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Abstract

Purpose — This paper aims to use a scaling approach to scale the solutions of a beforehand-simulated finite
element (FE) solution of an induction machine (IM). The scaling procedure is coupled to an analytic three-
node-lumped parameter thermal network (LPTN) model enabling the possibility to adjust the machine losses
in the simulation to the actual calculated temperature.

Design/methodology/approach — The proposed scaling procedure of IMs allows the possibility to scale
the solutions, particularly the losses, of a beforehand-performed FE simulation owing to temperature changes
and therefore enables the possibility of a very general multiphysics approach by coupling the FE simulation
results of the IM to a thermal model in a very fast and efficient way. The thermal capacities and resistances of
the three-node thermal network model are parameterized by analytical formulations and an optimization
procedure. For the parameterization of the model, temperature measurements of the IM operated in the 30-min
short-time mode are used.

Findings — This approach allows an efficient calculation of the machine temperature under consideration of
temperature-dependent losses. Using the proposed scaling procedure, the time to simulate the thermal
behavior of an IM in a continuous operation mode is less than 5 s. The scaling procedure of IMs enables a
rapid calculation of the thermal behavior using FE simulation data.

Originality/value — The approach uses a scaling procedure for the FE solutions of IMs, which results in
the possibility to weakly couple a finite element method model and a LPTN model in a very efficient way.

Keywords Electrical machine, Thermal analysis, Finite element analysis, Coupled systems,
Evolution strategies

Paper type Research paper

1. Introduction

The heating up of an induction machine (IM) mainly depends on the ohmic and
ferromagnetic losses of the machine. These losses, especially the ohmic losses of the stator
winding and the ohmic rotor losses of a squirrel cage IM, are highly temperature dependent,
owing to the temperature dependency of their electrical and magnetic properties. Because of
this bidirectional connection between electromagnetic losses and temperatures within the
electrical machine, electromagnetic and thermal simulations have to be coupled in thermal
machine simulations. The coupling can take place in different ways such as numerically
strong or weak coupling. On the one hand, the numerically strong coupling is the full
coupling of the thermal and electromagnetic fields by describing them with a differential
equation system (Hameyer et al.,, 1999). These equations, describing all modeled effects, are
solved simultaneously. The benefit of this method is a high precision, whereas the drawback
is a high computational effort. One the other hand, the numerically weak coupling is a
cascade and iterative process, where the considered field problems are solved in separated
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of the different fields. In a weak coupled model, it is possible to model the separated fields
with models of different precision and computational effort.

With regard to the simulation of the thermal machine behavior, analytical and lumped
parameter thermal network (LPTN) models are often used in weakly coupled
electromagnetic—thermal simulations. The electromagnetic simulation is often carried out
with numerical methods such as the finite element method (FEM). Coupling analytical or
equivalent circuit models of the electromagnetic field with LPTN models, as it is performed
in Puranen and Pyrhonen (2006), Alberti and Bianchi (2008), Popova et al. (2011), Emmrich
et al. (2014) and Laidoudi et al (2019) results in very low computational effort. The drawback
of this method is that the electromagnetic model does not consider the local loss distribution
in the machine, which has a very high influence on the simulated overall losses as it is
shown in (Von Pfingsten ef al.,, 2017). Furthermore, losses owing to physical effects, such as
the slotting or skin effect, are not considered adequately in those analytical electromagnetic
models. In contrast to this, the weak coupling of the thermal models with an electromagnetic
FEM model enables more precise loss modeling. In Mezani et al. (2005), Jiang and Jahns
(2013) and Hruska et al (2014), a LPTN model is coupled to an electromagnetic FEM
simulation in the form of a weak coupling solving the thermal and electromagnetic problem
in an iterative and cascade process. In every iteration step, the FEM simulation is conducted
using the actual temperature-dependent conductivities of the stator and rotor winding.
Thus, the input losses of the thermal model are updated at every iteration step. The higher
precision of the electromagnetic model is gained at the price of higher modeling and
calculation effort. One way to reduce this high calculation effort is to reduce the number of
updates of the input losses. Because the electromagnetic time constant is much smaller than
the thermal one, a reduction of the loss updates is possible. Another possibility is introduced
in this paper. The solutions, particularly the losses, of a beforehand-performed FE
simulation are scaled according to the actual machine temperature. The FEM simulation has
only to be carried out for the first step of the iteration. In the following steps, the scaling
approach is used to update the losses of the machine. This enables the possibility to couple
the FE simulation results of an IM to a LPTN model in a very fast and efficient way without
reducing the number of update steps. The paper presents the specific electromagnetic—
thermal coupling model and the scaling laws of the IM regarding temperature changes
introduced in Nell et al (2019) more detailed. Furthermore, thermal measurements of
exemplary IMs are performed. These measurements are used to parametrize a low-order
LPTN model of the machine. Simulations using the presented electromagnetic—thermal
coupling approach are validated by comparing the results with the measurement results. In
a last step, the importance of the coupling and updating of the temperature-dependent
machine losses, respectively, in thermal simulations are shown.

2. Electromagnetic-thermal coupling model

In this paper, a weakly coupled electromagnetic—thermal model is used. The thermal
behavior of the IM is modeled using a LPTN. The input of this LTPN is the electromagnetic
machine losses Py, i.e. the ohmic losses of the stator winding, the ohmic losses of the rotor
winding and the iron losses of the stator and rotor. Owing to the temperature dependency of
the electrical conductivity o () and o, (¢9) of the stator and rotor winding, the ohmic losses
of the stator P/, (¢) and rotor P/, = (¥) are dependent on the temperature. In this
paper, the iron losses are assumed to be temperature independent. To consider the
temperature dependency of the ohmic losses, a weak coupling as shown in Figure 1 is used.
In every iteration step, the input parameters of the LPTN, which are the losses Py, (1), are
updated. For the loss calculation in the first step (step = 0), a FEM simulation is conducted



for the initial temperature 9. For the loss update in the following steps, the FEM simulation
results of the first step are scaled owing to the actual temperature +J. The influence of the
temperature on the electromagnetic losses is shown in detail in Section 4. The scaling
approach itself provides nearly the same results than a new FEM simulation as it is shown
in this paper. As a result, the weak coupling using the scaling laws of the IM enables an
efficient way to couple an electromagnetic FEM model with a LPTN model. The simulations
in the paper are performed once using this weakly coupled electromagnetic-thermal model
by rescaling the machine losses in every iteration step and once without rescaling the losses.
The simulation without rescaling of the losses is no longer coupled. It uses constant machine
losses during the thermal simulation, which are extracted from one electromagnetic FEM
simulation with a certain given temperature.

3. Studied induction machines

The studied IMs are designed as traction drives for small electric vehicles. They are
extracted from two-series production batches with five individual machines in each batch.
The IMs have a stator outer diameter of ds, = 175 mm, a rotor outer diameter of d, = 102.5
mm and an axial length of /. = 200 mm. The rotor outer diameters as well as the stator
inner diameters of the machines are measured. Using those measured parameters, the air
gap of each of the 10 machines is calculated. The average air gap width of the machines is
[s = 0.48 mm. All air gap widths are in a tolerance band of +3.2%. The number of pole pairs
is p = 2 and the number of poles per pole and phase is ¢ = 3. The rotors of the machines have
28 deep rotor bars of class B. The IMs are operated with a DC link voltage of Vg. =130 V
and a maximum inverter current of fnymax = 300 A. The cross-sectional area and
parameters of the studied IMs are shown in Figure 2. The housing of the IM is an aluminum
cast with cooling fins and the machine is cooled by a forced flow of air tangentially around
the cooling fins.

4. Scaling laws of induction machines
In Nell et al. (2018a), an approach to scale the FE solutions of IMs considering geometric
variations and variations in temperature is proposed. This scaling approach is used in this

PL(9)
Step=0 P(9=19 .
FEM Simulation 1 0 Solving of LPTN o el Results
of the IM oz
number of pole pairs p 2
stator outer diameter dsa 175.0 mm
rotor outer diameter dra 102.5 mm
air gap length ls 0.48 mm
axial iron length e 200.0 mm
number of stator teeth Ny 36
stator tooth width W 19.7 mm
stator yoke height Wey 17.6 mm
number of rotor teeth N, 28
rotor tooth width W 17.0 mm
rotor yoke height Wry 14.98 mm
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Figure 1.
Flowchart of the
electromagnetic—
thermal coupling
analysis of the IM

Figure 2.

Cross-sectional area
and machine data of

the studied IM
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paper to show the influence of temperature variations in the simulation of IMs and to update
the input losses of the thermal machine model in the weakly coupled electromagnetic—
thermal simulation.

4.1 Temperature scaling of the stator resistance
The stator resistance is evaluated in the post processing routine of a stator current-driven
IM FE simulation. The stator resistance Ry is described by:

R, = 2N, lpe + by 7 1)
g sAwire
where [y 1s the length of the end winding, /. is the axial length of the stator iron package,
A ire 1S the wire cross-sectional area, o is the conductivity of the winding material and V; is
the number of stator slots.
The temperature changes in the stator winding can be considered by recalculating the
stator resistance R, using:

R} =R - (1 + a(ﬁsim,new - ﬁref)) ’ ©

Here, « is the temperature coefficient of the stator winding material, Ygimnew 1S the new
simulated stator temperature and ¥, is the reference temperature. The scaled stator
resistance K. leads to scaled ohmic losses of the stator:

PL,.ohm,s =3 ]SZ . Rs/v (3)

which are used as an input in the LPTN model of the IM in Figure 8.

4.2 Temperature scaling of the rotor resistance

4.2.1 Rotor resistance in the 2D-finite element method simulation. The rotor resistance R, of
an IM has a significant impact on the machine’s behavior. Variations in temperature
influence the rotor resistance and, therefore, have to be considered when analyzing the IM.
The rotor resistance consists of two parts. The first part is the electrical resistance of the
rotor bar:

o lFe
Rbar = O'rTbar ) (4)

where [z, 1s the active magnetic length of the IM, Ay, is the area of a rotor bar and o, is the
conductivity of the rotor conductors. The second part is the resistance of the short-circuit
ring. The resistance of a short-circuit ring segment ARy, can be described by:

2777’ring

ARring = )
O'rAring Qr

©)

where 7,ing describes the middle radius of the short-circuit ring, Aing is the cross-sectional
area of the short-circuit ring and @, is the number of the rotor bars. In the 2D FEM
simulation, the resistance of the short-circuit ring has to be transformed to an equivalent

series resistance ARfmg that is added to the rotor bar resistance. According to



Nell et al. (2018a) and equation (12) in Williamson and Begg (1986), this equivalent series
resistance of the short-circuit ring can be calculated by:

with the number of pole pairs p. The addition of the bar resistance and the equivalent series
resistance of the short-circuit ring leads to the total resistance of the rotor:

©)

Rr = Ryq + 2AR; . @)
In contrast to the stator resistance, the rotor resistance R, is defined in the preprocessing of
the 2D FEM simulation in the form of a compensating conductivity. This compensating
conductivity o7y comp is described by:

I
Orcomp = A’K:Rr . ©®

4.2.2 Rotor resistance scaling due to rotor conductivity variations. The scaling of the rotor
resistance in accordance to the scaling of the compensating rotor conductivity leads to
further possibilities of rotor resistance scaling. The rotor conductivity and resistance
respectively can vary owing to a variation of the material or the temperature (Nell ef al,
2018a). The temperature variation of the rotor cage and rotor conductivity, respectively, can
be considered by the second rotor resistance scaling factor:

(o 1+ Onew (ﬁsimAnew - ﬂrefnew)
Tt new 1+ a('ﬂsim - 75ref) ’

©)

kro =

introduced in Nell et al. (2018a). It is dependent on the old and new conductivity, o and o pey,
the old and new temperature coefficients « and ay,e, the old and new reference temperatures
Urer ad Drefnew and the old and new simulation temperatures Ysim and Ysim new- By neglecting
the other scaling possibilities in Nell ef a/. (2018a), such as geometric scaling, the temperature
change in the rotor cage yields the scaled rotor resistance:

R/ =R: - kg (10)
and the scaled ohmic losses of the rotor:
PL’,()hm,r = PL,ohm,r : kR27 (11)

that are used as an input in the LPTN model of the IM in Figure 8.

4.2.3 Scaling of the finite element -simulation vesults of the induction machine due to
temperature variations. In Nell et al. (2018a), the approach to scale the results of the FE
simulation of an IM is proposed. The machine is simulated in the stator-current-slip-
frequency operation plane (I, —f; — plane) holding the stator frequency f, constant. The
scaling in Nell ef al. (2018a) is also done in the I —f, — plane showing a very good agreement
with the simulation results of a pre-scaled machine. One boundary condition that must be
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Figure 3.

Absolute difference of
the efficiency
between a machine
temperature of 1) =
25°Cand ¢ = 100°C
(Mo=25°C — MNo=100°C)

fulfilled when scaling the FE solutions of the IM is that the field strength in the machine
must not change during the scaling process (Nell ef al,, 2018a). Therefore, the time and
frequency in the I, —f, — plane have to be scaled by a time scaling factor %; introduced in
Nell et al. (2018a). Neglecting the geometric scaling of the machine this time scaling factor %;
isreduced to

1
kt:kiRZ .

12)
The results in the Iy —f, — plane are transformed to the torque-speed map (7" —# — map) by
scaling the iron losses according to the speed 7. In addition, the comparison of the scaled FE
simulation results and the results of the pre-scaled machine in the 7" » — map show a good
agreement. Therefore, scaling laws for scaling the IM in the Iy —f, — planeand the 7" — n —
map are derived. To compare the scaling of the machine owing to temperature variations in
the I —f; — plane and the 7" —» — map machine simulations are performed and compared in
this paper. The first simulation is performed for a stator and rotor temperature of 25°C and
the second FE simulation is performed with a stator and rotor temperature of 100°C. The
difference in the efficiency for the studied IM at 25°C and 100°C is shown in Figure 3. In the
base speed region, the difference is higher than 2%, whereas in the field weakening range at
low torques, the difference is less than 1%. The results of the FE simulation at 25°C are
scaled to a temperature of 100°C, ones scaled in the I, —f, — plane and then transformed to
the T'—n — map and ones directly in the 7" —» — map. The efficiency maps of the simulated
machine at 100°C and the machine scaled from 25°C to 100°C are compared. By scaling the
machine in the I, —f; — plane, the maximum efficiency deviation in the entire operating area
is 0.12%. The deviation by scaling the machine directly in the 7' —» — map is higher and
shown in Figure 4. The slightly larger error is owing to the error tolerance of the iron loss
scaling with respect to the speed described in von Pfingsten et al. (2017).

5. Temperature measurements of the induction machine

Temperature measurements of all 10 IMs are performed on the test bench. The setup of the
test bench is shown in Figure 5. For the measurement of the electrical quantities, a torque
transducer, current transformers and a power analyzer Yokogawa WT 3000 is used. To
measure the average stator winding temperature ¥yinging, SEVen temperature sensors are
used at different positions inside the winding. To measure the rotor temperature ¥, a
noncontact infrared (IR) temperature measurement on the surface of the short-circuit ring is
used. The rotor surface is spray painted black to create a non-reflecting surface at IR, i.e. an
IR emissivity > 0.97 (von Pfingsten et al, 2017). The validation of the IR temperature
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measurement of the rotor temperature is done using a second machine equipped with four
Pt-100 temperature sensors in the rotor cage and a rotor telemetry system (von Pfingsten
etal,2017).

For the temperature measurements, the machines are operated in the 30-min short-time
mode at four different speed torque operating points. The operating points are at a torque
T =60 Nm and a speed 7 = 1,900 rpm, at 7= 60 Nm and » = 3,700rpm, 7' = 37 Nm and » =
5,700 rpm and 7" = 26 Nm and » = 7,500 rpm. Exemplary measurement results of the stator
winding and the rotor temperatures of the 10 studied IMs operated at 7= 60 Nm and n =
1,900 rpm are shown in Figures 6 and 7, respectively.

6. Thermal model of the induction machine

To simulate the thermal behavior of the IMs, the three-node LPTN model in Figure 8 is used.
Its inputs are the FE-calculated rotor losses P, which are the sum of the ohmic rotor losses
Py, onm and the rotor iron losses Py pey, the ohmic stator losses P onms and the stator iron
losses P res- Node 1 represents the rotor including the shaft, rotor cage and bearings, node 2
the stator winding and node 3 the stator, including the lamination and the housing of the
machine. The nodes are connected by a thermal resistance representing the temperature
difference caused by the passed heat flow. The thermal resistances are the thermal air gap
resistance Rs, the thermal resistance between the stator winding and the stator iron Ry ¢y re
and the thermal resistance between the stator and the ambient Rspeamp. The ambient
temperature 7'amp 18 held constant in the simulations and has a value of Ty, = 25°C. As
thermal capacities, the thermal capacity of the stator winding C; ¢, the thermal capacity of
the stator iron, including the housing and the bearing shields, ;. and the thermal capacity
of the rotor C, are used.

For the parametrization of the thermal model, analytic calculations and an evolutionary
optimization strategy as described in Nell ef al. (2018b) are applied. The thermal air gap
resistance R is calculated analytically according to the approach in Pyrhonen et al. (2008).
The thermal capacity of the stator winding Cs ¢y is calculated by using the mass of the
copper winding and its specific thermal capacity. The specific thermal capacity of the rotor
is the sum of the thermal capacities of the rotor iron, the rotor cage and the shaft. Each
capacity is calculated. As a result, the total thermal rotor capacity is calculated to 6.12 k] /K.
To consider initially neglected materials such as the baking varnish between the steel sheets
or inaccuracies in the calculation, the parameter is tolerated with =10%. Because the
thermal capacity of the stator C,re could not be calculated exactly, upper and lower limits of
this value are defined and set to realistic values. The lower limit is estimated by considering
only the stator lamination and the upper limit by considering the estimated capacity of the
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Figure 5.
Test bench setup of
the studied IM

Figure 6.

Measured stator
winding temperature
of the studied 30-min
short-time operation
mode at 7= 60 Nm
and 7 = 1,900 rpm

Figure 7.

Measured rotor
temperature of the
studied 30-min short-
time operation mode
at T=60Nmand#n =
1,900 rpm

T 400 V, 50 Hz
1

3~

3 speed n 130 V, DC

PR
 torque request 7,

3
€11 ™| Yokogawa
/load machine WT 3000
. il |
1|/ SCIM (test object)~ J1§—» R,
M torque M ) 7xa
3~ transducer 3~ inding
‘ [ Liyeass
Source: Von Pfingsten et al. (2017)
T 11 \_‘/
et
e 4
O Motor 1 -
- a Motor 2 f—
—— \Motor 3 [
Motor 4 [I~~
Motor 5
Motor 6 [__
Motor 7 K-
Motor 8 R---
Motor 9 [
Motor 10 [~
T T T T I
A
500 1,000 1,500 2,000
Time ¢ (s)
160 Tt T
) AN somni
S 140
< 120 & R
g i S 3| e—\otor 1 :
£ 100 =
2 80 . il h—e
q:) N N L H N — _Motoxg -
B 60 = = s [
g }V’ SN BRI — —Motor 9 [
g 40 ‘, - — Motor 10 [—]
g0 i | B
0 500 1,000 1,500 2,000

Time t (s)

stator lamination, the housing and the bearing shields. The remaining thermal resistances
are calculated by using the thermal heat transfer coefficients. Because there are many
unknown parameters for these resistances, upper and lower limits according to Pyrhénen
et al. (2008) are used. The lower and upper limits for the heat transfer coefficient from the
winding to the stator iron ag c,—re and from the stator iron to the ambient ag pe— amp and for
the other variable parameters are shown in Table 1.

The optimization procedure used for the parameterization of the thermal IM model is
performed based on the measured temperatures during the 30 — min short-time operation
mode. As already mentioned, the optimization process uses the evolutionary strategy based



on Rechenberg (1984) and Schwefel (1995), discussed in Nell et al. (2018b) and Nell ef al.
(2018a). For the objective function J of the evolutionary strategy, the sum of the variance of
the simulated and the measured rotor and stator winding temperatures:

1 R
] - N . Z (ﬁwindingjsim - ﬁwinding,meas)z + N . Z (19r,sim - ﬂrﬁmeas){ (13)
=1 i=1

evaluated in a transient analysis at NV intervals of 30 s is used. The parameterization as well
as the simulations in this paper are performed by using the operating point at a torque of
T =60 Nm and a speed of # = 1,900 rpm. In this operating point, the difference between a
cool and a warm machine is sufficiently high as described in Section 4.2.3, so that the
influence of the thermal machine simulation with and without rescaling the losses owing to
temperature change is visible. The parameterization is done two times. Once using the
temperature-scaled losses of the FE simulation as the input parameters of the model
described in Section 2 and once using the unscaled parameters. For the unscaled input
parameters, a FE simulation at a rotor and stator temperature of 100°C is conducted. The
resulting data of the parameterizations are listed in Table 1.

7. Calculation of the induction machines thermal behavior using the weakly
coupled model

The temperature behavior of the exemplary IM is simulated once using the proposed weakly
electromagnetic thermally coupled model that rescales and updates the temperature-
dependent losses and once without the coupling, rescaling and updating process. In
Figure 9, the measured stator winding temperature, the simulated temperature without
rescaling and the simulated temperature with rescaling the input parameters of the thermal
machine model are shown. The temperature profile simulated with rescaling using the
proposed weakly electromagnetic thermally coupled model is in very good agreement with
the measured temperatures. The temperature profile simulated without coupling and
rescaling, respectively, shows a slightly worse agreement. For temperatures below 100°C,

Ry pe—amb

Rs R cu-re
1 2
P Cr Prohm,s Cscu Prpes iTAmh
Calculated data with Calculated data without

Variable Unit Lower limit ~ Upper limit rescaling the losses rescaling the losses
Cr kJ/K 551 6.73 6.48 6.59

Cs,Fe kJ/K 11.78 13.6 12.65 13.30
asFe-Amb  W/(m?K) 25 250 112.3 101.6

asCuFe  W/(m?K) 10 100 51.1 569
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Figure 8.
Thermal three-node
model of the IM

Table 1.

Boundary conditions
and results of
parameter
identification with
rescaling the losses
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Figure 9.

Measured and
simulated winding
temperature of the
studied 30-min short-
time operation mode
at T=60Nmand#n =
1,900 rpm

Figure 10.
Measured and
simulated rotor
temperature of the
studied 30-min short-
time operation mode
at T=60Nmand#n =
1,900 rpm

the simulated temperature is a little bit higher than the measured one and for temperatures
above 100°C, the temperature is a little bit lower. Also, it tends to underestimate the
temperature after 30 min. In Figure 10, the measured rotor temperature, the simulated
temperature without rescaling and the simulated temperatures with rescaling the input
parameters of the thermal machine model are shown. The temperature profile simulated
with rescaling and the profile simulated without rescaling show a good agreement to the
measured temperature. For temperatures below 100°C, the simulated temperatures with
rescaling are a little bit lower than the measured one and the simulated temperatures
without rescaling a little bit higher. For the time after 30 min, the temperature simulated
with rescaling tends to be higher than the one simulated without rescaling the input
parameters of the thermal model.

8. Calculation of induction machines thermal behavior considering
temperature-dependent losses

With the parametrized thermal three-node model of the IM, a continuous operation of the
machine with a torque of 7°= 60 Nm and a speed of 7z = 1,900 rpm is simulated once without
rescaling the FE solutions of the machine owing to a temperature change and once with
rescaling the FE solutions. For this, the thermal three-node model is solved in intervals of 30 s.
For the weakly coupled simulation with rescaling, the input parameters of the model are
updated in every simulation step. The resulting winding temperatures and rotor temperatures
are shown in Figure 11. As discussed in Section 7, the temperature of the winding and rotor
simulated with and without rescaling the machine losses agree well for the first 1,800 s. After
a time of 1,800 s, the simulated temperature with and without rescaling diverge. At 1,800 s, the
winding temperature simulated with rescaling of the input parameters is ¥ = 139°C and Av =
15°C higher than for the simulation without rescaling. The rotor temperature with the
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rescaling process at 8,000 s reaches a value of ¥ = 214°C. This temperature is AY = 36°C
higher than the temperature simulated without the rescaling process.

The difference in temperature is caused by the increasing losses and thus decreasing efficiency
when heating up the machine. In Figure 12, the efficiency and the ohmic stator and rotor losses
simulated with the weakly coupled electromagnetic-thermal machine model for the given operating
point are shown with solid lines. In dashed lines, the efficiency, ohmic stator and ohmic rotor losses
for the temperature of ¥ = 100°C, which is used in the non-coupled simulation without rescaling the
losses are shown. The increase of the ohmic stator losses of about 45% and the ohmic rotor losses of
about 70% show the origin of the temperature differences in Figure 11 and the importance of
coupling the electromagnetic and thermal simulation.

9. Conclusions and further work

One way to consider the bidirectional connection of electromagnetic losses and temperatures of
IMs in the analysis of its thermal behavior is to use a weakly coupled electromagnetic-thermal
machine model. Coupling LPTN models and electromagnetic FE models promises thereby
accurate results in terms of the electromagnetic losses and temperatures. The drawback of this
method is the high computational effort owing to conducting the electromagnetic FE
simulation in every iteration of the weakly coupled simulation. To overcome this high
computational effort without reducing the accuracy of the electromagnetic loss calculation, a
scaling procedure to scale the FE simulation results of IMs is used. This approach enables the
coupling of the electromagnetic FEM model and the LPTN model in a very efficient way. In the
paper, the scaling laws of an IM that are used to scale the FE solutions owing to temperature
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Figure 11.

Results of the
temperature
simulation with (w/)
and without (w/0)
rescaling of the FE
solutions of the IM

Figure 12.

Ohmic stator losses,
ohmic rotor losses
and efficiency during
the thermal
simulation of the IM
using the weakly
coupled
electromagnetic—
thermal simulation
model (w/) and using
the non-coupled
model (w/0)
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variations in the stator and rotor are discussed and verified. A parameterization of a three-node
LPTN model is performed by analytical formulas and by an optimization procedure. For the
optimization procedure, the results of temperature measurements of IMs on the test bench are
considered. Thermal simulations with and without using the presented scaling approach show
a high influence on the simulated thermal behavior of the IM considering temperature-scaled
machine losses or not. Neglecting the temperature dependency of the machine’s losses leads to
underestimated simulated temperatures in the continuous operation mode of the machine. In
further work, the proposed model will be used for multiple operation points of the IM to
validate the proposed approach in different conditions. Furthermore, the parameters of the
thermal network models will be analyzed in more detail to increase the accuracy of the thermal
model. The coupling of the scaling procedure of the FE simulation with a more detailed thermal
model will be addressed.
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