperature deviation of maximum end winding temperature of simulation and measurement [6]. 

Furthermore, in [6] an approach to calculate the thermal conductivities of end windings without measuring 
data is introduced. In this approach, the thermal conductivity tensor of each end winding is determined as 
described in 3.2.2. Subsequently, the tensor is rotated by tensor rotation into the middle orientation of the 
conductors in the particular end winding. This approach leads to similar values. 
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4 Discretization 
In this section the further investigation of the discretization in [4] and the impact on the accuracy of the 
model is shown. The discretization of the rotor, the end windings, and the winding in the circumferential 
direction is investigated. Furthermore, the discretization of time and a method to determine a suitable 
discretization of time and space is shown. 

4.1 Discretization of Rotor 

In the known thermal model (Figure 1), the rotor is represented by two lumped masses. One represents the 
magnets and the other one the rotor iron sheet stack. Because of the complex geometry, a more detailed 
discretization is mentioned. The more extensive model is shown on the right in Figure 5. 

 

Figure 5: Detailed LPTN of a 3-layer-magnet rotor. 

The number of lumped masses for modeling the rotor is increased from two to ten, each multiplied by the 
number of lumped masses in the axial direction. The magnets are represented by three lumped masses 
instead of one. One lumped mass is used for each layer of magnets. The rotor iron sheet stack is modelled 
as seven lumped masses instead of one and is also designed according to the layers. In addition to the 
advantage of higher temperature resolution, the difference of the permanent magnet losses can be 
considered in the improved model. 

4.2 Discretization of End Windings 

In the known thermal model (Figure 1), the end windings are each represented by a single lumped mass. 
Because of the low thermal conductivity, a higher resolution is proposed. The more extensive model is 
shown in Figure 6. 

 

Figure 6: LPTN of the PMSM - Discretization of end windings. 

As shown in chapter 3.3 thermal conductivities of the end windings differ in the axial and radial direction. 
Consequently, the discretization of the end windings can also be varied in the axial and radial direction. 



EVS30 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium         6 

4.3 Discretization of Winding in Circumferential Direction 

The windings of the known thermal model (Figure 1) are represented by a single lumped mass in the 
circumferential direction. Due to the low thermal conductivity, a higher resolution is recommended 
corresponding to the approach in the radial direction. Figure 7 shows the more extensive model. 

 

Figure 7: LPTN of the PMSM - Discretization of winding in circumferential direction. 

The higher resolution is only applied to the winding. The thermal conductivity of the iron sheet stack of the 
stator tooth is sufficiently high, so that no higher resolution is required. 

4.4 Discretization of Time 

In addition to the discretization of space, the discretization of time has a considerable impact on the 
accuracy of the thermal model. 

The flow chart of the thermal simulation is shown in Figure 8. The losses are determined in validated FEM 
simulations of electromagnetics. In order to reduce the computation time of the thermal simulation, the 
losses are saved as maps. In the thermal simulation, the losses for each load point are read out from these 
maps – depending on boundary conditions – and transferred to the thermal model. In the thermal model, the 
resulting component temperatures are calculated. The insertion of inner iterations extends the approach 
shown in [4]. As a result, the time step size of the thermal model can be reduced. 

 

Figure 8: Flow chart of thermal simulation including inner iterations [7]. 

The discretization of time is of great importance, especially in the case of high resolution of space. This 
shows the Fourier number defined for problems in the numerical format [2]: 

݋ܨ  ൌ
௔∙∆௧

ሺ∆௫ሻమ
          (6) 

where ݋ܨ is the Fourier number, ܽ is the thermal diffusivity, ∆ݐ is the time step and ∆ݔ is the increment of 
space coordinates. 

Stability requirements using the Fourier number are defined, for example, in [2]. These criteria are 
formulated in such a way that the Fourier number may not exceed a certain value. 
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4.5 Determination of a Suitable Discretization 

As shown above, the model provides six independent ways to modify the discretization of space. These are: 

 End windings in axial direction 

 End windings in radial direction 

 Winding and stator tooth in radial direction 

 Stator yoke in radial direction 

 Winding in circumferential direction 

 Active parts (rotor, magnet, winding, stator tooth, stator yoke), air gap and housing in axial direction 

The resulting thermal model is shown in Figure 9. 

 

Figure 9: LPTN of the PMSM - Totally discretized. 

The calculated maximum temperature of the end windings during a run on a respective race track are 
shown in Figure 10. The used load cycle corresponds to [4]. With an increasing number of lumped masses 
and decreasing time step size, the temperatures converge to the discretization independent solution for 
maximum number of lumped masses and maximum number of inner iterations respectively. A small 
number of inner iterations correspond to a large time step. It can be seen that this large time step leads to 
divergence when a high number of lumped masses is used. 

 

Figure 10: Maximum end winding temperature on a race track over number of lumped masses. Variation of 
discretization of time and space. 
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The correlation of the discretization of time and space is of particular importance and can be expressed by 
equation (7). To solve the LPTN, the approach introduced in [8] is used. Therefore, unstable behavior is not 
possible. However, as shown, divergent behavior can occur. Therefore, the time step size affects the 
accuracy and the stability requirement is a useful measure to assess the time step size. 

For the thermal resistance and capacity formulation, used for thermal modeling, the stability requirement is 
(see also [2]): 

ݏ  ൌ ൬
∆௧

ோ೔,೐೜∙஼೔
൰
௠௜௡

ൌ ቀ
∆௧

ఛ೔
ቁ
௠௜௡

൑ 1        (7) 

where ݏ is the stability requirement, ∆ݐ is the time step, ܴ௜,௘௤ is the thermal equivalent resistance of the 
lumped mass ݅, ܥ௜ is the thermal capacity of the lumped mass ݅ and ߬௜ is its thermal time constant. 

The values shown in Figure 10 are plotted in Figure 11 over the stability requirement. Because of the use of 
FTCS-scheme (forward in time, centered in space) the discretization error is squared from the discretization 
of space and linearly dependent from the discretization of time [9]. These dependencies becomes clear. 

 

Figure 11: Maximum end winding temperature on a race track over stability requirement (equation (7)). Variation of 
discretization of time and space. (LM: lumped mass) 

When using the mentioned calculation methods, the discretization-independent solution can be found with 
few supporting points. Theoretically, only two separate discretizations of time and two separate 
discretizations of space are to be calculated. Four support points are therefore sufficient. 

The use of 1063 lumped masses is recommended for the motor shown and its corresponding boundary 
conditions. The corresponding model is marked in Figure 10 and Figure 11. The resolution is shown in 
Table 2. This combination provides a deviation of less than 2 K to the discretization independent solution. 
The stability requirement is less than 1 as proposed in equation (7). 

Table 2: Proposed discretization of the LPTN of the considered motor. (LM: lumped mass) 

Component Direction Value Unit 
Active parts Axial 8 Number of LMs 
End winding (each) Radial 16 Number of LMs 
 Axial 16 Number of LMs 
Winding Circumferential 4 Number of LMs 
Stator tooth, winding Radial 8 Number of LMs 
Stator yoke Radial 8 Number of LMs 
Rotor (Iron sheet stack, magnets) Radial, circumferential 10 Number of LMs 
Inner time steps - 4 Number of steps 
Corresponding time step size - 0,025 s 
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5 Impact of the Introduced Approaches 
This section focuses on the comparison of the presented improvements. In Figure 12 the maximum 
temperatures of the end windings and magnets when driving on the mentioned race track are shown. 

Figure 12: Maximum end winding and maximum magnet temperature on a race track. 
(1) Basic discretization, basic thermal conductivities, (2) Basic discretization, new thermal conductivities, 
(3) New discretization, basic thermal conductivities, (4) New discretization, new thermal conductivities 

The maximum end winding temperature varies significantly as a result of material values and 
discretization. It can be seen that the new thermal conductivities lead to an increase in the maximum end 
winding temperature. The new discretization, however, results in a reduction in the maximum end winding 
temperature. This effect also occurs for the magnet temperature. The magnitude of the temperature 
deviation is lower, but nevertheless important for the thermal design. The magnitude of the deviation of the 
new discretization is similar to that of the new thermal conductivities. 

The comparison of the basic model (Figure 12, (1)) and the new model (Figure 12, (4)) shows a deviation 
of 36 K for the end winding temperature and of 15 K for the magnet temperature, which is remarkable. 
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6 Conclusions 
This paper presents improved approaches for LPTNs of electric motors. Approaches to determine thermal 
conductivities of the winding and the end windings are shown. In the recommended approach, parallel and 
serial connections of thermal resistances are combined. Thus, the thermal properties can be represented 
well. The thermal conductivity of the end windings is determined by a comparison of measurements and 
simulations. For the considered motor, the thermal conductivity is 22 W/(m∙K), the radial thermal 
conductivity is 16 W/(m∙K). 

Furthermore, a detailed investigation of the discretization of LPTNs is presented. In addition to the known 
LPTN, the discretization of the end windings, the winding in the circumferential direction, and the rotor is 
introduced. Another important issue is the discretization of time. Especially in the case of models which 
show a high discretization of space, the time is also to be finely resolved. Otherwise divergent behavior is 
to be expected. For this reason, a method to find a suitable discretization (space and time) is presented. This 
method is applied to the considered motor and a discretization configuration is proposed. 

Finally, the impact of the mentioned approaches on the accuracy of the thermal model is determined. It is 
shown, that both, thermal conductivities and discretization, significantly influence the accuracy. 
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