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Designing an Energy-Saving Induction Motor
Operating in a Wide Frequency Range
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Abstract—Induction motors are an important consumer
of electricity. Among induction motors, speed-regulated in-
duction motors have the greatest energy-saving potential.
However, motors operating in a very wide speed range
require a completely different approach than motors op-
erating on a single supply frequency. An example of such
motors are the drives of industrial washing machines. The
article aimed to present how using field-circuit methods,
but above all, analytical methods increase the efficiency of
such a motor by changing its design. Thanks to the change
of the design and the core material, it was possible to obtain
the efficiency of the motor for the frequency of 10 and 20 Hz,
meeting the requirements of the IE1 efficiency class speci-
fied for the frequency of 50 Hz, while for the frequency of 10
Hz it is 17.9% higher than in the currently produced motor,
and for 20 Hz—by 11.1%, while for the frequency of 350 Hz
the level of efficiency was corresponding to class IE4. The
presented considerations may be the basis for such a pro-
cedure for other drives with similar properties. Additionally,
an important element of the article is the refinement of the
analytical method of determining core losses.

Index Terms—Analytical models, electrical sheets, en-
ergy efficiency, finite-element method, induction motors,
magnetic losses, professional washing machines, rotating
machine measurements, variable speed drives.

I. INTRODUCTION

I T IS estimated that electric motors consume, depending on
the economic sector, from 30 to even 70% of electricity.

About 300 000 000 industrial electric motors are installed, and
the amount is increasing by 15% annually [1]. Variable speed
motors represent the greatest potential for the energy-saving
process [2]. For this reason, it is estimated that they account
for 30% to 40% of newly installed motors in the European
Union (EU) [3]. Currently, concerning motors operating at
mains frequencies, quite stringent requirements regarding their
efficiency, defined by efficiency classes, apply. Still, there are
no clearly defined requirements for motors operating in a wide
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frequency range. There are two main approaches for increasing
the efficiency in an electric motor. First approach is to improve
the physical design of the motor, and second approach is de-
signing a controller for reducing losses in the electric motor [4],
[5]. A broad overview of the methods of describing losses in
models of induction machines and control methods allowing for
their reduction is presented in the article [6]. Another problem
is the reduction of power losses in dynamic states, such as
start-up or change of rotational speed. The article is limited only
to studying static states and increasing the motor’s efficiency
through design procedures. A limitation for the use of a more
sophisticated control method is the fact of striving to obtain
the lowest possible cost of the motor with the controller while
obtaining energy savings throughout its operation and achieving
efficiency close to the value imposed by the efficiency classes
specified for the mains frequency, for the motor of the same rated
power. The motor under consideration operates under particular
conditions. If usually, the constant power speed ratio parameter
does not exceed 3:1, even for drives for electric vehicle systems,
then in the case of the tested motor, this value is much higher
and amounts to 35:2. For operation at high frequency, core
losses, including the so-called additional losses resulting from
higher harmonics of the magnetic field caused by the slots in
the stator and rotor and the winding distribution around the
machine circumference, play an essential role in shaping the
motor efficiency. These losses are also described as stray losses
(SL). It is commonly accepted that these losses are significant
for the balance of losses [7], [8]. It is also proved by the results
of measurements [9]. The increase in these losses’ significance
appears when increasing the frequency and when working in the
field weakening range [10] and when the motor’s rated power
is reduced [11]. Hence, the great importance of these losses for
the motor is considered in the article. As stated by the authors of
the article [12], the article of these losses began at the beginning
of the last century. In [13] and [14], we can find a breakdown of
individual loss sources into leakage flux losses, high-frequency
losses, pulsation losses, cross-current losses, and surface losses.
Generally, the SL determination methods can be divided into
methods based on measurements, empirical relations, equivalent
circuits, analytical methods, and numerical methods. The works
in [15] and [16] can be included in the measurement methods.
Empirical relations are an extension of the dependencies given
in the standards and their refinement [17], [18]. The equivalent
circuit uses additional elements placed in the equivalent circuit to
model additional core losses [19], [20]. A fairly commonly used
method of calculating losses is FEM time-stepping analysis,
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most often combined with the calculation of losses in the post-
processing phase [21]–[23]. The works of the authors also use
this technique [24]–[29]. Classical analytical methods are also
developed, which are attractive because the computation time
is many times shorter than when using Finite element method
(FEM). Here, one can note solutions based on the winding
function approach [30] and simplified dependencies not taking
into account saturation [31]. More precise methods presented
in [32] are based on previous works [33] and [34]–[37]. Based
on extensive experimental research and field-circuit modeling,
the authors created an analytical core loss model, improved
in this article, which allows the determination of core losses
with high accuracy. Although based on similar foundations as
in [37]–[39], this solution was based on the measured loss
characteristics of the magnetic material in a wide range of
induction and frequency and presented in [28]. On the other
hand, in [26], a new approach was introduced, consisting in the
calculation of additional surface losses in the core, to a greater
extent taking into account the current state of saturation and the
physics of high-frequency field penetration into the sheeted core,
which allows for excellent compliance with the measurement for
various core materials. In the article, the method of calculating
additional surface losses, given in [26], was refined by correcting
the calculation of the depth of penetration of individual field
harmonics into the surfaces of the stator and rotor teeth.

The motor powered by an inverter in a wide frequency range
requires the introduction of structural changes ensuring high
efficiency in the entire operating range.

The first works on the construction of induction motors pow-
ered by a converter appeared relatively long ago [40]. In the
past, work has mainly focused on adapting the conventional
rotor geometry to the needs of an inverter-driven induction
machine while keeping other parameters unchanged [41]. The
work showed that the increase of the maximum motor torque
could be obtained by changing the geometry of the machine slots
and the thickness of the air gap, thanks to which the stator and
rotor leakage reactance is reduced and a larger rotor slot number
than stator slot number is further suggested in to reduce the rotor
leakage inductance [42], [43]. In turn, on paper [44], it has been
shown that the efficiency is insensitive to small changes in the
shape of the slots if its surface remains constant. In the following
papers, there are many ideas for increasing efficiency for the
inverter powered motors. In [45], a relatively wider and shorter
rotor slot topology is preferred to reduce the leakage inductance
for higher peak torque. Further [46], it has been proposed to
fill only a part of the rotor slot with conductive material, which
is difficult to implement for a die-cast aluminum cage. In turn,
Li and Klontz [47] suggest reducing the air gap, using closed
slots, reducing the slots’ opening, and a smaller rotor slot depth
resulting in loss reduction. In [48], because the authors suppose
that the main source of losses is losses in the upper part of the
rotor bar, they propose a deepened rotor slot opening with an
asymmetric slot closure shape.

In that work, the authors tried to use the proposed methods
to achieve greater motor efficiency, but most of them turned out
to be useless. This is mainly due to the motor’s basic feature,
i.e., operation in a very wide frequency range. Methods that

Fig. 1. Comparison of torque versus speed required for washing ma-
chine at stationary conditions with the torque obtained for designed
motor and output power versus speed for designed motor.

were effective for a single, even high-frequency motor could
not be applied because they significantly reduced the machine’s
efficiency at low frequency. Working in a wide frequency range
also means that the motor works in a weakened area for high
frequency, which makes it difficult to obtain the required elec-
tromagnetic torque. The designed motor was intended for in-
dustrial washing machine drives and was a competitive solution
concerning other motors used in such drives. Variable frequency
drives were first used in industrial washing machines in the
mid-1980s. Until then, a system requiring three or four motors
and a series of belts, pulleys, jack shafts, and clutches were
used to regulate the rotational speed for the wash and spin
cycles. Some publications discuss the use of induction motors
in industrial washing machines [49]. The article’s main aim
is to present how to obtain high efficiency and, at the same
time, the required electromagnetic torque in a wide range of
rotational speeds through the appropriate design of an induction
motor. Simultaneously, this motor must meet some design and
technological limitations resulting from the washing machine
manufacturing process.

II. DESIGNING AN ENERGY-SAVING MOTOR OPERATING IN A

WIDE FREQUENCY RANGE

The considered motor for driving industrial washing machines
during one washing cycle operates at frequencies of 10 or 20 Hz
(starting, soaking of the load and proper washing), and 350 Hz
(spinning).

As shown in Fig. 1, they operate at a different value of the elec-
tromagnetic torque and have different power on the motor shaft
in each of the mentioned frequency ranges. When designing an
energy-saving motor for driving industrial washing machines, it
was assumed that it would meet at least the requirements of the
IE2 efficiency class in the entire operating range, specified for the
supply voltage frequency of 50 Hz, while maintaining the overall
dimensions imposed by the designers of washing machines. The
area provided for mounting the motor in the washing machine
limits the maximum outer diameter (the motor is without its
own housing) and the motor’s overall length. For variable speed
drives, the EU Regulation 1781/2019 [50] has recently appeared,
which introduces the necessity for motors with a rated power of
0.12 kW or more and equal to or less than 1000 kW to meet
the requirements of the IE2 efficiency class (at mains frequency
- 50 Hz) [50]. The consequences of these changes are presented
in [51]. Table I gives proposed requirements for an exemplary
motor’s efficiency for driving an industrial washing machine
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TABLE I
PROPOSED REQUIREMENTS FOR THE EFFICIENCY OF AN EXEMPLARY

MOTOR FOR DRIVING AN INDUSTRIAL WASHING MACHINE

Fig. 2. Percentage share of motor losses at nominal load, at 10, 50,
and 350 Hz of supply voltage. 1) Losses in the stator winding. 2) Losses
in the rotor winding. 3) Losses in the core (basic and additional). 4) Other
additional losses. 5) Mechanical losses [24].

coming from that regulation. The starting structure for the design
process was the motor currently used in the washing machine
drive. It was a four-pole SK 120/120 motor with a stator outer
diameter and a core package length of 120 mm, with stator and
rotor with teardrop shape slots and semi-closed rotor slots, with
a core made of M470-50A sheet with a thickness of 0.5 mm.
Limitations of the motor’s overall dimensions, especially its
length, were imposed by washing machine manufacturers.

For low values of the supply voltage frequency (10, 20 i 50
Hz), this motor has efficiencies much lower, even than the value
required for class IE1 at 50 Hz. To improve the efficiency of the
induction machines, it is necessary to analyze the losses’ origin.
Normally, the losses of an induction motor are classified in five
categories: resistive losses in the stator winding; resistive losses
in the rotor winding; losses in the core (basic and additional);
other additional losses usually referred to as SL and friction and
windage losses: mechanical and aerodynamic losses. It should
be mentioned that additional core losses are often included in
SL, especially when it is difficult to define them correctly.

As presented in [24], at frequencies lower than or equal to
the mains frequency 50 Hz, losses in the windings dominate
in the motor, while at frequencies significantly higher than the
mains’ frequency, losses in the motor core dominate (see Fig. 2).
Moreover, the motor in the whole range of its operation should
achieve the torque’s set value on the shaft.

Obtaining the desired values of the electromagnetic torque in
a motor with imposed overall dimensions at low frequencies is
associated with very high magnetic induction values in the stator
and rotor core (exceeding 1.8 T), thus a significant value of the
magnetizing current. At the supply voltage frequencies of 10
and 20 Hz, increasing the efficiency would require reducing the
windings’ resistance, thus reducing the number of series turns of
the stator winding and increasing the wire cross-section within
the permissible value of the slot filling factor. Despite advances

Fig. 3. Experimental setup.

in automation, stator coil windings made by machine are still
limited to lower slot fill factors. However, this would cause a
further increase in the core’s magnetic induction, resulting in a
much greater increase in the magnetizing current. Consequently,
there is an increase in current in the stator windings and losses
in both the core and the motor windings.

An additional difficulty is caused not only by the limitations
of the basic dimensions of the core imposed by the washing
machine manufacturer, but also by the technological limitations
imposed by the motor manufacturer (due to machine winding)
and economic considerations, which prevent the use of thinner
metal sheets and much lower loss values, which are also much
more expensive than the commonly used electrical sheet. There-
fore, the development of a modernized motor design meeting
the efficiency requirements for at least class IE2 in the entire
frequency range of the supply voltage is difficult, requiring a
compromise between the various constraints.

III. EXPERIMENTAL SETUP

All measurements were made in the measuring system shown
in Fig. 3. The motor was powered either from the mains or from a
pulsewidth modulation (PWM) inverter (Mitsubishi FR-D720S-
100SC-EC identical to the one used in the washing machine)
with a one-phase power supply working with 14.5 kHz PWM
switching frequency, and sine evaluated modulation control,
3.8 kVA rated output capacity and 10 A rated current (con-
trol methods: V/f control—used; optimum excitation control or
general-purpose magnetic flux vector control). The hysteresis
braking system Magtrol HD-715-8NA provides precise torque
loading independent of shaft speed with the accuracy: ± 0.25%
(full scale) was used as load. They were measured using pre-
cise current transducers and a multichannel analog-to-digital
converter of instantaneous currents and voltages (two National
Instruments NI-PCI-6133 measuring cards with simultaneous
sampling using sampling period 3 μs), as well as rotational
speed and load torque. The measurement was controlled by a
measuring system running under the control of the LabView
program. Based on the measured voltage and current values,
the shaft’s output power, input power, RMS values of phase
voltages, and currents were calculated. The winding resistance
was measured after the measurement following IEC 60034-2-1
standard (also IEEE 112) and IEC Std 60034-2-3 [59]. The
meters used satisfied the requirements of the above standards
including.

Additionally, the temperature of the stator and rotor windings
was measured by thermocouples built-in during the model’s



4390 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 69, NO. 5, MAY 2022

construction, with the signal from sensors in the rotor being
transmitted wirelessly to the external system. Before taking
recordings of each operating point, motor thermal equilibrium
was established. An additional element increasing the measure-
ments’ accuracy was measuring mechanical losses in a separate
system with the tested motor driven by an auxiliary motor and
measuring the torque directly on the motor shaft.

IV. IMPROVEMENTS TO THE DESIGN OF A

CURRENT MACHINE

The new design of an induction motor to drive an industrial
washing machine should reduce both losses in the motor core and
its windings. The reduction of losses in the core can be achieved
by using a lower thickness of electrical sheet and, as a result,
less loss than the commonly used 0.5 mm thick nonoriented
sheet, but with slightly worse magnetization characteristics of
the sheet. Simultaneously, the sheet used should enable the core
to be punched on a mechanical punching machine. Therefore, as
shown in works [26], [27], a significant reduction of core losses
can be achieved for a 0.2 mm thick sheet. The use of sheets
with a smaller thickness, e.g., 0.12 mm or amorphous sheet, as
demonstrated in [25],[26], and [29], causes great technological
difficulties and requires other ways of cutting out the core, which
results in significant damage to both the insulation and structure
of these sheets, and, as a result, obtaining losses comparable
to 0.2 mm thick sheet. Besides, these sheets have a poorer
magnetizability, which especially at low frequencies, when there
are significant magnetic induction values in the core, can cause
a very high magnetizing current in the motor.

The winding losses can be reduced by reducing the wind-
ing resistance, i.e., increasing the cross-sectional area of the
stator winding wire, which requires enlarging the stator slots
and increasing the rotor slots area. This can be achieved by
increasing the stator’s outer diameter and enlarging the mo-
tor’s dimensions within limits permitted by washing machine
manufacturers. However, increasing the stator and rotor slots’
dimensions cannot reduce the dimensions of the stator teeth or
the yoke, as this would further increase the magnetic induction
in the motor core and further increase the magnetizing current.
The stator resistance can also be reduced by reducing the number
of series turns in the stator winding. However, especially at low
frequencies, this also causes the magnetic induction to increase
excessively.

Taking into account the above considerations, after designing,
manufacturing, and testing a dozen or so different motor con-
structions, a modernized motor structure was finally developed
of the SK 135/120 series, with stator drip slots and semiclosed
rotor slots with a core made of M270—35A sheet metal with
thickness 0.35 mm, the design data of which are given in Table II,
meeting the limitations of the overall dimensions imposed by
manufacturers of washing machines.

In this table, the design data of the currently produced SK
120/120 motor are presented for comparison. It should be noted
that both the number of slots and the stator’s internal diameter
has been imposed by technological considerations resulting from
the use of mechanical manufacturing of the stator windings.

TABLE II
DESIGN DATA FOR MOTOR SK135/120 (IMPROVED CONSTRUCTION) AND

FOR CURRENTLY PRODUCED MOTOR SK 120/120

Fig. 4. Rotor slot shape: (a) closed; (b) with reduced thickness bridge
and circular undercut; and (c) semiclosed.

Fig. 5. Measured (a) mechanical and (b) efficiency characteristics at a
supply voltage frequency of 10 Hz.

Fig. 6. Measured (a) mechanical and (b) efficiency characteristics at a
supply voltage frequency of 20 Hz.

When developing this design, the use of a rotor with closed
slots was considered for two different shapes and dimensions of
the bridge, shown in Fig. 4.

The measured mechanical and efficiency characteristics of
the manufactured SK 120/120 series motor (currently produced)
and the designed SK 135/120 series motor with semiclosed and
closed rotor slots, for two types of rotor slot bridge, at different
values a supply voltage frequency is shown in Figs. 5–7.

After manufacturing and testing of model motors with closed
rotor slots and bridge of different thickness, it was found that
for low frequencies (10 and 20 Hz), the closure of the rotor
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Fig. 7. Measured mechanical and efficiency characteristics at a supply
voltage frequency of 350 Hz.

TABLE III
EFFICIENCY OF THE IMPROVED DESIGN MOTOR SK 135/120 AND OF

CURRENTLY PRODUCED MOTOR SK 120/120 FOR AN
INDUSTRIAL WASHING MACHINE DRIVE

slots improved the mechanical characteristics of the motor and
increased its efficiency, especially for the rated load (see Fig. 5
and 6). However, when the motor was supplied with a voltage
of 350 Hz, the closing of the rotor slots resulted in a significant
reduction of the magnetic induction in the rotor and, as a result,
a reduction of the electromagnetic torque of the motor below
the permissible value (see Fig. 7), as well as a marked deteri-
oration of efficiency. Based on the measured mechanical and
performance characteristics shown in Figs 4–6, the SK 135/120
series motor’s design with semi-closed rotor slots was chosen.
Much higher efficiency values were obtained for this solution
than for the currently produced SK120/120 motor (see Table III).
As demonstrates, working in a wide frequency range makes it
impossible to take advantage of the solution’s positive features
with closed rotor slots.

As given in Table III, the efficiency class IE2 was achieved for
the SK 135/120 motor when powered with a voltage of 50 and
350 Hz. When this motor was powered with a voltage of 10 Hz,
the efficiency was 11.9% lower than for the IE2 class, but at the
same time by 10.5% higher than the efficiency of the currently
produced motor. In comparison, when the motor was powered
with a voltage of 20 Hz, the efficiency obtained is 7.7% lower
than for the IE2 class, but at the same time 6.8% higher than the
efficiency of the currently produced motor.

V. CALCULATION OF THE CORE LOSSES OF THE MOTOR

POWERED BY THE INVERTER FOR THE IMPROVED DESIGN

It can be seen from the above that the exact calculation of the
losses in the motor core is crucial for the correct determination of
efficiency, especially for higher operating frequencies. It should
be noted that the no-load test losses are often directly used
when determining the core losses of induction motors. In fact,
when the motor is loaded, the basic core losses are somewhat
reduced. However, there is an increase in the additional losses
caused by the slot and conductive field harmonics, even if

Fig. 8. Share of higher harmonics in the voltage generated by an
exemplary voltage inverter used for investigated washing machine at
the fundamental frequency of 350 Hz (left) and 10 Hz (right).

Fig. 9. Harmonic loss components in the stator and rotor core of the
SK 135/120 motor, loaded with a torque of 1.16 N·m, when powered by
an inverter with a frequency of 350 Hz.

the motor is supplied with fundamental harmonic voltage. The
power supply from the inverter introduces additional higher
harmonics produced by the inverter. Calculating the core losses
requires determining the dominant harmonics and calculating
the losses considering the core material’s properties. The core
losses dominate when the motor is running at high frequencies.
At the same time, however, in this case, the share of higher
harmonics in the voltage generated by the PWM inverter is
relatively small. For example, when powered from an exemplary
voltage inverter used for investigated washing machine, at the
fundamental voltage frequency of 350 Hz, a noticeable role is
also played by harmonic five corresponding to the frequency of
1800 Hz, the share of which is 0.23, and harmonic 9, correspond-
ing to the frequency of 3200 Hz, the share of which is 0.233 of the
fundamental harmonic (see Fig. 8). The situation is much worse
when the motor is supplied with voltage with the fundamental
frequency of 10 and 20 Hz (see Fig. 8). Still, in these cases, the
share of core losses is minimal, so neglecting additional losses
generated by harmonics generated by the inverter has practically
no effect on motor losses and efficiency.

For the designed motor of the SK 135/120 series, calculations
of the core losses were performed using the field-circuit model,
with the motor being supplied with the basic frequency of 350
Hz, both for the no-load state and the motor load with a torque
of 1.16 N·m.

Fig. 9 shows the stator and rotor core losses for higher har-
monics (including the losses from the fundamental harmonic
in the stator core) as a function of the harmonic order for a
motor load of 1.16 N·m. In this case, dominant losses are caused
by stator and rotor slots (24 stator slots and 30 rotor slots)
with harmonics corresponding to the number of slots or their
groups (subharmonics) and multiples of the number of slots.
For field-circuit analysis, the commercial software OPERA two-
dimensional RM module with the transient eddy-current solver
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Fig. 10. Distribution of the maximum value of the magnitude of mag-
netic induction for the fundamental harmonic in the stator (left) and rotor
core (right).

Fig. 11. Distribution of the maximum value of the magnitude of mag-
netic induction for the 15 (left) and 30 (right) field harmonics.

was chosen included rotation and a circuit description of the
windings with multi-slice modeling of the skewed rotor bars.

Fig. 10(left) shows the distribution of the maximum value
of the magnitude of magnetic induction for the fundamental
harmonic in the stator core of the SK 135/120 motor, loaded with
a torque of 1.16 N·m, with a voltage of 350 Hz. As the motor
operates in the field weakening region at 350 Hz, the greater
induction value, above 1 T, only occurs in the stator tooth heads.
However, the first harmonic induction amplitude’s mean value is
less than 0.3 T (290 mT). Fig. 10(right) shows the distribution of
the maximum value of the magnitude of magnetic induction for
the fundamental harmonic for the rotor. This is called the zero
harmonic, i.e., the field that rotates synchronously with the rotor
at no-load condition and rotates with the rotor at speed resulting
from the slip under the load condition. As can be seen, like the
stator, higher induction values occur in the heads of the rotor
teeth, and the average value is close to the value for the stator.

Fig. 11(left) shows the distribution of the maximum value of
the magnitude of magnetic induction for the 15th harmonic of
the field in the motor core. This is a typical harmonic resulting
from the rotor slotting (30 rotor slots), so its influence mainly
occurs in the stator core. As stated previously, this distribution is
quite uneven, with a maximum value of 227 mT and an average
value of 19.4 mT. This harmonic is concentrated mainly in the
heads of the stator teeth, but is also present in the stator teeth,
while its presence in the stator yoke is negligible. Fig. 11(right)
shows the distribution of the maximum value of the magnitude
of magnetic induction for the 30th harmonic of the field in the
motor core. It is also the harmonic resulting from the rotor
slotting. This distribution is quite uneven, with a maximum value
of 9.8 mT and an average value of 4.08 mT, and the harmonic is
concentrated mainly in the stator tooth heads.

For this motor, calculations of the core losses were also
performed using the analytical method for the same machine
operating conditions as for the calculations made using the
field-circuit model. The analytical model was based on the
equivalent circuit of an induction motor. This model considers
the influence of the phenomenon of current displacement on
the rotor parameters by the elementary conductors method and
the influence of the saturation phenomenon by introducing the
saturation factor depending on the resultant flow in the stator
and rotor windings. The basic losses in the stator teeth were
calculated for the fundamental harmonic of the field, when the
tooth was divided along with the height into four layers, as
the sum of the losses in each layer for the actual value of the
induction occurring in this layer, while the basic losses in the
stator yoke were calculated for the mean value of the induction
in the yoke.

In the analytical calculation of the additional core losses, the
higher harmonics of the air gap’s magnetic fields were included.
In [24], additional surface losses in the stator and rotor teeth
(P surf

s(r),νr(s)
), caused by the stator (rotor) flux density Br(s),νr(s)

harmonics of rank νs(r), were calculated using the method from
[26], based on the measured specific core losses wFe for all
individual harmonics of the stator and the rotor fields (in the fre-
quency range from 10 to 14400 Hz). In this method, concerning
the formulas provided in [26], the dependence specifying the
depth of field penetration into the heads of the stator and rotor
teeth (λs(r),νr(s) (m)) was modified, according to [53]

P surf
s(r),νr(s)

= wFe

(
Br(s), νr(s), fνr(s)

)
ρFeSs(r)λs(r), νr(s)

Ss(r) = π � Dsi(re)kts(r)Ls(r)kFe

kts(r) =
ts(r) − bs(r)

ts(r)
; λs(r),νr(s)

=
Dsi(re)fs

2p
∣∣fνr(s)

− fs
∣∣ �

fνr(s)

= fs

∣∣∣∣1 +
νr(s) − p

p

∣∣∣∣ ; ts(r) =
πDsi(re)

Qs(r)
(1)

where wFe (W/kg) is the specific iron losses for fν r(s) and
Br(s),νr(s), ρFe (kg/m3) is the mass density of the core material,
Dsi(re) (m) is the internal (external) diameter of the stator (rotor)
core, Ls(r) (m) is the length of stator (rotor) core, kFe is the
packing factor of the core, ts(r) (m) is the stator (rotor) slot pitch,
bs(r) (m) is the width of the stator (rotor) slot opening, Qs(r) is
the number of stator (rotor) slots, fs (Hz) is the frequency of the
first harmonic stator field, and p is the number of pole pairs.

Total additional surface losses in the stator or rotor teeth were
calculated from the formula [26]

P surf
s(r) =

∑

νr(s)

P surf
s(r),νr(s)

. (2)

Additional pulsation losses in the stator teeth P puls
s , caused

by the harmonic rotor fields, were calculated using the formula
in the form given in [26].
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TABLE IV
CALCULATION RESULTS FOR THE MOTOR LOAD CONDITION OF THE SK

135/120 MOTOR WITH A TORQUE OF 1.16 N·M, WITH THE SUPPLY OF THE
FUNDAMENTAL VOLTAGE HARMONIC WITH A FREQUENCY OF 350 HZ

TABLE V
CALCULATION RESULTS OF INDIVIDUAL COMPONENTS OF THE CORE

LOSSES FOR THE MOTOR LOAD CONDITION SK 135/120 WITH A TORQUE
OF 1.16 N·M, WITH THE SUPPLY OF THE FUNDAMENTAL VOLTAGE

HARMONIC WITH A FREQUENCY OF 350 HZ

Total core losses were calculated as the sum of basic losses
and additional surface and pulsation losses in the stator core and
additional surface losses in the rotor core.

The results of calculating the losses in the core with the
use of the field-circuit model and obtained from the analytical
formulas taking into account the higher harmonics generated in
the motor while supplying the fundamental voltage harmonics
are given in Table IV that shows a comparison of the calculation
results for the motor load condition, obtained by the field-field
and analytical method, for the same value of the motor load
torque. The rotational speeds are slightly different. Hence, there
are differences in the calculated loss values. It should be noted
that although the calculations are performed with the omission
of higher harmonics generated by the inverter, the calculation
results obtained both by the circuit method and the analytical
method are very similar to the measurement results, which is
confirmed by the fact that in this case, the influence of higher
harmonics generated by the inverter is very slight.

The calculation results of the individual components of the
core losses made using the field-circuit model and obtained
from the analytical formulas considering the higher harmonics
generated in the motor while supplying the fundamental voltage
harmonics are given in Table V.

The situation is different when the motor is supplied with a
voltage of 10 or 20 Hz. Under these conditions, very high induc-
tion values occur in the motor, especially significant saturation
of the heads of the stator and rotor teeth due to the main flux
effect and the leakage fluxes generated by the currents flowing
in the stator and rotor windings.

The calculation results of the individual components of the
core losses obtained from the analytical formulas considering
the dominant higher harmonics generated in the motor while
supplying from PWM are given in Table VI.

TABLE VI
RESULTS OF CALCULATING LOSSES IN THE CORE FOR THE MOTOR LOAD
CONDITION SK 135/120 WITH A TORQUE OF 7.8 N·M. WHEN SUPPLIED
FROM AN INVERTER WITH VOLTAGE WITH A FUNDAMENTAL HARMONIC

FREQUENCY OF 10 HZ

Fig. 12. Measured (solid line) and calculated (dashed line) loss char-
acteristics of the SK 135/120 motor; friction and ventilation losses,
components of losses and total losses at supply frequency 10, 20, and
350 Hz.

VI. POSSIBILITIES OF INCREASING THE EFFICIENCY OF THE

SK 135/120 MOTOR

To analyze the possibility of increasing the efficiency of the
designed SK 135/120 motor, especially at low frequencies of the
supply voltage, the analysis of individual components of losses
occurring in this motor under load conditions was performed.
Fig. 12 shows the mechanical losses of the motor and the
total losses and their individual components occurring when the
motor is supplied with the voltage of 10, 20, and 350 Hz.

As can be seen from Fig. 12, at the frequency of the supply
voltage of 10 and 20 Hz, losses in the stator winding dominate,
that even at no-load operation reach a significant value, due to
the high value of the magnetizing current and, consequently,
the high value of total current in the motor windings. This is
due to very high magnetic induction values in the motor core.
It is impossible to reduce losses in windings by using a wire
with a larger cross-section due to the limitation of the stator
slot filling factor and the limited possibility of increasing the
rotor slot cross-section. The core losses are much smaller for
these operating states. It should be noted, however, that the basic
losses in the core for these frequencies amount to 20%–30% of
the total losses in the core and decrease with increasing motor
load, while the remaining part consists of additional losses -
pulsation and surface, increasing with increasing current in the
machine windings.
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Fig. 13. Measured magnetization characteristics and specific loss
characteristics at 300 Hz, for four types of electrical sheet.

At the supply voltage frequency of 350 Hz, despite the low
value of the magnetic induction in the motor core, the losses in
the core are greater than the sum of the losses in the stator and
rotor windings, with the basic losses at no-load running at 70%
of the total losses in the core. In contrast, at the motor load, they
decrease to 15% of total core losses. In this case, reducing these
losses can only be achieved by applying a magnetic material
with a lower loss to the motor core.

Due to the design and technological limitations imposed by
motor manufacturers, as well as the need to obtain the required
value of the electromagnetic torque, especially at 350 Hz and
very high core saturation at low frequencies (10 and 20 Hz),
reduction of winding losses by reducing the number of series
turns of the stator winding and the use of larger diameter wires is
practically impossible. A reduction in winding losses could also
be achieved by reducing the core induction and the magnetizing
current, and hence also the current in the motor windings, by in-
creasing the number of turns in the stator winding, provided that
the increase in losses due to the increase in winding resistance
would be less than the reduction in losses due to the reduction
current, but this, in turn, would make it impossible to obtain the
required value of electromagnetic moment at a frequency of 350
Hz. Therefore, a further improvement in the motor’s efficiency,
in this case, would only be possible by reducing the core losses.

For this purpose two types of sheets were considered: NO20
produced by Swedish company Cogent Surahammars Bruks AB,
and for comparison, amorphous steel Alloy 2605SA1 (manu-
factured by METGLAS), which, as shown in [29], allows us
to obtain a significant increase in the efficiency of the motor.
Fig. 13 shows the measured magnetization and specific loss
characteristics (for an example of the supply voltage frequency
300 Hz) of the M270-35A electrical sheet with a thickness of
0.35 mm, of which the SK 135/120 motor core was made, and
the M470-50A sheet with a thickness of 0.5 mm, from which
the core of the currently produced motor was made, and for
comparison, sheets of lower loss: NO20 with the thickness of
0.2 mm, and amorphous steel Alloy 2605SA1 with the thickness
of 0.0254 mm.

Both the NO20 sheet and the amorphous sheet have a worse
magnetization curve than the M270-35A and M470-50A sheets,
while much better specific losses than these sheets.

Figs. 14–16 show the calculated mechanical characteristics,
current in the stator winding, total losses, and motor efficiency
135/120 as a function of load for motors with a core made
of various types of metal sheets, at frequencies of 10, 20, and
350 Hz.

Fig. 14. Calculated mechanical characteristics, current in the stator
winding, total losses, and efficiency as a function of the torque on the
shaft of the motor with a core made of various types of electrical sheet
at a supply voltage frequency of 10 Hz.

Fig. 15. Calculated mechanical characteristics, current in the stator
winding, total losses, and efficiency as a function of the torque on the
shaft of the motor with a core made of various types of electrical sheet
at a supply voltage frequency of 20 Hz.

Fig. 16. Calculated mechanical characteristics, current in the stator
winding, total losses, and efficiency as a function of the torque on the
shaft of the motor with a core made of various types of electrical sheet
at a supply voltage frequency of 350 Hz.
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TABLE VII
EFFICIENCY OF THE IMPROVED DESIGN MOTOR SK 135/120 WITH A CORE

MADE OF M270-35A AND NO20 SHEET

As can be seen from Figs. 14–16, the amorphous sheet has the
lowest specific losses, but at the same time the worst magnetiza-
tion characteristics. Therefore, in the motor at low frequencies
of the supply voltage, when there are very high induction values
in the core (exceeding 1.8 T at no-load), the magnetizing current
reaches very high values. This causes a strong increase in the
stator winding currents and a considerable increase in the motor
windings’ losses, significantly outweighing the reduction of
losses in the motor core. On the other hand, when the motor
is operating at the frequency of the supply voltage of 350 Hz,
the induction in the core does not exceed 0.5 T, so the work takes
place practically on the linear part of the characteristic. In this
case, the use of an amorphous sheet is advantageous. It should
be emphasized, however, that the smaller the thickness of the
sheet, the lower the core iron filling factor (for sheet M470-50A-
0.96-0.97, for sheet M270 -35A - 0.94, for sheet NO20 - 0.93,
while for amorphous sheet Alloy 2605SA1 - 0.86). Therefore,
the motor’s characteristics with a core made of amorphous sheet
practically coincide in this case with the characteristics of the
motor with a core made of NO20. Also, the technology of
cutting NO20 cores with a thickness of 0.2 mm is practically
the same as for electrical sheets with a thickness of 0.5 or 0.35
mm, and the only barrier to its use are economic considerations
because this sheet is almost twice as expensive as 0.5 or 0.35 mm
thick sheet metal. However, the use of NO20 for the motor core
allows for a significant increase in the efficiency of the motor
in the entire frequency range of its operation and achieving,
even for frequencies of 10 and 20 Hz, the efficiency class IE1
(see Table VII) specified for the motor operating at the mains
frequency.

VII. CONCLUSION

Obtaining high efficiency for a motor operating in a wide
frequency range while maintaining the required electromagnetic
torque value was much more difficult than for a motor operating
at a constant frequency voltage. Increasing efficiency at low
operating frequencies requires limiting both losses and current
in the motor windings, which was generally only achievable by
increasing the motor’s dimensions, often not possible due to
limitations in the driven equipment. Increasing the efficiency
was achieved by changing the rotor cage material from alu-
minum to copper, but this requires a change of technology at
the manufacturer. Increasing the value of the voltage supplying
the motor at low frequencies while maintaining a constant value
of induction, i.e., what was associated with an increase in the
number of series turns of the stator winding, causes a decrease
in the current of the windings. However, reducing losses in

the windings will be achieved only if the resistance does not
increase significantly. Moreover, it is associated with a field
weakening when the motor was supplied with a voltage of many
times greater frequency. It was impossible to obtain the required
electromagnetic torque value in such a motor. Therefore, when
designing motors operating in a wide frequency range, it was
necessary to consider all these aspects and select both the optimal
dimensions of the magnetic circuit and the number of series
turns of the stator winding and appropriate voltage control of
the inverter at low frequencies. Also, satisfactory results was
obtained by using a core material with as little specific losses
as possible, but at the same time with good magnetizability.
However, when selecting such a material, both technological
and economic aspects should be taken into account.

To summarize, the main achievements are as follows.
1) Refinement of the method of calculating additional sur-

face losses in the core.
2) Demonstration of the main problems in the design of

energy-saving induction motors operating in a wide fre-
quency range (35:1 or 35:2) and a compromise approach
in solving contradictory conditions.

3) Development of a motor structure achieves high effi-
ciency (falling into efficiency classes. specified for 50
Hz) in a wide frequency range, considering the imposed
quite restrictive design constraints, technological factors,
and material costs, allowing for effective competition
demanding market.
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