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Operating Point Resolved Loss Calculation
Approach in Saturated Induction Machines
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Abstract—In this paper, the global operating point depen-
dent losses of induction machines are studied by using a
local transient loss formulation. The level of flux, the ma-
chine 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, the time
and spatial distribution of flux density and the influence of
choosing the best operating point is included. A loss scal-
ing method is developed to map iron losses calculated at
a single synchronous frequency to other frequencies along
the torque-speed map. The modeled losses and operating
points are compared to extensive machine measurements.
By way of example, the effect of different electrical steel
grades tailored either to low losses or preferable magnetiz-
ability on the machine performance is investigated.

Index Terms—Induction machines (IMs), induction mo-
tors, iron loss modeling, loss minimization, loss modeling,
magnetic losses, Ohmic losses, ring core measurements,
transient finite-element analysis (FEA).

|. INTRODUCTION

NDUCTION machines (IMs) are used as the main workhorse
I in electrical drive trains due to their low-cost, ruggedness,
fault tolerance or particular suitability for certain applications,
such as medium- and heavy-duty vehicles. In high power den-
sity, machines operating as variable speed drives iron losses have
a large share in various operating points due to high magnetic
utilization and elaborated field frequencies. On that account,
the iron losses need to be considered in all operating points to
evaluate the effect of certain design measures or electrical steel
grades on the overall performance.

Hence, critical for the selection of the operating point is a
loss minimization strategy [1]. The utilized loss model is the
linchpin of the predictive accuracy of the loss minimization
strategy. Commonly, the machine and loss model parameters are
identified from test bench measurements of existing machines
[2]-[6]. The variability of the iron losses is represented either by
adding a speed-dependent iron loss equivalent resistance to the
machine model [6] or by employing variable loss coefficients
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[7] and elementary iron loss models [8]. All of these approaches
solely consider iron losses caused by the fundamental harmonic
of the magnetic flux density in the machine, leading to a strong
simplification.

For the evaluation of different electrical steel grades or other
design measures on the motor efficiency, a loss minimization
considering magnetizability and iron loss is indispensable. In
[9], aloss minimization is performed at the system level by using
a fundamental wave machine model, whereas in [10] saturation
is considered through lookup tables. Analytical estimation of
squirrel cage induction machine (SCIM) model parameters at
the machine design stage is conducted in [10] and [11]. However,
in [12] it is shown that for highly utilized traction drives, the
study of saturation significantly contributes to IM design.

In this paper, a transient iron loss model in combination with
a scaling method to estimate occurring losses at different syn-
chronous frequencies is used to predict the iron losses. This
allows studying the global operating point dependent losses of
IMs considering the effect of higher harmonics and minor loops
efficiently. In [13] and [14], itis shown that the iron losses are un-
derestimated if only the fundamental field-wave is considered.
The transient loss formulation is parameterized by standardized
measurements on ring cores. Therewith, an a priori estimation
of loss minimized operating points in IMs is possible avoiding
tedious frequency domain simulations and extensive test bench
measurements of existing machines. Using this operating point
dependent loss determination, the effect of different electrical
steel grades tailored either for low losses or for preferable mag-
netization behavior on the machine performance is studied as
an application example.

Applying this method, the global operating point dependent
losses of a four-pole (2p = 4) SCIM for an electric vehi-
cle traction application are studied through measurements and
finite-element (FE) simulations. The machine is driven by a
MOSFET inverter with a nominal dc-link voltage of 130 V in
the application. The machine can deliver a short-term maxi-
mum power of 37 kW and has a maximum operating speed of
Nmax = 8000 r/min. The stator has N; = 36 slots, which is
equal to the number of slots per pole and phase of ¢; = 3. The
rotor has Ny = 28 bars/slots. The squirrel cage is made up of
aluminum in a die casting process.

The paper is structured as follows. First, the simulation of
the machines operating points is discussed. Second, the mod-
eling of the operating points from FE simulation is addressed.
In the next step, the dynamic iron loss model is described.
Subsequently, the scaling of the modeled iron losses from one
simulated fundamental frequency to another fundamental fre-
quency is discussed. From the scaling scheme, the iron losses
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Fig. 1. Fundamental wave T-equivalent-circuit of the SCIM. 8 6 0 0 0 O ;

are modeled versus the entire torque speed operating map. The
modeled operating points of the machine and losses are com-
pared to machine measurements. Finally, the simulation scheme
is used to analyze the influence of different electric steel grades
on the machine behavior. The paper ends with a discussion of
the results and conclusions.

Il. MACHINE SIMULATION SCHEME

Traction drives, such as in automotive application, are oper-
ated in a wide range of torque and speed. The entire operating
range in terms of torque and speed is of interest. Hence, the
losses are given in torque—speed (7—n) operating points.

A. Determination of Torque Speed Operating Points

A nonlinear transient FE formulation with single valued mag-
netization curves is used to model the local flux density values
of the magnetic circuit. The stator current is the only excitation
defined in the model. The rotor position and speed n are used to
update the rotational boundaries in the air gap in every simula-
tion step. Hence, the stator current (amplitude /; and frequency
f1) as well as the slip frequency fo = f; — np are used to define
the operating point in the FE model.

The fundamental wave T-equivalent-circuit (see Fig. 1) illus-
trates the allocation of the given stator current /; into the mag-
netizing current I, and the rotor current I5. All reactances and
the rotor resistance are proportional to the synchronous angular
frequency w;. When the voltage drop on the stator resistance
Ry is subtracted, the allocation of the stator current /; into the
magnetizing current I, and the rotor current I is independent
of fi. Since the saturation of the main inductance has to be con-
sidered in highly utilized traction drives, this allocation depends
only on f> and the saturation of the main inductance L1y,.

Therefore, the operating points of the IM can be mapped in the
stator current slip frequency plane (/;—f> plane). This mapping
of measured machine operating points in terms of torque 7 and
speed n (see Fig. 2) to the I;—f, plane is shown in Fig. 3. The
colors of the operating points correspond to their numbering
from 1 to 200. Since the same operating points are shown in
Figs. 2 and 3, the operating point numbers, i.e., color of the
operating point, are associated.

The operating points of the machine can be simulated by
spanning an area by a reasonable number of combinations of [;
and f5 because the machine operating points are covered on the
I,—f5 plane.

In the machine measurements, the total harmonic distortion
(THD) of the stator current /; was measured. In most of the
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Fig. 2. Measured operating points of the machine in the torque—speed
(T-n) plane.
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Fig. 3. Measured operating points of the machine in the stator current

slip frequency (/1 —f) plane.

operating points, the value of the THD is between 1% and 2%.
Except for the no-load operating points (I; = 0,7 = 0), in all
operating points the value of the THD is less than 5%. Therefore,
the stator current can be assumed as sinusoidal and the error of
neglecting harmonics in the stator currents by inverter switching
or from the machines circuit is neglected when modeling the
Ohmic losses in the stator.

Nonlinear transient FE simulations of the machine are con-
ducted to model the appropriate operating points in terms of
torque and speed. One-hundred combinations of I; and fo are
simulated in order to cover the entire operating range of the
machine. A sinusoidal stator current density (and therefore si-
nusoidal current I;) is used as excitation for the simulation.
Figs. 4 and 5 show the simulation results in terms of torque T
and stator flux linkage ¥ in the I;—f5 plane. It is apparent that
the stator flux linkage ¥; is subject to saturation at high stator
currents and low slip frequency.

Fig. 6 shows the simulated torque and stator flux link-
age as projected views. The current densities in the rotor are
calculated in the postprocessing of the FE simulations. Using
these current densities and their local distribution over the rotor
bars, the Ohmic losses in the rotor are determined. Since the
stator current is assumed to be sinusoidal during simulation, the
stators Ohmic losses are easily calculated. The sum of the Ohmic



2540

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 3, MARCH 2017

—_
(=3
(=}

torque 7'in Nm

— "
wmo o (=]

10 400

300

5 200

00 100

slip frequency f, in Hz stator current /, in A

Fig. 4. Simulated torque of the machine (from FE simulations).
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Fig. 5. Simulated stator flux linkage of the machine (from FE
simulations).
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Fig. 6. Simulated torque and stator flux linkage of the machine.

losses Py, in a stator and a rotor and the torque 7 is shown
in Fig. 7.

The operating points of the machine are determined from the
simulation results shown in Figs. 6 and 7. For every desired
torque and speed combination, the (I;—f5) operating point with
the highest efficiency (lowest losses) is sought:

min Pe, (I,
min P (11, f2)

s.t. T(IlafZ) leq
fi=fo + Nyeq = P
Ul(Ilafl) S Umax- (1)

If this (I; - f2 ) combination violates the voltage limit of the in-
verter, an operating point with less stator flux linkage is chosen.
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Fig. 7. Simulated torque and Ohmic losses of the machine.

If no point exists, which meets the required torque at the maxi-
mum feasible stator flux linkage, the torque—speed combination
is found to be not obtainable with the given boundaries.

The resulting simulated operating points are compared to
machine measurements in Section II-D.

B. Iron Loss Modeling

The maximum fundamental operating frequency of the sta-
tor current is 282 Hz. This high frequency leads 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, a wide spread of
the magnetizing frequencies in the rotor and stator soft magnetic
material is apparent. When using time harmonic formulations to
model the iron losses, a minimal period of 71,5, = 1/ fo has to be
simulated. For the minimal considered (except for fo = 0) slip
frequency of 1 Hz, this leads to a simulation time of 7},,;, = 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 Ti,i, = 1s, this would lead to multiple thou-
sand 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 [12]-[20]. In this paper, a
transient formulation of the iron loss calculation (2)—(5) in the
machine is utilized [14], [15]. The instantaneous hysteresis loss
Phy (t) is given in W/kg and is described by the time differential
of the local flux density in the radial (B, ) and tangential (By)
directions, the irreversible magnetic field strength Hj,,, and the
specific density of the material p, as shown by

} : )

The Foucault (macroscopic) eddy-current loss p.(t) is de-
scribed as the time derivative of the magnetic flux density and
the material-dependent iron loss parameter k.,

dBy

dB,
: Hirr T Hirr 1,
{1

puy(t) = p

dBg |?

T 3)

1 dB, |*
)=k, — |/
pa(t) = ke - 55 ‘dt +
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Fig. 8. Measured (ring core) and modeled iron losses for sinusoidal
flux density waveform for the material M400-50A.

TABLE |
IDENTIFIED IRON LOSS PARAMETERS

Parameter M400-50A  M250-50A M330-35AP M470-50HP Unit

kny 259 11.2 20.9 234 1073+
W-kg!-s-T2

kel 125.7 91.7 62.7 178.0 10°°-
Wekg!-s2-T2

kex 779 828 584 862 107~

The excess (microscopic) eddy current losses pey (¢) are eval-
uated using the material-dependent loss parameter k. as

0.75
2 dBs 2

Pex (t) - dt

1 dB,
’ “4)

Foc 5763\ |

The sum of the three iron loss components, i.e., the total iron
losses pye(t), is calculated according to

PFe (t) = phy (t) + pcl(t) + Pex (t) (5)

In [14] and [15], the static hysteresis loop is approximated
by an equivalent ellipse. From the ellipse formulation, H;,, is
modeled by the maximum absolute flux density that is reached
in the history of the material By, ., the actual absolute value
of the flux density B, and the hysteresis loss parameter kiy, as

khy . Bmax

shown by
B
: in{——1_,,. (6
T p cos (asm (Bmax)) (6)

The iron loss parameter k. is calculated using the material
constants, sheet thickness d, specific electrical resistivity p,, and
p as given in [21]

Hirr (B, Bmax) =

B m2d?
6-p-pe
In order to find the values of the loss parameters k., and

kny, ring core measurements of the soft magnetic material are

conducted with sinusoidal flux density waveform. Fig. 8 shows
the comparison of the measured and modeled iron losses for the

steel grade M400-50A. The identified iron loss parameters are
given in Table I.
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Fig. 9. Simulated flux density in the center of the stator teeth at

f1 = 80 Hz.

C. Scaling Iron Losses According to Different
Synchronous Frequencies f

Due to the fact that the FE simulations are performed for
a single synchronous frequency fi, a suitable scaling algo-
rithm for the iron losses at different synchronous frequencies
has to be applied. From the simulated locally distributed and
temporal-dependent magnetic flux density in the core material,
the iron losses are studied. For example, the operating point at
I} = 202 A and f; =5 Hz is studied at f; = 80 Hz and
f1 =240 Hz. Fig. 9 shows the magnetic flux density in the
center of a stator tooth in the radial direction B, ;; over time
and as a frequency spectrum for f; = 80 Hz. The relevant fre-
quency components for the iron losses are identified as 80, 870,
and 1130 Hz. From the frequency spectra in all FE elements
in the rotor and stator iron, the local iron losses are calculated
and summed up to get the total iron losses. From the frequency-
dependent iron losses, the cumulated iron losses are calculated.
The following equation gives this formulation for the stator
Foucault eddy current losses pci, 1, sum:

k
Pel, 1, sum (fk) = Z pcl,l(fm) (8)
m=1

with k being the order of the minimum simulated magnetiz-
ing frequency fuin = T;I}l, the simulated time 7T};,,, and the
maximum considered frequency fi. The maximum considered
frequency is described by fi. =k - fiin-

Fig. 10 (f; = 80 Hz) and Fig. 11 (f; = 240 Hz) show the cu-
mulated stator Foucault eddy current losses pc1, 1, sum as defined
in (8) as a function of the upper frequency boundary fj.

The Foucault stator iron losses that occur at base frequency
are 9.2 W (f; = 80Hz) and 83.1 W (f; = 240 Hz). This equals
to a factor of 9, which is equal to the square of the increase in
frequency f; (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
fip1 =970 Hz and f;, 1 = 1030 Hz (f; = 80Hz, f; = 5Hz)
and fr, 1 = 3050 Hz and fi, 1 = 3530 Hz (f; = 240Hz,
f2 = 5Hz). The dependencies of the flux pulsating frequencies
in the stator fg, ; and in the rotor fg, » from the mechanical
speed n and the slot numbers N; and N, are given in the
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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.
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Fig. 11.  Simulated cumulated Foucault eddy current iron losses in the
frequency domain for the base frequency of fi = 240 Hz.

following equations:
fip1=mi-n-NoE£fi, m =12,... 9
fip2 = mo-n- Ny £ fo, (10)

When examining the iron losses in Figs. 10 and 11, it is found
that the highest share in the overall iron losses is caused by the
flux pulsations at fg, ; (correspondingly for the rotor at f, o).
Since n - Ny >> foandn - No >> f; can be assumed for most
machines, it is assumed that the frequency of the flux pulsations
can be scaled according to the speed n. This assumption is
underlined by the local distribution of the time derivative of the
flux density dB/d¢ in the machine. Fig. 12 shows the local dB/dzt.
The highest values of dB/d¢ > 5000 T - s~! are found at the
tips of the stator and rotor teeth. Values of dB/df > 800 T - s7!
are found in the stator teeth and yoke. This local distribution
illustrates the fact that the largest share of iron losses is caused
by the flux pulsations.

According to this procedure, the iron loss terms (2)—(4)
are evaluated in the stator and rotor at one simulation fre-
quency (f1 = 80 Hz) and the loss components are subsequently
scaled as

mo = 1, 2,. N

Py XN (11)
pa o n’ (12)
Pex o' (13)

dB/dtin T-s!
5000

4166

3333

. 2500

1666

833

0.0

Fig. 12.  Simulated time derivative (between two consecutive simulation
time steps) of the flux density at fi = 80 Hz, f, = 5 Hz, I} = 202 A.

simulated iron losses at f’ = 80 Hz

N

=

S
—]

iron losses pg, in W

10 300 400

200

; .

100

slip frequency f, in Hz stator current /; in A

Fig. 13. Simulated iron losses of the machine at a base frequency of
80 Hz (el. steel grade: M400-50A).

The smallest error in the sum of all losses while scaling from
80 to 240 Hz of 1.45% is found when scaling the losses accord-
ing to (11)—(13). 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 with
the other loss components, the absolute error value of 2.59 W is
found to be sufficiently precise. The application of these scal-
ing factors (11)—(13) to the simulated iron losses at f; = 80 Hz
(see Fig. 13) leads to the scaled iron losses at f; = 240 Hz
(see Fig. 14).

In the following, this scaling scheme is used to scale the iron
losses to the different operating frequencies f; of the simulated
operating points. Fig. 15 shows the simulated iron losses Pr, in
terms of torque and speed when choosing the operating points
(I1, fo) with the lowest possible losses for the requested torque
T and speed n, as described in Section II-A. To take into account
the influence of the iron losses on the magnetic circuit, the iron
losses are subtracted from the electric generated torque.

D. Comparison of Machine Measurements
and Simulations

The machine behavior is highly influenced by the rotor tem-
perature. Therefore, the rotor temperature in the test bench
measurements is measured. Since the installation of tempera-
ture sensors in the rotor cage requires holes in the rotor cage,
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simulated iron losses at f’ = 240 Hz (scaled)
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Fig. 14. Scaled simulated iron losses of the machine at a base
frequency of 240 Hz (el. steel grade: M400-50A).
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Simulated machine iron losses (electrical steel grade: M400-

the rotor resistance and therefore the machine behavior is in-
fluenced drastically. Hence, we use noncontact infrared (IR)-
temperature measurement on the surface of the short circuit
ring. Thus, the rotor surface is spray-painted black to create
a nonreflecting surface at IR, i.e., an IR-emissivity > 0.97.
The IR-temperature measurement of the rotor temperature 6,
was validated using a second machine equipped with four Pt-
100 temperature sensors in the rotor cage and a rotor telemetry
system. Seven temperature sensors are used in different posi-
tions inside the stator winding to measure the average wind-
ing temperature Oyinding. Fig. 16 shows the setup of the test
bench. The influence of inverter switching on the losses of
the machine is analyzed by adding a low-pass filter to the
power analyzer. Through comparing the measured electric in-
put power with and without low-pass filtering input voltages
and currents, the influence of inverter switching on the machine
losses is accounted for. For the measured machine we mea-
sured the influence of switching as less than 20 W. Hence, the
losses from switching are not taken into account in the machine
simulation.

The operating points from machine measurements (see Fig. 2)
are compared to the simulated operating points in terms of torque
T and speed n. Figs. 17 and 18 show the stator current /; and the
slip frequency f> from measurement and the proposed simula-
tion scheme. The displayed results show a good match between

1 400V, 50 Hz
3
3~ speed n 130V, DC
3 torque request 7,
3~
G| Yokogawa 1
/load machine T WT 3000
-
[1[/sCIM (test object)._ HE— re. 1
M torque M > ; gmr
3~ transducer 3~ = Pinding
Tmeas’ n
Fig. 16.  Test bench setup.
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Fig. 17.  Comparison of measured (black lines) and simulated (white
lines) stator current.
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Fig. 18. Comparison of measured (black lines) and simulated (white
lines) slip frequency.

simulated and measured operating behavior in terms of the mod-
eling of the 7—n operating points.

The Ohmic losses Pc,, in the measurement highly depend on
the temperature Oyinding Of the stator winding and 0,4, of the
rotor cage (14). Since the winding and rotor cage temperature are
not constant during the measurement of a torque—speed map, the
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Fig. 19. Comparison of measured (black lines) and simulated (white
lines) machine power losses.

Ohmic losses are corrected regarding the measured temperature
in rotor and stator according to
Peo(0)=3-(14A60-39-107° -K") - ReeeI”.  (14)

These corrected losses are compared to the simulated losses
in Fig. 19. For the studied machine, the influence of addi-
tional ac winding losses was studied according to [22]. At speed
n = 3500 r/min, the increase of the stator winding losses due
to ac excitation is 3.6%. At maximum speed, the maximum
increase of 19% was modeled. The cause for this current re-
duction is the limitation of stator flux linkage ¥, due to the
voltage limit. Since higher values of I; lead to higher stray
flux, ¥, is increased. Hence, the maximum current has to be
reduced at high speeds (see Fig. 17). At maximum speed, the
maximum current is limited to I; < 200 A. At base speed, the
maximum current is limited to I; < 350 A. The iron losses
increase with frequency. Hence, the influence of the increase
of the ac winding losses on the total machine losses is small.
Therefore, the ac component of the stator winding losses is not
considered in the simulation scheme for the studied machine
design.

Fig. 19 shows very good agreement between measured and
simulated power losses. Since the loss model starts from lo-
cal magnetic flux density waveforms and thus inherently in-
corporates the most important loss dissipating effects (flux
pulsations, harmonics in rotor current, rotor current displace-
ment, and iron losses), it can be utilized to model the influence
of different design factors of the machine. Besides other de-
sign factors, the following ones can be studied using the loss
model:

1) electric steel grade;

2) air gap length;

3) number of poles;

4) axial active length;

5) number of turns;

6) number of slots per pole and phase ¢ ;

7) number of rotor slots Ny ; and

8) cage material (copper instead of aluminum).

In the following, we will discuss the influence of the choice
of stator’s and rotor’s electric steel grades based on the losses
dissipated in the machine.
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Fig. 20.  Simulated difference of the machine power losses when using

the two electrical steel grades M400-50A and M470-50HP.

[ll. SIMULATION OF THE INFLUENCE OF DIFFERENT
ELECTRIC STEEL GRADES ON THE BEHAVIOR OF THE IM

The influence of the electric steel grade on the power losses
is analyzed by subtracting the simulated power losses of, re-
spectively, two materials. Hence, not only the difference in iron
losses is modeled, but also the influence of different magneti-
zability is taken into account. The material that is currently in
use of the machines production (M400-50A) is compared to two
different materials. The steel grade M470-50HP reaches higher
maximum values of the magnetic flux density and therefore
higher magnetic polarization. This increase of polarization is
most likely caused by a higher iron (Fe) content and lower con-
tents of silicon (Si). As a result, the electrical steel conductivity
is higher, i.e., higher k. (see Table I). This high conductiv-
ity leads to higher Foucault eddy current losses compared to
the other materials. Since the material has a higher magnetiz-
ability, less current is necessary at high torque, i.e., high flux
operating points. Therefore at high torque operating points, less
power losses are dissipated. The maximal loss advantage of
M470-50HP is 239 W (ca. 5%) at maximum torque and zero
speed (see Fig. 20). At high speeds, i.e., field weakening op-
eration, the advantage of the higher maximum magnetizability
has little to none effect. Hence, in high speed operating points
(see Fig. 20), the loss behavior of M400-50A is superior with a
maximum advantage of 729 W (ca. 15%).

This characteristic behavior of M470-50HP (higher losses
at higher speeds and lower losses at high flux operating points
compared to M400-50A) is similar to the influence of the air gap
length §. When reducing 4, the coupling of the magnetic circuit
is increased and higher magnetic flux (density) values can be
achieved with the same magnetization current. However, field
harmonics also increase, and, as a result, the acoustic behavior of
the machine could be adversely influenced. Thus at high speed
operation, higher losses are dissipated. Here, we decrease the air
gap from 6 = 0.5 to 0.4 mm to find the influence of this effect.
Fig. 21 shows the modeled loss difference using M400-50A with
6 = 0.4 mm compared to M470-50HP with § = 0.5 mm. This
adapted air gap decreases the loss difference between the two
materials. The maximum advantage of M470-50HP of 239 W is
reduced to 141 W. At maximum speed, the advantage of M400-
50A of 729 W is conversed into a disadvantage of 208 W. These
results show, which when designing IMs, the choice of electric
steel grade gives a degree of freedom, which could interfere
with other design variables, such as the length of air gap.
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Fig. 21.  Simulated difference of the machine power losses when us-
ing the two electrical steel grades M400-50A (with reduced air gap of
6 = 0.4 mm) and M470-50HP (6 = 0.5 mm).
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Fig. 22.  Simulated difference of the machine power losses when using
the two electrical steel grades M400-50A and M250-50A.

For series produced machines, the electric steel laminations
are mostly dissected by stamping. Therefore, the number of
stampings should be small to minimize manufacturing costs. In
contrast to the aim of thick laminations (small manufacturing
costs), thinner laminations (smaller ) lead to a decrease of
Foucault eddy current losses (3) and (7).

Hence, we compare the possible loss decrease when using
electric steel laminations of the same thickness (d = 0.5 mm) as
well as using thinner laminations with d = 0.35 mm. A material
with very low losses with d = 0.5 mm is M250-50A. M330-
35HP has lower losses and is thinner (d = 0.35 mm). M250-
50A is chosen for the comparison to the status quo (M400-
50A). M250-50A and M330-35HP are compared to analyze the
influence of material thickness.

Fig. 22 shows the modeled loss difference when using M400-
50A to M250-50A. At zero speed and high torque, M400-50A
has a slight maximal advantage in losses of 32 W due to slightly
better magnetizability. As expected, the steel grade M250-50A
leads to less losses at high speeds. The maximum advantage at
the maximum speed is 583 W.

Comparing M250-50A to M330-35HP in terms of losses (see
Fig. 23) results in smaller differences. The maximum advan-
tage of M250-50A is 14 W at medium speeds (2000 r/min),
whereas M330-35HP has less losses at high speeds with a max-
imum difference of 227 W. Overall, M330-35HP leads to lower
losses, although having higher nominal losses at 1.5 T and 50 Hz
(sinusoidal flux density waveform).

For the given machine design with a maximum synchronous
frequency of 282 Hz, this loss advantage of M330-35HP is rather

loss difference in W
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Fig. 23.  Simulated difference of the machine power losses when using
the two electrical steel grades M250-50A and M330-35HP.

small. Hence, the use of thinner laminations for the studied
machine design is most likely not economical.

However, the choice of a lower loss material (e.g., M250-50A)
can increase the machines performance without significantly
increasing the manufacturing costs of the machine.

V. CONCLUSION

This paper presented an in-depth study of the global operating
point dependent losses of IMs. The losses of a squirrel cage IM
operated as traction drive were modeled using a transient iron
loss formulation in the postprocessing of a transient FE simu-
lation at a single synchronous frequency. Since the iron losses
are highly dependent on the spatial and temporal distortion of
the magnetic flux density, the FE model allows considering
these local effects, which significantly contribute the overall
losses. In commonly used loss formulations for electric ma-
chines, these additional losses are taken into account mostly by
building factors. Application of local transient loss calculation to
transient two-dimensional FE solutions inherently incorporates
these machine- and operation-dependent losses.

From the FE simulation, the Ohmic losses in the stator and
rotor were 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
were calculated. These operating points were calculated to
yield the lowest Ohmic losses for each point of operation. The
limitation of the stator flux linkage due to field weakening
operation was 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 this 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
were added to the modeled losses. A low deviation between the
measured and simulated sum of losses was achieved. This loss
modeling approach enables for precise machine loss modeling
for highly utilized IMs.

The precise modeling of the machines losses from FE simu-
lations and ring core measurements enables to precisely predict
the influence of changes in the machines’ design. In this paper,
particular attention was paid to the effect of different electri-
cal steel grades tailored either to low losses or to preferable
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magnetizability, by using the operating point resolved loss cal-
culation approach. The effect of different electrical steel grades
and the dimension of the air gap on motor efficiency were inves-
tigated. Grades with preferable magnetization behavior result in
a good compromise between high torque production and low
losses. A higher torque density that can be achieved enables a
lighter and smaller machine design as well as design modifica-
tions, i.e., variation of the air gap. Furthermore, it was shown
that grades with smaller thickness to reduce macroscopic eddy
currents do not lead automatically to improved properties for the
aimed operating conditions in comparison to thicker grades with
increased silicon content. A tradeoff tailored to the individual
machine is needed that is not possible based on standardized ma-
terial data. The proposed transient approach allows studying the
influence of the number of poles, diameters, length, and many
other design factors on motor efficiency along the torque—speed
map.
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