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Abstract -- In this paper, the global operating point
dependent losses of induction machines are studied utilizing a
local transient loss formulation. After calculating the local loss
distribution, the losses are integrated in space and averaged in
time to get the average global losses. The main loss components
Ohmic losses, iron losses and friction losses are considered. The
Ohmic losses in stator and rotor are dependent on current values
and the time- and local-waveform due to current displacement.
The iron losses are highly dependent on flux density, base
frequency, and harmonic distortion of the flux density. The level
of flux, the machine is operated at, depends on the operation
mode of the inverter. Hence for precise loss modeling of inverter
driven induction machines at the machine design stage, time and
spatial distribution of flux density and the influence of choosing
the best operating point is included.

Index Terms -- Induction Machines, Induction Motors, Iron
Loss Modelling, Loss Minimization, Loss Modelling, Magnetic
Losses, Ohmic Losses

L.

In this paper, the iron losses of a four pole (2p = 4) squirrel
cage induction machine (SCIM) for an electric vehicle
traction application are exemplarily studied through
measurements and finite element (FE) simulations. In the
application the machine is driven by a MOSFET inverter with
anominal DC-link voltage of 130 V. The machine can deliver
a short term maximum power of 37 kW and has a maximum
operating speed of 7max = 8000 1/min. The S2-30 min power
is 22 kW. In the application, the machine is cooled by the air
flow while driving. On the test bench, the machine is cooled
by a ventilator to prevent overheating. The stator has N, = 36
slots, which is equal to a number of slots per pole and phase
of g1 = 3. The rotor has N, = 28 bars/slots. The active length
of the machine is /g =200 mm. The squirrel cage is made of
aluminum in a die casting process.

Several papers have been published in the past decades on
the field of loss minimization of induction machines. For
effective loss minimization, an accurate loss model of the
machine is necessary. In most papers, the machine and loss
model parameters are identified from test bench
measurements of existing machines [1] — [4]. In [5] a loss
minimization is performed on system level employing a
fundamental wave machine model considering saturation
through limiting the maximum rotor flux linkage. In [6] a
fundamental wave machine model considering ferromagnetic
saturation through look-up-tables is used. In [6], the iron
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losses are modeled using a fundamental wave model. In [7] a
dynamic loss model is applied to FE simulations of a PMSM
wind power generator. [7,8] show that the iron losses are
underestimated if only the fundamental field-wave is
considered. This effect is of particular importance when the
additional losses resulting from the higher harmonics and
minor loops are considered. In [8] a loss minimization is
performed for a synchronous machine. In contrast, this paper
utilizes a time-domain iron loss model which is parameterized
by standardized measurements on ring cores according to the
international IEC standard. Therewith, an a-priori estimation
of loss minimized operating points in induction machines is
possible avoiding tedious frequency-domain simulations and
extensive test bench measurements of existing machines.

The paper is structured as follows: First, the simulation of
the machines operating points is discussed. Secondly the
modeling of the operating points from FE simulation is
addressed. In the next step, the dynamic iron loss model is
described. Subsequent, the scaling of the modeled iron losses
from one simulated fundamental frequency to another
fundamental frequency is discussed. From the scaling scheme
the iron losses are modeled versus the entire torque speed
operating map. Finally, the modeled machine operating points
and losses are compared to machine measurements. The paper
ends with a discussion of the results and conclusions.

IL.

Since the machine is operated as a traction drive for
automotive application, the machine characteristic behavior in
the entire operating range in terms of torque and speed is of
interest. Therefore the losses are given for the torque-speed
operating map. Fig. | illustrates the structure of the simulation.
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A. Torque speed operating points (measurements)

Induction machines for traction applications are operated at
different values of magnetic flux, depending on requested
torque and speed.

The fundamental wave T-equivalent-circuit (Fig.2)
illustrates the allocation of the given stator current /; into
magnetizing current /u and rotor current /5. Relevant for the
allocation of the stator current are the two parallel branches
joiLm and jwiL’2s + R’2-an1/27tf,. The reactances and the
rotor resistance in these branches are proportional to @y. The
allocation of the stator current /; into magnetizing current /u
and rotor current I5’ is therefore independent of @, i.e. of fi.

The saturation of the main inductance L, has to be
considered in highly utilized traction drives. Saturation of L,
occurs at high values of 1y, which is reached at high values of
1, and low values of rotor frequency f,. Hence, the allocation
of I, into /y and 1>’ is dependent on the amplitude of /; and the

rotor frequency f>.

Ré _ Ré(})l

? - ZT[fZ

Ry

. 14
]wlLZ,J

Jjwily g

jwlLlh(I,u)

(-,
Fig. 2. Fundamental wave T-equivalent-circuit of the SCIM.
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Fig. 4. Measured operating points of the machine in the stator current-slip
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Therefore, the operating points (7,n) of the induction
machine can be mapped in the stator current — slip frequency
plane (I/i-f>-plane). This mapping of measured machine
operating points in terms of torque 7 and speed n (Fig. 3) to
the 7,-f>-plane is shown in Fig. 4. The colors of the operating
points correspond to their numbering from 1 to 200. Since the
same operating points are shown in Fig. 3 and Fig. 4, the
operating point numbers, i.e., color of the operating point, are
associated. It is apparent, that the base speed (Ui < Ui max)
operating points are located in a small section of the /;-f>-plane
with f, <5 Hz. The operating points at the voltage limit
(U1 = Uy max) are located at higher slip frequency values.

Since the machine operating points are covered on the /;-
f>-plane, the operating points (7,n) of the machine can be
simulated rasterizing an area of a reasonable number of
combinations of /; and f.

In the machine measurements, the total harmonic distortion
of the stator current THDy; was measured. In most of the
operating points the value of THDy; is between 1 % and 2 %.
Except for the no-load operating points (/; =0, T = 0), in all
operating points the value of THDy is less than 5 %.
Therefore, the stator current can be assumed to be sinusoidal.
The influence of PWM supply on the losses in the machine
was determined by measuring the input power with, and
without low-pass filtering voltage and current. The error made
when filtering the PWM was measured to be less than 20 W.
Therefore, harmonics in the stator currents by inverter
switching or from the machines are neglected when modelling
the Ohmic losses in the stator. Hence the stator Ohmic losses
Pcy,1 can be easily calculated using the stator Ohmic resistance
R, and the effective current / according to (1).

=31 -R, (1)

Cul

B. Torque speed operating points from FE Simulations

Nonlinear transient FE formulations with single valued
magnetization curves are used to calculate the local flux
density values of the magnetic circuit. The stator current is the
only excitation defined in the model. The rotor position and
therefore speed n is used to update the rotational boundaries
in the air gap for every simulation step. Hence, the stator
current (amplitude /; and frequency f) as well as the slip
frequency f> =fi - np are used to define the operating point in
the FE model.

100 combinations of /; and f; are simulated in order to
cover the entire operating range of the machine. A sinusoidal
stator current density (and therefore sinusoidal current /i) is
used as excitation for the simulation model. The amplitude of
the current density impressed to the stator slot area is varied in
10 steps from 1 to 10 A/mm?, which is equal to an effective
current of 40 A to 404 A. The slip frequency is varied in 10
steps from 0 to 15 Hz. The region with /; less than 189 A and
f>» less than 8 Hz is divided into a smaller grid, since most
measured operating points are in this range of /; and f,. Hence
the 100 simulated operating points cover the measured
operating points (Fig. 4) in the /;-f,-plane.
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Fig. 5. Simulated torque of the machine (from FE simulations).
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Fig. 6. Simulated stator flux linkage of the machine (from FE simulations).

Fig. 5 and Fig. 6 show the simulation results in terms of
torque 7 and stator flux linkage ¥ in the [i-f>-plane. It is
apparent that the stator flux linkage ¥ is subject to saturation
at high stator currents and low slip frequency.

Fig. 7 shows the simulated values of torque and stator flux
linkage as projected views. The current densities in the rotor
bars are calculated with the help of the FE simulations. Using
the current density values Jgp; in every element i with the area
Agy;, the rotor Ohmic losses pcy are calculated in every time
step ¢ as sum over all elements (2). Thereby, increased rotor
Ohmic losses from local current distribution in the rotor bars,
i.e. proximity effect, is included. From the rotor Ohmic losses
in every simulation step, the average rotor Ohmic losses Pcy
are calculated (3).

1
Pcyr®) = ZE'JéL,i(t)'AEL,i e (€
1
PCu,2 T 2 peun(®) ©)
t=t,
0

Adding Ohmic losses in stator and rotor, the overall Ohmic
losses Pcy are calculated (4). The simulated sum of the Ohmic
losses Pcy and the torque 7 is shown in Fig. 8 across the /1-f>-
plane.

+ PCu’2 (4)

The operating points (1, f>) of the machine are determined
using the simulation results shown in Fig. 7 and Fig. 8. For
every desired torque and speed combination (7req, ireq), the
(11, f») operating point with the highest efficiency (lowest
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Fig. 7. Simulated torque and stator flux linkage of the machine (FE
simulations).
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Fig. 8. Simulated torque and Ohmic P, losses of the machine (FE
simulations).

losses) is sought according to (5). If this ({1, f2) combination
violates the voltage limit of the inverter, an operating point
with less stator flux linkage is chosen. If no point exists, that
meets the required torque at the maximum feasible stator flux
linkage, the torque-speed combination is found to be not
obtainable subject to the given boundaries. Hence, field
weakening, i.e. operation at the inverters voltage limit, is
regarded in the simulation scheme.

min £, (1}, f3) %)
.1y

s.t. T(117f2):Treq7
fl :f2+nreq P,

U, /) SU
The resulting operating points (/1,f) are compared to
machine measurements over torque and speed in section E
(Fig. 17 and 18).

C. Iron loss modelling from local and temporal magnetic
flux density distribution

The maximum fundamental operating frequency of the
stator current is 282 Hz. The maximum rotating speed is
n=28000 min'. This high frequency and speed lead to
significant influence of flux pulsations in the teeth of the
machine up to frequencies of multiple kHz. Since the
fundamental frequency of the rotor current f; is between 0 and
16 Hz (Fig. 4), a wide spread of the magnetizing frequencies
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in the rotor and stator soft magnetic material is apparent.
When using time harmonic formulations to model the iron
losses, a minimal period of Tmin = 1/f2 has to be simulated. For
the minimal considered (except for f, = 0) slip frequency of
1 Hz, this leads to a simulation time of Tiin = 1 s to cover one
full magnetization period in the rotor. To prevent subsampling
and aliasing of the magnetic flux pulsations in the teeth from
slotting harmonics, a sampling frequency of several thousand
Hz is necessary. In combination with the simulation time
period of Tiin =1 s, this would lead to multiple thousand time
steps per simulation and thus to an inadequately high
computational effort.

To avoid the disadvantage of high computational effort, it
is advantageously to shift from time-harmonic iron loss
models to those formulated in the time-domain [7,9-13]. In
this paper a transient formulation of the iron loss calculation
(5) = (9) in the machine is used [9]. In [9] the loss formulation
is given in a 3D-Cartesian coordinate system. Since the flux in
the stator and rotor core is aligned in radial or tangential
direction in most positions, the formulation in polar
coordinates is used (6) — (8).

dB, dB
phy(t):p'{Hirr ” Hi“dtﬂ} (6)
2 2
1 ||aB.|" |dB
N=k,  — . (228 7
Py (1) =ky 2”2 { di d } (7
0.75
2 2
1 ||dB,|” |dB
D=k, ome it HE 8
Pex (=Ko 5763 { dt ‘ dt } ®
Pre () = Py () +pg (1) + pey () ©

In (6), the instantaneous hysteresis loss pyy is given in W/kg

and is described by the time differential of the local flux
density in radial (B;) and tangential (Bg) direction, the
irreversible magnetic field strength Hi., and the specific
density of the material p. Equation (7) describes the Foucault
(macroscopic) eddy current loss pq as time derivative of the
magnetic flux density and the material dependent iron loss
parameter k. Equation (8) determines the excess
(microscopic) eddy current losses pex using the material
dependent loss parameter k.x. Equation (9) gives the sum of
the three iron loss components as total iron losses pre(?).
In [9], the static hysteresis loop is approximated by an
equivalent ellipse. From the ellipse formulation, Hi. is
modeled by the maximum absolute flux density that is reached
in the history of the material Bmax, the actual absolute value of
the flux density B and the hysteresis loss parameter kny (10).
The iron loss parameter k¢ is calculated using the material
constants, sheet thickness d, specific electrical resistivity pe,
and p (11) as given in [14].
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Fig. 9. Measured (ring core) and modeled iron losses for sinusoidal flux
density waveform.

TABLE 1
IDENTIFIED IRON LOSS PARAMETERS (M400-50A)
parameter value
Ky 25.9-103 W-kg'sT?
kel 125.7 - 10 Wkg!-s>T?
kex 779 - 10 W-kg!s!ST13

In order to find the values of the loss parameters kcx and ny,
ring core measurements of the soft magnetic material are
conducted with sinusoidal flux density waveform. The
measured ring core has an inner diameter of 100 mm, an outer
diameter of 120 mm, a height of 10 mm, and is made of the
same material as the magnetic core of the investigated
induction machine (M400-50A). Fig. 9 shows the comparison
of the measured and modeled iron losses for sinusoidal flux
density waveform using the identified iron loss parameter set
given in Table . Comparing measured and modeled iron
losses (Fig. 9), a good agreement with a maximum error of
9.6 % at 400 Hz and 1.4 T is apparent. For most of the other
points of frequency and magnetic flux density, the difference
between modeled and measured iron losses is less than 5 %.

D. Scaling iron losses according to different
synchronous frequencies f

Due to the fact that the FE simulations are conducted at a
single synchronous frequency fi, a suitable scaling algorithm
for the iron losses at different synchronous frequencies is used.
To study the scalability of the iron losses, the cumulated sum
of iron losses from f= 0 Hz to f; is used. Equation (12) gives
this formulation for the stator Foucault eddy current losses
Pel,1,sum.



n
pcl,l,sum(fn): Z pcl,l(fm)

(12)

m=1
S =mn-Nytfr, omp=1,2,... 13)
fﬁlz ) 'n'Nl ifzs my :],2,... (14)

Besides the fundamental frequency component, flux
pulsations occur in the core material. The dependency of the
flux pulsating frequencies in the stator f,; and in the rotor
fip2 from the mechanical speed # and the stator slot number N,
and the rotor slot number N, are given in (13) and (14).

Fig. 10 and Fig. 11 show the cumulated stator Foucault
eddy current losses pci,1sum as defined in (12) as a function of
the upper frequency boundary f,. The operating point in this
example is (/;=202 A, f,=5Hz). The fundamental
frequency of the stator current f; is 80 Hz (Fig. 10) and 240 Hz
(Fig. 11).

The Foucault stator iron losses that occur at base frequency
are 9.2 W (fi = 80 Hz) and 83.1 W (fi =240 Hz). This equals
to a factor of 9, which is equal to the square of the increase in
frequency fi (factor of 3). The mechanical frequency in this
example is n=37.5 1/s and n=117.5 1/s correspondingly.
This leads to flux pulsations in the stator teeth at the
frequencies fi1 =970 Hz and f5, =1030 Hz (f; =80 Hz,
Jf>=5Hz) and fip,1 = 3050 Hz and fi,1 = 3530 Hz (fi = 240 Hz,
f>=15Hz). When examining the iron losses in Fig. 10 and
Fig. 11, it is found, that the highest share in the overall iron
losses is caused by the flux pulsations at fi1(mi=1)
(correspondingly for the rotor at ff,o(m2=1)). Iron losses
increase with operation speed. Hence, at high speeds, where
the iron losses are dominant, n-N; >>f, and n-N,>>f; is
assumed. Thus, the iron losses are dominated by losses from
flux pulsations. Therefore, the iron losses are scaled according
to speed n. Fig. 12 shows the local distribution of the time
derivative of the flux density dB/dt. The highest values of
dB/dt > 5000 T-s! are found at the tips of the stator and rotor
teeth. Values of dB/dt > 800 T-s™! are found in the stator teeth
and yoke. This local distribution illustrates the fact that the
largest share of the iron losses is caused by the flux pulsations.
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Fig. 10. Simulated cumulated Foucault eddy current iron losses in the

frequency domain for the base frequency of f; = 80 Hz, f, = 5 Hz, I; = 202 A.

632
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Fig. 11. Simulated cumulated Foucault eddy current iron losses in the
frequency domain for the base frequency of /| =240 Hz, f, = 5 Hz, [, = 202 A.
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Fig. 12. Simulated time derivative (between two consecutive simulation time
steps) of the flux density at f; =80 Hz, f, =5 Hz, [, =202 A.

According to this procedure, the iron loss terms (6) — (8)
are evaluated in stator and rotor at one simulation frequency

(fi = 80 Hz) and the loss components are subsequently scaled
according to (15) — (17):

Dpy &1 15)

pyo<n (16)
1.5

Doy =<1 17)

The scaling factors (15) — (17) are used to exemplarily scale
the losses from f; = 80 Hz (Fig. 13) to fi = 240 Hz. An error in
the sum of all losses of 1.45 % is found when scaling. The
largest relative error of 34.72 % (2.59 W) is made when
scaling the rotor hysteresis losses. However, since the
hysteresis losses in the rotor are small when compared to the
other loss components, the absolute error value of 2.59 W is
to be found sufficiently precise. Hence the scaling factors (15)
—(17) are applied in the following analysis.
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Fig. 13. Simulated iron losses of the machine at a base frequency of 80 Hz.
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Fig. 14. Simulated machine iron losses.

Fig. 14 shows the simulated iron losses Pr. in terms of
torque and speed when choosing the operating points (/i, f2)
with the lowest possible Ohmic losses for the requested torque
T and speed n according to (5).

E. Comparison of measurements and simulations

The operating points from machine measurements are
compared to the simulated operating points in terms of torque
T, speed n, and total power losses Ploss. Fig. 15 shows the test
bench for these machine measurements. A Yokogawa® 3000
power analyzer and LEM® IT 400-S current transducers are
used to measure the three phase input power Ps,n of the
machine. A HBM® T12 torque transducer is used to measure
torque and speed. From torque and speed, the mechanical
power P is calculated. The total loss power Piogsmeas Of the
machine is calculated according to (18). The friction losses
Priiction are measured at different speed values. A quadratic
function (19) is fitted to match the measured friction losses.

Ploss,meas = P3ph - £ mech 13)
Friction (1) = 8.75- 107 Ws? -2 +0.375Ws - n (19)
fioss,sim = PCu,l + PCu,2 + PFe + Pfriction (20)

Fig. 17 and Fig. 18 show the stator current /; and the slip
frequency f, from measurement and the proposed simulation
scheme. The displayed results show a good match between
simulated and measured operating behavior in terms of the
modelling of the T-n-operating points.
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Fig. 18 shows the comparison of the modeled and measured
losses of the machine. At n =2500 1/min and 7= 120 Nm the
highest deviation for the losses of 700 W (17 %) is found. This
deviation is caused by the fact that the stator winding and the
rotor heat up quickly at these high load operating points. As a



result, the temperature during the measurement rises and with
the temperature the Ohmic resistances in stator and rotor
increase which leads to higher Ohmic losses.

III. CONCLUSIONS

The losses of a squirrel cage induction machine operated as
traction drive are modeled using a transient iron loss
formulation in the post processing of a transient FE simulation
at a single synchronous frequency. From the FE simulation,
the Ohmic losses in the stator and rotor are calculated at this
single synchronous frequency. From the Ohmic losses and the
stator flux linkage from the simulation, the operating points in
terms of torque and speed are calculated. These operating
points were calculated to yield the lowest losses for each point
of operation. The limitation of the stator flux linkage due to
field weakening operating has been regarded.

A scheme to scale the iron losses from one synchronous
frequency to the operating frequency in every operating point
of the machine was studied and used. Iron loss measurements
of the machines’ core material were conducted using a ring
core sample of the core material. Iron loss parameters for the
iron loss simulation of the machine were extracted from those
ring core measurements. The measured friction losses of the
machine are added to the modeled losses. A low deviation
between the measured and simulated sum of losses was
achieved. This loss modelling approach enables for precise
machine loss modelling for highly utilized induction
machines.

The precise a-priori modelling of the machines local losses
from FE simulations and ring core measurements enables to
predict the influence of changes in the machines’ design on
the global losses at the design stage. The loss distribution and
magnitude is highly depending on harmonics (either from the
inverter or the machine itself). For a-priori loss modeling, the
local and temporal loss distribution is taken into account by
transient FE simulation.

The proposed transient approach for operating point
dependent loss modeling enables to predict the influence of
machine design changes, such as number of poles, electric
steel grade, diameters, length, and many other design factors,
along the whole torque-speed map.
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