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Abstract: The energy efficiency of the induction motor (IM) is extremely important in the drives
of electric vehicles. The first part of the article examines the possibilities of modifying the torque
and efficiency curves in order to realize high-torque work points more efficiently by modifying the
motor’s impedances. Later, it analyzes the flux-dependent changes in the highly load-dependent
efficiency based on the literature. The FEM-type investigations of the experimental IM development
carried out at the Vehicle Industry Research Center Institute of the Széchenyi Istvan University offer
new control options for increasing the efficiency of work points with lower torque and speed as well
as for modifying the examined torque curve sections.
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1. Introduction

The high efficiency of the IM is extremely important for electric vehicles being driven
using batteries. Its effectiveness is highly load-dependent. In vehicle drives, torque around
the nominal is needed for a short time, so the motor mostly operates at a partial load
with a lower efficiency. This disadvantage can be improved with control devices, and the
magnetic flux can be reduced to an optimal level. Another theme is the approximation
of the torque-efficiency curves to a higher efficiency at high-torque points by modifying
the impedances of the rotor. At the Széchenyi Istvan University, a 100 kW /700 Nm/380 V
power induction motor suitable for vehicle propulsion was developed and analyzed using
FEM-type Infolytica software.

Energy-optimal operation is an essential aspect when planning drives. Losses increase
energy demand and generate heat, which must be dissipated by additional measures and
constructive efforts. Modern power electronic devices achieve an efficiency of over 98%,
and medium- and high-performance IM motors achieve an efficiency of over 92-95% at the
nominal operating point. At a partial load, however, the efficiency can decrease significantly.
The reason is that the absorbed magnetizing current does not depend on the load, but on
the terminal voltage of the motor. In operation at a lower torque, the flux can be lower,
and the losses depend on the current and the flux. Worldwide model-based and hybrid
research methods minimize the loss performance by adapting the flux online. The shown
method selects the conditions for the best efficiency by examining the motor model, and
the vehicle control helps this too.

2. Materials and Methodology

It is a well-known characteristic of IMs that the maximum locations of the torque-slip
and the efficiency-slip curves do not coincide, so the upper points of the torque curves
can be used only with a reduced efficiency. The reduction can be up to 20%, depending
on the geometry of the rotor cage. This cannot be influenced by control methods. Figure 1
shows the characteristic curves of a standard IM with a cage; the maximum values of the
efficiency (green) and torque (red) curves here are shifted from each other.

Eng. Proc. 2024, 79, 75. https:/ /doi.org/10.3390/engproc2024079075

https:/ /www.mdpi.com/journal/engproc


https://doi.org/10.3390/engproc2024079075
https://doi.org/10.3390/engproc2024079075
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0000-0001-7372-1878
https://doi.org/10.3390/engproc2024079075
https://www.mdpi.com/journal/engproc
https://www.mdpi.com/article/10.3390/engproc2024079075?type=check_update&version=1

Eng. Proc. 2024, 79,75

20of 6

8&80.0 88.9 77.8 66.7 55.6

n ,,,.// o
*E 500 /‘/‘/ ‘ |
o 400 . // / E
& |.60 g
S300 | o
o o
= 40

200

100 20
Dﬁ 20 400 600 800 1000 1200 1400 1600 13(?0

Rotor speed (rpm)

Figure 1. Mutual positions of torque and efficiency curves in IM.

Deep-slot rotors using the principle of current displacement have been known and
used mainly to increase the starting torque [1-4]. This principle is based on the skin effect,
which results in a higher current density in the induction motor near the air gap in the
cross-section of the rotor bars. An increase in the resistance, together with a decrease in the
leakage inductance, results in a lower starting current and a higher starting torque. Changes
in the values of the resistance and inductance can also be calculated analytically [5]. In the
case of a rectangular bar shape, with a groove depth / and stray inductance o, it can be
calculated with the following expressions [3], where the coefficients k, and k, are functions
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This is proportional to /s, so kr and kx are also functions of slip; see Figure 2a
(rotor frequency).

o
*:1.778x100
12 1.556+101
1t 213345100
°: L111x10
© : 8.89010°

©:6.668x10°
2223%10° : 4.445x10°
0:2223x10°

Density Plot: [1], MA/m"2

/—

(a) (b) ()

Figure 2. The frequency dependence of the coefficient for the analytical calculation of the current
density (a,b); the current density at a given slip-frequency (c).

The disadvantage of the analytical method is that it can be used for uniform geometries
only. Various improvements in the solution have appeared, expanding the possibilities for
more complicated geometries [5,6].

Numerical methods use FEM software to calculate the rotor impedance. Figure 2a,b
present the frequency dependence of the coefficient for the analytical calculation of the
current density [3,7]. Figure 2c shows the current density at a given slip-frequency. The
values at 50 Hz are about 2 A/mm? in the inner bars and 40 A/mm? in the outer bars.

A steady-state, analytical IM modeling is presented that represents the behavior of
these IMs during operation. Figure 3a shows an equivalent scheme with variable rotor
parameters [2,7].
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Figure 3. Equivalent schemes of a deep bar with rotor parameters (a), torque curves by I,” (b).

R, and X, are the resistance of the rotor and leakage reactance of the bar calculated for
the stator, respectively; Rf and Xf are the resistance and reactance of the rotor of the front
part calculated back to the stator, respectively. Figure 3b shows torque curves as a function
of the slip for different cage designs. Based on Figure 3b, the torque can be expressed

as follows. 2 (krRe+R;
. m Vi (—s ) @)
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A steady-state, analytical IM modeling represents the behavior of these IMs during
operation [3].

By adjusting the impedances of the cage rotor, the torque curve can be shifted to the
right, so that the maximum torque and maximum efficiency operating points are closer
together. In the absence of research results, it was necessary to use FEM software, and with
this, it was possible to examine the characteristics of many single- and double-cage motors
with different geometries. With the available impedance changes, the result was a two-cage
linkage, which shifts the upper section of the torque-slip curve to the right, realizing the
possibility of higher efficiency and high-torque operation. Figure 4 shows results that are
realized with the rotor in Figure 4a made of Cu (or Al) material bars at an intersection with
a better efficiency value on the efficiency curve [8-11].

111 00
140
[y — Toraue
—— Efficiency
120
100
=
80 X
o
60 =
[e]
a
40
20
1600 180

(b)
Figure 4. The form of the double-cage rotor with the best result (a); its effects at 120 kW power, 92.5%
efficiency, and 0.759 cos ¢ (b).

3. FEM-Type Research and Development

IMs open up new research and planning opportunities. In the process of planning and
measuring, the IM simulations enable preliminary knowledge of the motor and discovery
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of its properties and parameters. With FEM-type Infolytica software has been developed
a4 p/100 kW/700 Nm/380 V/60 Hz power IM induction motor suitable for a vehicle
drive that is suitable for principle examination and construction. This is also how the
detailed diagrams were prepared, which enable the presentation of the changes caused in
the motor’s load conditions and their consequences. The effects of the voltage reduction
on the increase in efficiency and loss ratios are visible changes. In addition to the terminal
voltage and frequency parameters, the output power and torque, the current, the slip, the
efficiency, the cos ¢, and the changes in the loss power can be seen as functions of the
rotor speed.

Atf=60Hz, T =51.6 Nm, Poyt = 9.62 kW, U = 136 Vs only, s = 1.03 %, the efficiency
is 95.3 %, so reduced performance does not impair efficiency. In Figure 5, at an extremely
low speed of 18 rpm, the torque is 480 Nm and the efficiency is 7.63%. In this case, the
excitation is 1.2 Hz.
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Figure 5. Extreme low speed: frequency 2% = 1.2 Hz, ng = 36 rpm, 24 Vims, 480 Nm, s 50%,
n 18 rpm = 3.33 s/one turn, eff. = 7.63%, loss total = 11 kW, U = 7.6 Vyps.

4. Results

We carried out controlled drive tests with the electric motor model. The results of the
performed runs can be seen at the Al cage IM in Figure 6. The orange cross + indicates the
torque from the pedal position. Blue numerical values are the voltages required to achieve
the best efficiency for each working point. Shown in green are the efficiency values realized
during the runs, and in black are the values of the slip required for the specified torque,
keeping the regulation at a given value. To maintain a given torque level, the motor receives
the voltage corresponding to the current speed, the given value of the slip provides the
desired torque, and the speed increases the voltage as V/f. This can be seen at voltages of
the same torque at increasing speeds in Figure 6. It can be stated that for the high-efficiency
control of a newly developed IM, it is advisable to use design software that calculates the
voltage demand of a given torque and the performance, the losses, and the efficiency for
any speed during the simulations.

By changing the slip, the best efficiency for the given torque and speed can be obtained,
which is intended to be realized in actual operation.

In the management of the vehicle control, the voltage is set by the control system,
according to the actual torque signal and speed, by a LUT or by other predefined functions.
A possible solution is a polynomial created by curve fitting that calculates the actual voltage
as a function of the speed and the torque demand, T:

U=ax®+bx>+cx+d +Txdy 4)

The values d; and d; can also depend on the rate of change in the torque set-point
dT/dt, improving the dynamic properties of the drive with sign pre-correction. Considering
that vehicle drives are systems with greater inertia, changing the dynamic state is a slower
process, so more time is available for control interventions. It is also possible to estimate the
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process of future work points based on the nature of the torque level increase. The needed
slip s can also be written as a function of speed x and torque T:

s =100 — a1x% — byx + T x d3, [%] 5)

The coefficients a1, by, and d3 are determined by taking into account the characteristics
of the drive system.

The driver’s intention regarding motor torque is indicated by the pedal position. The
required motor voltage at the current speed is based on knowledge of the motor’s data
fields and is calculated as a function of the speed, e.g., every 10 ms, and changes the voltage
with the inverter, with a relatively large time constant. The actual change in torque brings
an inherent change in the slip, which is modified by the small change in the frequency of
the inverter as slip control, with a small time constant. The actual slip value is recalculated
every few ms from the rotor speed and the current frequency.
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Figure 6. The summary results of the performed runs.

5. Summary and Conclusions

With the help of FEM software, we have examined the properties of cage-induction
motors with different geometries. With the changes in impedance that can be achieved by
modifying the bar geometry, the best result was obtained with a double-cage bar system,
which shifted the upper section of the torque-slip curve to the right, realizing the possibility
of higher efficiency and high-torque operation. A control feature is that the required motor
voltage is calculated as a function of the speed based on the knowledge of the motor’s data
fields, and it ensures the realization of the pre-planned torque and efficiency. When the
real IM-driven vehicle is running, the actual working points realize the predetermined
best-efficiency torque levels. Another result of the implemented bar geometry research
was a high, even starting torque. With FEM design software, it was possible to plan and
examine in detail the properties of the 100 kW IM and the loss analyses. All these made it
possible to develop a new management strategy for IMs.
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