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Abstract

Purpose — For the electromagnetic simulation of electrical machines, models with different ranges of values,
levels of detail and accuracies are used. In this paper, numerical and two analytical models of an induction
machine (IM) are analysed with respect to these aspects. The purpose of the paper is to use these analyses to
discuss the suitability of the models for the simulation of various physical quantities of an IM.

Design/methodology/approach — An exemplary IM is simulated using the two-dimensional numerical
finite element method, an analytical harmonic wave model (HWM) and an extended HWM. The simulation
results are analyzed among themselves in terms of their level of detail and accuracy. Furthermore, the results
of operating map simulations are compared with measured operating maps of the exemplary machine, and
the accuracy of the simulation approaches is discussed in the context of measurement deviations and
uncertainties.

Findings — The difference in the accuracy of the machine models depends on the physical quantity of
interest. Therefore, the choice of the simulation method depends on the nature of the problem and the
expected range of results. For modeling global machine quantities, such as mean torque or losses, analytical
methods such as the HWM s are sufficient in many applications because the simulation results are within the
range of measurement accuracy of current measurement systems. Analytical methods are also suitable for
local flux density curves under certain conditions. However, for the simulation of the influence of local
physical effects on the machine behavior and of temporally highly resolved quantities in saturated operating
points, the accuracy of the analytical models decreases and the use of the finite element method becomes
necessary.

Originality/value — In this paper, an extension of the HWM is used to calculate the IM, which, in contrast
to the HWM, models the saturation. Furthermore, the simulation results of the different electromagnetic IM
models are put into the context of the uncertainty of a measurement of several identical IMs.

Keywords Multiphysical problems, Induction machine, Finite element method,
Analytic machine modeling

Paper type Research paper

1. Introduction
The modeling, calculation and simulation of electrical machines are described in many
publications of research and science. The aim of modeling and calculation is to consider all

physical effects that are relevant for the application. The individual physical effects can be
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assigned to different physical domains, such as the mechanical, electrical, magnetic and
thermal domains. Complex tasks in the field of electrical machines include usually several of
these physical domains, and thus, form a multiphysical problem. In such a multiphysical
problem, the individual domains can be independent of each other or coupled together. One
of the most common examples of coupled domains in electrical machine calculation and
simulation is the coupling of the electrical and magnetic domains in electromagnetism.

For the solution of multiphysical problems in the area of electrical machines, a wide
variety of technical and scientific fields such as electrical engineering, mechanics,
thermodynamics, material sciences, physics, chemistry or mathematics have to be
considered. The multiphysical problem can be separated into the question itself and
boundary conditions which further define, limit or simplify the problem. Such boundary
conditions include requirements for the solution of the problem and limitations or definitions
of the physical effects that have to be considered. Thus, these boundary conditions define
the level of detail of the multiphysical and coupled problem. In addition to the dependency of
the level of detail on those boundary conditions, there is also a dependency on the
development status of the system or application, respectively, on the system components
and on the expectation of the result. Therefore, depending on the level of detail, different
models and approaches can be used to solve multiphysical and coupled problems. The
individual models differ in their complexity, their level of detail, their ability to depict
physical effects and their computational or solution effort. In the electromagnetic calculation
of electric machines empirical models, numerical models (von Pfingsten ef al., 2017), lumped
parameter models (Boglietti et al., 2008a, 2008b), and analytical models (Li et al, 2018;
Oberretl, 1970; Oberretl, 2007; Pugsley et al., 2003) are used.

In this paper, different models and approaches for the electromagnetic calculation and
simulation of induction machines (IMs) are analyzed regarding their ability to depict the
physical effects of different domains, their level of detail and their accuracy. To evaluate the
accuracy, the results of the models are compared with each other and with measurements of
an exemplary machine. Thus, the model accuracy is evaluated in the context of the
measurement accuracy of a state-of-the-art test bench. The structure of the paper is as
follows. First of all, three different modeling methods and approaches, the numerical finite
element (FE)-simulation, the analytical calculation using a harmonic wave model (HWM)
and the calculation using an extended HWM (E-HWM) to consider saturation, are
introduced and analyzed with respect to the mentioned aspects in Section 2. Second, the
exemplary IM and the test bench measurement are introduced in Section 3. Finally,
simulations are performed with the presented IM models, and the results are compared with
each other and with the measurement results in Section 4.

2. Used electromagnetic models of the induction machine

2.1 Finite element model

The first calculation method of the IM considered in this paper is the numerical two-
dimensional (2D) transient FE method (T-FEM). The method is described in von Pfingsten
et al.(2017), and the approach to calculate the entire operating range of the IM using the FEM
is depicted in Nell ef al.(2019a, 2019b) and von Pfingsten et al. (2018).

2.1.1 Physical domains and effects. The use of the FEM leads to the possibility to map
and model many physical domains and effects. In the 2D-FEM, the physical and magnetic
domains are strongly coupled and described by Maxwell’s equations. 2D effects like the
current displacement effect in the rotor (Carbonieri and Bianchi, 2020) and stator winding
(Chin et al., 2018), leakage effects, magnetic saturation, magnetic isotropy and anisotropy
and slotting effects can be numerically modeled accurately. Moreover, it is possible to
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such as mechanical stress in the material, can be coupled with the electromagnetic domain,
as it is done in Karthaus et al. (2019). Also, cutting edges effects (Elfgen et al., 2015) can be
modeled using this numerical method. Furthermore, mechanical, electrical and magnetic
asymmetries like eccentricities (Tenhunen, 2001) can be modeled. Three-dimensional effects
such as winding head leakage can only be modeled in 2D FEM by additional factors and not
in the FEM itself. For this purpose, a three-dimensional FE simulation is necessary.

2.1.2 Level of detail. Based on the calculation of the machine by solving differential
equations in every element of the FE mesh, it is possible to locally resolve electromagnetic
effects. Solving the FE mesh for several small-time steps means that the temporal
distribution of the electromagnetic effects can also be highly resolved. The machine
quantities like fluxes, magnetic flux density, torque and also iron losses can be resolved very
precisely in space and time. The disadvantage of high spatial and temporal resolution is a
high computational effort due to a large number of elements in the mesh and the required
simulation time steps. For solving multiphysical problems, the compromise of a quite
accurate calculation of the interesting effects and the simulation effort can be of great
importance.

2.1.3 Harmonic wave model and extended harmonic wave model. The HWM used in this
work was presented by Oberret] (2007, 1970). The HWM uses analytical formulations and
the permeance model described in Oberretl (1973), Zhu and Howe (1993) to calculate
analytically several machine quantities like the stator and rotor voltages and currents, the
torque or the air gap flux density under the influence of the multiple armature reaction and
the stator and rotor slotting. It is, thus, able to map the harmonics occurring in the IM. The
harmonic model described in Oberretl (2007, 1970) is subject to the assumption of infinite
permeability (u — oo) of the rotor and stator laminations. This assumption leads to the fact
that Oberretl’s model loses its validity in case of saturation of the magnetic circuit.

In the case of saturation, the air gap flux density, which is important for the calculation of
the electromagnetic forces, deviates more and more from the sinusoidal curve and flattens
out. To model this effect, a description of an effective air gap dependent on the
circumferential location @ is introduced in the EEHWM. As a result of the main field
saturation, the air gap is increased on average by a saturation factor %;, > 1. In the region of
large iron saturation, ie. at the maximum of the air gap flux density Bs, the air gap is
increased by a further saturation factor k;; and reduced in the zero-crossing of the air gap
flux density. This results in the time- and location-dependent air gap conductance function:

1 1 27O
A(O, t)—k—hf%cos( P, 72wt>, 3

where w is the angular frequency of the magnetic field, 7, is the pole pitch, and # is the
actual time point. Factor two in the cosine argument is a consequence of the simultaneous
iron saturation by the north and south poles of the airgap field.

The flattened air gap flux density Bs et (O, ?) follows from the multiplication of the air
gap flux density Bs (O, 1) of the HWM and the air gap conductance function A (©, ?) to:

Bﬁ,sat(@a t) = BS(@7t) : )l(@,t) (4)

The saturation in the trajectories of the mean tooth and yoke flux densities of the HWM can
also be accounted for by multiplying the air gap conductance function. The change in the
flux densities results in new induced currents in the rotor. These require an iterative
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Figure 1.

The exemplary IM
and its stator and
rotor cross-sectional
area

adaptation in the E-HWM. Based on the scaled flux densities, the rotor current is updated,
which changes the flux densities, which, in turn, are scaled with the air gap conductance
function. In the E-HWM, the induced rotor current is updated by scaling the inductances
used to calculate the current using the scaling factor:

1
Stnd = T ©)

More details describing the E-HWM model are presented in Nell ef al. (2021).

2.2 Physical domains and effects

The HWM and E-HWM are able to model effects like slotting effects, the influence of current
and voltage harmonics or the multiple armature reaction. The effect of current displacement
in the rotor and stator winding as well as leakage effects, such as slot leakage, can be
considered by analytical formulas. Furthermore, asymmetries like eccentricities can be
modeled with the HWM, as shown in Schroder ef al (2015). Not considered are three-
dimensional effects and local effects such as the cutting-edge effect or the local influence of
mechanical stress on the material properties and the machine’s losses.

2.3 Level of detail

Machine quantities like the torque and the air gap flux density can be calculated with the
HWM and E-HWM quite accurately in space and time and are less computationally
intensive compared to the FEM. The calculation of local field or loss distributions as in the
FEM is only possible to a limited extent with the HWM and E-HWM. For example, it is not
possible to calculate the flux densities in individual stator and rotor lamination positions.
Instead, the mean stator flux and rotor flux in the teeth and yokes are calculated. These
correspond approximately to the time flux densities occurring at points Psr, Psyy, Pr 1 and
Pryy in Figure 1. For this reason, in contrast to the T-FEM, the iron losses in the HWM and
E-HWM cannot be resolved locally. Therefore, to calculate the iron losses in these models,
the resulting average iron loss density of the teeth and yokes is calculated using the average
tooth and yoke flux densities. By multiplying the average loss densities by the masses of the

lgt'= 200 mm
dsy =175mm  hgp = 18.50 mm
dg; =103 mm wgr= 4.90 mm
dpg’=102mm  hyr =17.35mm
“dey= 38mm wpr= 623 mm
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model in all models is conducted in Section 3.1.1.

For linear and high permeable rotor and stator materials where saturation does not
occur, the HWM 1is able to model the mentioned machine variables quite accurately
compared to the FEM. For low permeable rotor and stator materials that are subject to the
saturation effect, the HWM loses its validity. By using the E-EHWM, this disadvantage of the
HWM can be reduced. Both aspects are shown in detail in the comparison of the simulation
results of the HWM and E-HWM to the T-FEM.

3. Model analysis based on measurements and simulations

For the analysis of the level of detail of each electromagnetic IM model, simulations of an
exemplary IM are performed for each model. The simulation results are compared with each
other. In addition, the exemplary IM is measured on the test bench, and a comparison of the
measurement and simulation results is performed.

3.1 The exemplary induction machine

For the measurements and simulations in this paper an exemplary three phase winding
squirrel cage IM with a peak power of Py« = 35 kW and a rated power of Psy.30min = 20 kW
is used. The IM was designed as a traction drive for small electric vehicles and has a rated
line to line voltage of Vip,n =90V and a rated line current of Iy = 194 A. It is rated speed is
7y = 3,000 rpm, and it is maximum speed is 72y = 8,000 rpm. The rated torque of the IM is T
= 64 Nm, and the maximum torque 7}, = 130 Nm. The IM has an aluminum squirrel cage,
a magnetic length of /r. = 200mm, an outer stator diameter of d., = 175mm and a bore
diameter of ds; = 103 mm. The IM, its stator and rotor cross-section areas and further data
are shown in Figure 1. The IM has a number of pole pairs of p = 2 and a number of slots per
pole and phase of ¢ = 3. The winding is connected in delta connection. It has two parallel
winding paths and is not chorded. The rotors of the machines have 28 deep rotor bars. The
stator and rotor are constructed from laminated M400-50A steel sheets. The housing is an
aluminum cast with cooling fins, and the machine is cooled by a forced flow of air
tangentially around the cooling fins. For the measurement, 10 of these machines were used.
They have been extracted from two series production batches with five individual machines
in each batch.

3.2 Test bench measurements

To analyze the results of the different methods and approaches of the electromagnetic
calculation of an IM and to compare them with measurements, the example machines are
measured on a machine test bench. For the measurements, the test bench setup described in
von Pfingsten et al. (2017) is used. An HBM T12 torque transducer with a specified accuracy
of 0.03% is used for torque and speed measurements. The three-phase currents of the
machines are measured with a two-stage measurement setup. A LEM IT 400-S
ULTRASTAB current transformer reduces the currents by a factor of 2,000, and the reduced
phase currents are then measured using a YOKOGAW A WT3000 precision power analyzer.
The voltages are measured using a voltage measurement system from the Institute of
Electrical Machines (IEM) in combination with the YOKOGAWA WT3000. For the
measurements, the IMs were operated with a dc link voltage of V. =130 V and a maximum
inverter current of Linymax = 3595 A. An inverter with a switching frequency of 10kHz is
used. The influence of the inverter circuit on the losses of the machine was analyzed. By
adding a low-pass filter to the power analyzer and comparing the measured electrical input
power with and without low-pass filtering of the input voltages and currents, the influence

calculation
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Figure 2.
Measured mean
losses of the
exemplary IM (a),
maximum loss
deviation of the total
losses between the
measured IM (b) and
calculated loss power
deviation due to
measurement
uncertainties (c)

of inverter switching on the machine losses was considered. The influence was measured to
be less than 20 W. Therefore, the switching losses are not considered in the simulation. The
IMs are controlled by means of a field-oriented control in which the ohmic losses of the
machine are minimized. For thermal monitoring and analysis, the winding temperatures
Ywinding are measured at seven different locations in the stator winding system. A non-
contact infrared (IR) temperature measurement on the surface of the shorting ring is used to
measure the rotor temperature .. The rotor surface is sprayed black to create a
nonreflective surface in the IR region, i.e. an IR emissivity > 0.97 (von Pfingsten et al, 2017).
For each of the 10 IMs the stator currents I, the stator voltages Vs, the electrical input
power P, the speed #, the torque 7, the mechanical power Py, the power factor cos (¢)
and the stator current frequency fs for the entire operating range is measured. The
measurement points are discretized in speed steps of Az = 500rpm and torque steps of
AT = 10 Nm. Each operating point is measured at a nearly constant stator winding
temperature of ¥yinaing = 80°C and a rotor temperature of g = 100°C. The machines were
conditioned to these temperatures between the individual measurements of each operating
point.

3.2.1 Measurement results of the different machines. Because direct measurement of the
machine losses is not possible, it is determined from the measured input and output powers.
The losses of the IM are, thus, the difference between the measured output power of the
inverter minus the ohmic losses in the motor supply cables and the measured mechanical
output power. By using the measured stator resistance Rg of the IM these losses can be
divided into stator ohmic losses and all other losses. A further loss separation is not possible
with this test setup. Because the mentioned quantities are measured for all 10 IMs the mean
value over the 10 machines for each quantity is calculated and builds the basis of the
comparisons with the calculation methods and approaches. In Figure 2(a), the averaged
losses of the measuring machine in the entire operating range are shown. Each individual
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machine shows a slightly different efficiency, and therefore, has a slightly different loss Electromagneﬁc

power. The reason for this can be production deviations because of tolerance deviations,
measurement uncertainties, and the accuracy of the measurement equipment. In Figure 2(b),
the maximum difference of the measured loss power of the 10 machines is shown. The
difference in the measured losses reaches values up to AP;, =200 W.

3.2.1.1 Measurement accuracy. The accuracy of a measured machine quantity is
dependent on the accuracy of the measurement equipment and the operating point. To
quantify the accuracy of the measurement, the theoretical maximum errors that are specified
in the datasheets of the measuring instruments are used. For example, the accuracy of the
HBM T12 speed measurement is 150 ppm resulting in a maximum absolute speed error of
An = 1.8rpm referred to the maximum speed of # = 12,000 rpm, and the accuracy of the
torque transducer is 0.03%. The accuracy of the voltage measurement device of the IEM is
0.2%. Due to the series connection of individual measuring devices, the relative errors add
up. For the calculation of machine values v, such as the loss power P, out of the measured
quantities x; the uncertainties of the measured quantities «(x;) are used to determine the
combined standard uncertainty:

N F) 2
Uy =y (a_Q W (%) (1)

=1

where £ is the function used to calculate the output value y = f{xy, %s,. . ., xn). The calculation
is performed according to the guide to the expression of uncertainty in measurement. The
uncertainty of the measured losses of the IM according to the presented calculation
approach is shown in Figure 2(c).

3.3 Simulation of the exemplary induction machine
3.3.1 Simulation settings. The geometry of the example machine shown in Figure 1 is used
to simulate the machine. The simulations are performed with the HWM, the EEHWM and the
T-FEM. The T-FEM simulation is performed both with the magnetic properties of the M400-
50 A steel sheets and with a constant high permeability of the stator and rotor of w, =
10,000. By simulating with the permeability of u, = 10,000, there are no saturation effects in
the simulation, and the T-FEM results can be compared with the results of the HWM. The T-
FEM simulation is a current-driven simulation in which the stator slots are excited with a
sinusoidal current density. The simulations are performed in the stator current and rotor
current frequency map (Is-fg-map) or stator slot current density and rotor current frequency
map (/s sio+-f2-map), respectively at a constant stator frequency of fs = 86 Hz. To generate the
speed-torque map (7-#-map), the results in the Is-fg-map are transformed into the 7-z-map.
For each speed-torque operating point, the Is-fz-operating point with the lowest ohmic losses
is determined. Frequency-dependent losses such as the iron losses are scaled according to
the speed or stator fundamental frequency. A detailed explanation of this simulation
principle can be found in von Pfingsten et al (2018). For the exemplary IM, 14 e(luidistant
stator slot current densities from Jsgor = 0 A/mm? up to Jssiot = 13A/mm” and 15
equidistant rotor current frequencies from fz = 0Hz to fg = 16 Hz are simulated in the /s gjor-
fo- map. The temporal sampling is 100 ws in all simulations, which corresponds to a
sampling frequency of famp = 10kHz.

The losses due to the current displacement effect in the stator winding are estimated in
the models by an analytical calculation according to Bauer et al. (2015), Joksimovic and
Binder (2004). The current displacement effect in the rotor bars is considered in the T-FEM
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Table 1.

Iron loss parameter
used in the
simulation of the
exemplary IM

simulation by calculating the rotor current density in each element of the rotor bar and in the
HWM and E-HWM by using an analytical current displacement factor (Oberretl, 1973),
analogous to the current displacement of the stator winding. The mechanical friction losses
were measured on the test bench by driving the device of the test and considered in the
simulation as a loss torque. Slot leakage in the stator and rotor are considered in the
analytical models by means of leakage factors, according to (Boglietti et al., 2008a; Oberret],
1973). The iron losses are calculated using the IEM-5 parameter formula (Steentjes et al,
2013a):

Preev = @1 B f+ay BY f2 +asBL® f1° + ay a3 B4 f2, @

where f is the frequency B,, the flux density, @1, s and a5 are the hysteresis, eddy current
and excess loss factors, as and a4 are loss parameters describing the nonlinear saturation
losses, and « is the exponent of the hysteresis losses. The model is validated in (Steentjes
et al, 2013b). To calculate the iron losses in the T-FEM, the flux density in each element is
decomposed into its spectral components by means of a Fourier transformation and the
TEM-5-parameter formula is applied to the individual spectral components. The flux density
is first decomposed into radial and tangential flux density components. The total iron losses
are then obtained from the iron loss densities of all elements and the determined masses of
the stator and rotor. In the HWM and E-HWM, the evaluation of the iron losses cannot be
carried out in individual positions of the stator and rotor, as already mentioned. Therefore,
the IEM-5-parameter formula is applied only to the frequency spectra of the averaged tooth
and yoke flux densities. A more detailed description of this method for the iron loss
calculation in the FEM is given in von Pfingsten et @/(2016). The loss parameters of the
M400-50A material for the simulation are determined by measurement and listed in Table 1.
The same parameters were assumed for the linear simulation. The method of metrological
determination of the parameters is described in (Steentjes et al., 2013b). To assess the
computational effort, the degrees of freedom of the models are analyzed. For the T-FEM, the
degrees of freedom consists of the number of operating points, the nodes in the mesh,
the numerical iterations and the transient steps. In the HWM, they are also described by the
number of operating points and, in addition, by the stator and rotor orders considered as
well as the Fourier coefficients of the stator and rotor permeance functions. In the EEHWM,
the iterations for updating the rotor current are added. In the simulations carried out, a
degree of freedom lower by a factor of 120 results for the EEHWM and a degree of freedom
lower by a factor of 350 for the HWM compared with the T-FEM.

3.3.2 Simulation results. In the following, the simulations of the T-FEM, the HWM and
the EHWM are compared with the measurement. The stator currents, the rotor current
frequency and the total losses are analyzed within the 7-z-map. Because in the
measurement, a further separation of the losses into ohmic rotor losses and iron losses is not
possible, these quantities are only compared under the simulations. Figure 3(a) compares the
stator phase currents I5 and Figure 3(b) the rotor current frequencies fz of the measurement
and the simulations. The T-n-maps were calculated using the method described above. It

ay az as ay as ai90° as 90° a
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can be seen that for both the stator current and the rotor current frequency, the T-FEM
provides the best results compared with the measurement. The E-HWM deviates more
strongly from the measurement results than the T-FEM, especially in areas of high
saturation, which are reached at high currents. The HWM also shows good agreement with
the measurement in the linear range, i.e. at low stator currents. In the range of higher
currents, the strong limitation of the HWM becomes apparent, and the deviations become
very large. In particular, the rotor current frequency shows a clearly different curve. This is
due to the fact that for the given speed torque operating points due to the neglect of
saturation in the HWM, the operating points of minimum ohmic losses in the Is-fg-map
deviate strongly from those of the other models and the measurement. The results are also
reflected in the total losses, rotor ohmic losses and iron losses. Figure 3(c) shows the
simulated rotor ohmic losses, and Figure 3(d) shows the iron losses. The E-HWM
approximates the iron losses quite well compared with the T-FEM despite the neglect of
local iron loss distributions.

In Figure 4, the differences of the measured to the simulated total losses are plotted.
Again, the results with the T-FEM are the most accurate. The deviations are in the range of
AP, = OW to AP, = 150 W and within the measurement deviations of the individual
machines in Figure 2(b) and the calculated measurement accuracies in Figure 2(c). For the E-
HWWM, the deviations are with AP, = 0W to AP, = 300 W, slightly larger, but also within
the measurement deviations and measurement accuracies. The losses simulated with the
HWM show very large deviations, especially in the areas of higher saturation with
differences of more than APL =300 W.

For a closer examination of the differences between the T-FEM and the HWM or E-
HWWM, the simulated air gap flux densities and stator tooth flux densities are compared for a
linear material characteristic with w, = 10,000 in Figure 5 and for a nonlinear material
characteristic given with the M400-50 A steel sheet in Figure 6. A comparison with a
measurement in the motor itself cannot be made here. These physical quantities were chosen
for analysis because the air gap flux density is the basis for the torque and the
electromagnetic forces, and the flux densities in the laminations are the basis for the iron
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Figure 4.

Difference of
measured and
simulated total losses
for a simulation with
the T-FEM (a), the
HWM (b) and the
E-HWM (¢)

Figure 5.

Air gap flux density
(a) and stator tooth
flux density (c) and
their frequency
spectra (b) and (d)
simulated with the T-
FEM and HWM for a
stator and rotor
material with a
constant permeability
of wpe=10,000
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loss calculation. The operating point is the same for both comparisons. A stator phase
current of I = 224.2 A, a rotor current frequency of fz = 4 Hz and a stator current frequency
of f5 = 86 Hz are used. The comparison of the HWM with the linear T-FEM shows good
agreement in both the time history and frequency spectrum. Therefore, the slotting effects
and the multiple armature reaction are accurately represented by the HWM. The stator tooth
flux density can also be represented well with the HWM. In the case where iron saturation is
considered, the HWM is no longer valid, as can be seen from the comparison of the flux
densities in Figure 5 with those of the nonlinear T-FEM simulation in Figure 6. The EHWM



gives identical results as the HWM in the linear case but can simulate the air gap flux Electromagnetic

density and stator tooth flux density much more accurately in the nonlinear case. In
particular, the basic order is very well represented by the EEHWM with a deviation of<2%.
For the higher orders; however, the deviations are larger, which leads to the different time
courses in Figure 6(a) and 6(c). This shows that the saturation effect for higher frequency
orders in the E-HWM still needs to be improved.

4. Conclusion

In this paper, one numerical and two analytical methods for electromagnetic calculation of
IMs are analyzed. The analysis focuses on the physical value ranges, the level of detail and
the simulation accuracy. To evaluate the simulation accuracy, an exemplary IM is simulated
with each of the mentioned models. In addition, the losses and other machine quantities are
measured over the entire operating range of 10 IMs on the test bench, and the measurement
deviations and the measurement accuracy are analyzed. The simulation results of the
models are compared with each other and with the measured results. The analysis considers
both global machine variables, such as the total losses in the torque-speed-map, and local
variables, such as the spatial flux density distribution in the air gap and the temporal flux
density distribution in the stator tooth of the machine.

The analyses of the global quantities in the IM operating map and the comparison with
the measurements show that the T-FEM has the highest accuracy for both unsaturated and
saturated operating points. However, the EEHWM is only slightly worse in comparison. Both
models provide deviations of the total power loss for the operating range of the exemplary
machine compared with the measurement, which is within the determined measurement
deviations of the individual measured IMs and the measurement accuracy of current
measurement systems. The HWM can fulfill these conditions only in the unsaturated
operating points, whereas it leads to very high errors in the saturated ones.

Regarding local physical quantities, a distinction can be made between the local and
temporal representation of the air gap flux density and the flux densities in the stator and
rotor, respectively. The air gap flux density can be simulated locally and temporally by all
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models. However, the flux densities in the stator and rotor can only be calculated locally in the
T-FEM. In the analytical models, only the mean tooth and yoke flux densities can be
determined. Under the condition of a highly permeable stator and rotor material, the air gap
flux density is very accurately represented by the HWM than the T-FEM. The orders
occurring due to the slotting effect and the multiple armature reaction are well represented.
This also applies to the mean tooth and yoke flux densities in the stator and rotor. Under the
condition of a stator and rotor with electrical laminations with nonlinear magnetic material
behavior, the HWM loses its validity in saturated operating points, which leads to very high
deviations from the T-FEM. The E-HWM provides a good agreement of the air gap flux
density and tooth and yoke flux densities even in saturated operating points. In particular, the
basic order is calculated satisfactorily with deviations below 2% to the T-FEM. The deviations
in the higher orders are larger, and therefore, offer the potential to improve the EEHWM for the
saturation effect of the higher orders. This means that time histories resulting from the air gap
flux density, such as torque and electromagnetic forces, and those resulting from the time
histories of the flux densities in the stator and rotor, such as iron losses in the stator tooth, can
be simulated in linear operating points by the HWM and E-HWM similarly well as by the T-
FEM. With a reduction of the degree of freedom by a factor of more than 100 compared with
the T-FEM, the analytical models offer a high saving in computational effort. At nonlinear
operating points, on the other hand, only the E-HWM offers an initial rough calculation option
for those quantities. The orders of the individual quantities are determined very well, but the
amplitudes of the higher orders differ more strongly from those of the T-FEM due to the lower
level of detail of the saturation effect. This, thus, has a direct influence on values such as the
exciting electromagnetic forces and the noise, vibration and harshness (NVH) behavior, as well
as the temperature distribution in the machine. A more detailed analysis of the resulting
influence of the different models on the NVH behavior is still pending.
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