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A numerical study of eight configurations of magnetic systems of electric motors with permanent magnets for driving a
tram was carried out. The permanent magnet electric motor can be used as a high-speed electric drive to replace the
existing DC electric drive of a tram, and as a low-speed gearless electric drive of a new generation tram. The most
promising configurations of magnetic systems of electric motors with permanent magnets for tram drive have been
determined. By varying the geometrical and winding parameters of each of the investigated models of electric motors,
the mechanical characteristics are determined, at which the given torque and power are achieved in the entire range of
the rotor speed. Also, a thermal calculation was performed taking into account the urban driving cycle of high-speed
electric motors with air cooling by a fan and low-speed ones in liquid cooling mode. The calculation of the
characteristics of the investigated electric motors was carried out in the Simcentre MotorSolve software package.
References 13, figures 8, tables 3.
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Introduction. The current level of development of electric motors with permanent magnets and
power converters (inverters) allows us to consider them for new promising tram electric drive systems.
Currently, most tram cars use DC traction motors with series excitation [1]. This drive generates increased
torque at low speed and limited torque at high speed, which ensures the necessary dynamics of the tram. In
most cases, one voltage converter drives two motors joined in series. However, a series-excited DC traction
motor has several disadvantages. The drive does not fully provide dynamic braking at low tram speed. The
presence of a brush assembly reduces the resource and reliability of the engine. Probably, the modernization
of the traction drive based on DC motors with series excitation has reached its limit. Further improvement of
the tram drive efficiency is possible only with the transition to a new type of drive: asynchronous [2, 3],
permanent magnet motors [4, 5], etc.

Favorable conditions for the creation of new traction electric drive systems are provided by the
availability of modern efficient frequency converters of alternating current (inverters) on the market.
Therefore, at present, the AC traction drive system has become widespread. The traction drive includes a
frequency converter (inverter) and an AC motor: asynchronous or permanent magnet motor. The frequency
converter (inverter) provides the operation of one or two motors connected in parallel. As an example, we
can cite converters (inverters) of the BORDLINE CC400 DC type manufactured by ABB [6]. The AC
traction drive increases the efficiency and reliability of the drive.

Permanent magnet motors are one of the most promising for use in traction electric drives. When
using liquid cooling, permanent magnet motors provide the highest specific performance (torque and power
developed per unit mass of the motor). The small overall dimensions of the permanent magnet electric motor
make it possible to use more advanced kinematic diagrams of the tram car driving bogies.

Eventually, a drive system based on a frequency converter (inverter) and a permanent magnet motor
can compete with a traditional DC drive system. There are a large number of magnetic system configurations
for a permanent magnet traction drive. The advantage of a particular configuration can be determined based
on the requirements for the drive, as a rule, these are the overall dimensions of the electric motor and the
type of mechanical characteristics depending on the rotor speed [7-9].
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Research purpose. The aim of this work is a comparative analysis of several configurations of the
magnetic system of electric motors with permanent magnets in relation to the traction drive of a city tram
and an analysis of the advantages and disadvantages of various configurations of the magnetic systems of
electric motors. In the course of the study, electric motors with permanent magnets are conventionally
divided into two groups: high-speed motors (rated speed n=1750 rpm) as a variant of replacing the existing
traction electric drive of the tram; low-speed motors (n=320 rpm) for a gearless traction electric drive of
perspective low-floor tram models.

The first group of high-speed motors is designed to replace the existing TE-022 DC traction motor of
the T-3 tram. In this group, numerical investigations of four configurations of the magnetic system of electric
motors with a power of P=45 kW, n=1750 rpm were carried out. The second group of low-speed engines is
intended for the gearless drive of promising tram models. In this group, four modifications of the magnetic
system were also investigated, which have a power of P=46 kW and rated speed n=320 rpm. The same
power of the engines under study is the main criterion for comparing engines of different designs. Permanent
magnet motors of each group differ from each other in the configuration of the rotor and stator.

For each of the design options for an electric motor with permanent magnets, a calculation cycle is
envisaged in order to find the best option by varying a number of parameters (configuration of the magnetic
system of the rotor and stator, winding data, material properties).

Permanent magnet motor as an alternative to the existing TE-022 motor. The existing TE-022
engine of the T-3 tram is a DC motor with series excitation [1]. The main parameters of the TE-022 engine
are as follows: rated power — 45 kW; rated speed — 1750 rpm; maximum rotation speed — 4200 rpm; rated
voltage — 300 V; rated current — 150 A; efficiency — 91%; cooling air consumption — 7.5 m3 / min; electric
motor weight — 320 kg; length — 683 mm, diameter — 400 mm.

The mechanical characteristics of the TE-022 electric motor are favorable (convenient) for driving a
tram. The maximum (starting) torque of the traction electric drive is M=650 Nm. The maximum torque is
limited by the maximum current supplied by the drive control system. Most of the TE-022 traction motor
control systems provide a maximum motor current of no more than 300 A. With an increase in the rotational
speed, the torque and current of the electric motor decreases and at a rated speed of n=1750 rpm the
electromagnetic torque is M=260 Nm. At the maximum rotational speed n=4200 rpm, the torque is
M=50 Nm. The mechanical characteristic of the permanent magnet motor should be similar to that of the
existing TE - 022 motor.

The investigated system of a traction electric drive based on an electric motor with permanent
magnets provides for the installation of a converter (inverter) to control one or two motors connected in
parallel. The maximum torque of a permanent magnet motor is provided by the maximum output current of
the converter (inverter). The permanent magnet motor is cooled by an air cooling system.

All investigated variants of electric motors with permanent magnets have the same outer diameter of
the stator magnetic system, and the same electromagnetic loads (current density, magnetic induction value in
the stator teeth) are set for all variants. The current density in the windings at the rated speed is assumed to
be J=4.0 A/mm’, during start-up — J=10 A/mm”. The magnitude of the magnetic induction in the stator teeth
is limited to B=2.0 T.

A general view of the design options for the first group of the studied electric motors with permanent
magnets with a nominal speed of n=1750 rpm is shown in Fig. 1. The lower part of this figure shows a
general view of the rotor of each of the electric motors. To reduce the cogging torque the rotor poles skew is
made by one toothed division [10]. The M1 electric motor is multi-pole. The phase windings of the electric
motor are coils that are winded up on the stator teeth (covering the stator teeth), the dimension of stator iron
back is smaller than that of the stator of a traditional synchronous motor. There is an optimum ratio between
the number of rotor poles and the number of stator teeth that provides the best performance for the motor.
High electromagnetic loads are provided in the electric motor: magnetic induction in the air gap and linear
current load of the windings. The magnetic flux of the rotor pole is created by magnets with tangential
magnetization. By choosing a larger pole height (size of the magnets), it is possible to provide an increased
magnetic flux density in the motor gap. The lumped stator winding allows you to increase the size of slots
and, accordingly, increase the linear current load of the electric motor. At present, electric motors of this type
are produced in series mainly for low-speed gearless electric drives.

The M2 motor uses the traditional design of a permanent magnet synchronous motor, in which the
rotor poles are composed of tangentially magnetized prismatic permanent magnets, the stator contains a
distributed winding in which the phase coil covers the pole division. The M3 electric motor, in contrast to the
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M2 electric motor, has a rotor with magnets of radial magnetization. To reduce eddy current losses,
permanent magnets of rotor poles are divided into 6 parts.

The M4 electric motor has an implicit-pole rotor, which is a package of electrical steel with
permanent magnets. The rotor electrical steel package has slots in which permanent magnets are installed.
Structurally, all elements of the rotor magnetic circuit are located on the sheet of electrical steel: the north
and south poles, the "back" of the rotor poles. The elements of the rotor magnetic circuit are interconnected
by thin bridges, which provide a simple technology for manufacturing the rotor. The dimensions of the
bridges provide the mechanical strength of the rotor with a slight negative effect on the magnitude of the
rotor magnetic flux. There are various options for the configurations of the rotor poles. The skew of the rotor
poles is performed by a set of rotor sections shifted relative to each other by a given angle. At present, this
design of an electric motor with permanent magnets is one of the most promising for use in electric transport.

Fig. 1

For each of the design variants of the permanent magnet electric motor, a calculation cycle was
performed. By varying the basic geometrical parameters of the rotor and stator magnetic systems, winding
data and the properties of permanent magnets, a search was made for the best option, taking into account the
requirements for the drive (the power developed by the motor at a given rotor speed). Comparison of various
engine options was carried out at the same electromagnetic loads.

The calculation of the characteristics of electric motors is carried out in the Simcenter MotorSolve
package [13], which allows you to set the mode of electric current control of the motor. A sinusoidal form of
the supply current is adopted for all motor variants. Magnetic field patterns for the nominal mode of each of
the options are shown in Fig. 2. Analyzing the calculation results it should be noted that the maximum
magnetic induction in the teeth of the investigated electric motors is as follows: M1 — B (oom) = 1.92 T;
M2 — B (1o0ty=1.87 T; M3 — Bums (0om)=1.86 T; M4 — Baa 0oy=1.79 T. In the back of the stator, the
maximum values of the magnetic induction are as follows: M1 — By (pack) = 1.48 T; M2 — By (pack) = 1.82 T;
M3 — Bm3 pack) =1.93 T; M4 — By pacy=1.79 T. Thus, the dimensions and geometry of the magnetic system
are selected in such a way that the condition is fulfilled: the induction in the teeth and back of the stator is
limited to B=2.0 T.
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It should be noted that the considered permanent magnet motors must provide power in a wide range
of speed variation: from operating to maximum. The maximum rotational speed n=4200 rpm is more than
twice the operating speed n=1750 rpm. It is known that for permanent magnet electric motors providing a
wide variation in rotational speed is a problem. In a traditional permanent magnet motor, the flux is constant
and unregulated. With an increase in the rotor speed, the back-EMF induced in the stator windings also
increases, which leads to a decrease in the current in the windings. Thus, the maximum speed and power of
the motor are limited and depend on the parameters of the stator winding and the properties of the permanent
magnets of the rotor.

The fulfillment of the condition (requirement) for regulating the speed of the electric drive in a wide
range is ensured by the converter (inverter) by controlling the moments of switching the windings. The
moment of switching the motor windings is determined by the advance angle between the position of the g-
axis of the rotor and the middle axis of the switched winding. The value of the lead angle affects the value of
the rotor magnetic flux and, accordingly, the windings back-EMF. When carrying out numerical studies, the
lead angle was varied in such a way as to provide the maximum torque for a given rotor speed.

By varying the geometrical and winding parameters of each of the investigated models of electric

motors, the mechanical characteristics were determined at which a given torque and power is achieved in the
entire range of the rotor speed. As a result of numerical studies, promising designs of electric motors with
permanent magnets were found, on the basis of which it is advisable to create a tram electric drive. The
calculated characteristics of various options for electric motors are shown in Fig. 3. In Fig. 3, @ shows the
dependences of the moment on the shaft of the electric motor, and in Fig. 3, b — dependence of power on the
rotor speed. The characteristics are given at the rated current in the motor windings.
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Fig. 3

Table 1 shows the technical parameters of the investigated electric motors with permanent magnets,
which can be considered as an option for replacing the existing TE-022 motor.

The main structural dimensions of the magnetic system of each version of the electric motor were
obtained by performing a series of calculations taking into account the fulfillment of the basic requirements:
ensuring the rated torque at rated speed and the highest possible torque at maximum speed. The calculating
results of the characteristics of electric motors with permanent magnets show that the variants of electric motors
M1, M3, M4 provide a given torque (P>260 Nm) at a nominal speed n=1750 rpm and for an electric motor M2
it is slightly less and is P=251 Nm. In this case, in all versions of the investigated electric motors, the current
density in the windings and the magnetic induction in the stator steel are the same. All variants are brought to
the same power level (46+51 kW) by changing the motor length. With the same motor diameter and its
electromagnetic loads, the motor length can be a criterion for comparing different motor options.

Numerical studies have shown that the M1 multi-pole electric motor has the greatest length of the
magnetic system in comparison with other options. However, the length of the magnetic system of the M1
electric motor is significantly less than the corresponding length of the TE-022 DC motor. The result of the
calculation of the M1 electric motor confirms the possibility of using a multi-pole electric motor with
permanent magnets and lumped windings for a relatively high-speed drive (n=1750 rpm). The mechanical
performance of the M1 electric motor is acceptable for transport systems. The starting torque of this motor is
higher than that of other electric motor options.

The calculation results for electric motors M2 and M4 confirm the prospects of these motors for
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replacing the existing TE-022 drive. The design of the motors provides for salient-poles steel rotor, which
are adjoined by permanent magnets. By choosing the configuration of the pole and magnets, a large amount
of magnetic flux through the pole can be achieved with a relatively low reluctance of the main magnetic
circuit. The relatively low resistance of the main magnetic circuit favorably affects the ability of the control

system to regulate the motor torque by changing the lead angle of the winding commutation.
Table 1

M1 M2 M3 M4
Poles number 10 6 4 6
Stator slots number 12 18 12 18
Number of turns 14 7 14 6
Stator outer diameter mm 350 350 350 350
Stator / rotor length mm 240 200 200 200
Rotor diameter mm 210 210 220 206
Air gap mm 1,0 1,0 1,0 1,0
Skew of poles on the rotor deg 30 20 30 20
Stator steel weight kg 70,6 68,7 54,6 73,7
Rotor steel weight kg 22,2 27,9 27,2 33,5
Windings (copper) weight kg 25,8 19,0 33,4 16,6
Weight of magnets kg 6,75 3,15 2,94 4,05
Total mass of the magnetic system kg 125 119 118 128
Magnetic system volume m’ 0.023 0.019 0.019 0.019
Rated voltage \% 600 600 600 600
Rated current A 75 75 75 75
Current density A/mm’ 3,83 4,04 3,95 3,92
Rated mode
Lead angle el.degrees 40 35 15 30
Rated speed rpm 1750 1750 1750 1750
Rated torque Nm 279 251 262 264
Rated power kW 51 46 48 48,4
Specific power kW/m’ 2210 2387 2496 2517
Specific torque kW/m’ 12089 13051 13623 13727
Maximum mode
Lead angle el.degrees 72 69 64 71
Maximum speed rpm 4200 4200 4200 4200
Torque Nm 134,1 127 127 84,2
Power kw 55,8 55,7 55,8 39,8
Start mode
Lead angle el.degrees 0 10 10 30
Rotor speed rpm 500 500 500 500
Starting current A 200 200 200 200
Starting torque Nm 964 674 700 746

The calculation results for the M3 electric motor with permanent magnets installed on the outer
surface of the rotor show a significant effect of the number of winding turns on the mechanical
characteristics of the motor. Even with a decrease in the number of poles to four, with an increase in the
frequency of rotation above the nominal, back-EMF winding increases significantly and causes a decrease in
current and torque. Installing magnets on the outer surface of the rotor with radial magnetization increases
the reluctance of the magnetic circuit. With this configuration of the magnetic system, the ability of the
control system to reduce the magnetic flux is limited. With the accepted limitation of the current density in
the windings, the magnetomotive force (MDF) of the stator winding does not provide sufficient attenuation
of the magnetic flux of the rotor with permanent magnets. As a result, the mechanical characteristic of the
M3 electric motor at a speed higher than the rated speed does not provide the required stiffness of the
characteristic. The best specific characteristics at the rated rotor speed of the M4 electric motor, however,
this motor has the lowest power and torque at the maximum rotor speed (n=4200 rpm).
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The mechanical characteristics of a permanent magnet electric motor largely depend on the control
system of the electric motor — the frequency converter. The maximum motor torque is determined by the
maximum current that the frequency converter can supply. Calculations of all variants of electric motors with
permanent magnets showed that there are no restrictions on reaching three times the rated torque. When the
motor is supplied with a current of 200 A, the voltage on the motor at start is less than the rated voltage.
Accordingly, there is the possibility of further increasing the current and torque. The starting torque is
limited by the cooling conditions of the winding at start.

Calculations of the variants of electric motors show that within the limits of the overall dimensions
of the TE-022 DC motor, the length of the electric motors with permanent magnets can be increased.
Accordingly, when the length of the permanent magnet motor is increased, a high overload capacity of the
motor can be ensured as compared to the TE-022 DC motor.

Thus, the replacement of the existing TE-022 DC motor with a permanent magnet motor is a
promising project to improve the efficiency and reliability of the T-3 tram.

Low speed gearless traction drive. Nowadays, the requirements for the tram have increased
significantly. A modern tram must be low-floor and provide a comfortable ride for a large number of
passengers. Leading tramway manufacturers are introducing a new motor bogie layout. The new layout of
the bogie provides for independently rotating wheels with a traction drive, which is placed on the outer side
of the wheel [11]. The use of new bogies can significantly improve the efficiency of the tram. An example of
a new tram design is the Skoda FORCITY ALFA tram [12].

The cart of this tram has an individual drive for each wheel, which ensures an ideal ride both on
bends and on straight sections. Traction motors are permanent magnet motors that are directly connected to
the wheel without a gearbox.

The new layout of the tram bogies limits the overall dimensions of the electric motor. Permanent
magnet motors are liquid cooled to generate high torque. Basic parameters of the SKODA ELECTRIC HLU
3436 P/44-VA tram drive of the FORCITY ALFA tram (Czech Republic): rated moment — 1460 Nm;
maximum moment — 2270 Nm; rated speed — 320 rpm; maximum rotation speed — 706 rpm; rated current —
85.4 A; electric motor weight — 252 kg.

When studying various design options for permanent magnet electric motors, all of them must meet the
specified technical requirements: torque, power, type of mechanical characteristics. The traction drive must
provide a rated torque My,,,=1450 Nm in continuous operation (S1). In this case, in the range from zero to the
rated speed n,,,;=200 rpm, the torque of the electric motor must be at least the rated one. With a further increase
in the speed to the maximum value n,,,,=700 rpm, the power of the electric motor must be at least P, =46 kW.
Also, the electric motor must provide a maximum torque M;,,x=2270 Nm in short-term duty (S5).

For these initial data, four variants of the configuration of the magnetic system were also
investigated. All variants of permanent magnet motors have the same outer diameter of the magnet system.
Also, for all variants, the same electromagnetic loads (current density, magnetic induction value in the stator
teeth) are set. A general view of the design variants of the investigated electric motors with permanent
magnets is shown in Fig. 4.

The relatively low rotor speed, not more than n,,,=700 rpm, allows the use of a larger number of
poles than for M1-M4 electric motors. For the M7 electric motor, the magnets are not divided into parts,
since at a low rotor speed; the effect of eddy currents is not significant.

Magnetic field patterns for the nominal mode of each of the options are shown in Fig. 5. Analyzing
the calculation results, it should be noted that the maximum magnetic induction in the teeth of the
investigated electric motors is as follows: M5— BMS5 (tooth)=1.94 T; M6 — BM6 (tooth)=2.0 T; M7 — BM7
(tooth)=1.82 T; M8 — BMS8 (tooth)=1.96 T. In the back of the stator, the maximum values of magnetic
induction are as follows: M5 — BM5 (back)=1.14 T; M6 — BM6 (back)=2.0 T; M7 — BM7 (back)=1.73 T;
M8 — BMS (back)=1.98 T. For low-speed motors, the condition is also fulfilled that the induction in the teeth
and back of the stator is limited to B=2.0 T.

Calculations of variants for low-speed gearless traction motors with permanent magnets showed that

the main parameter that determines the motor torque is the current density in the windings. The design of the
permanent magnet motor allows high current densities in the windings. The presence of permanent magnets
and the associated high resistance of the magnetic circuit practically exclude saturation of the stator steel at
high currents. As a result, the torque is limited by the permissible current load of the motor windings. With
liquid cooling of an electric motor with permanent magnets, the current density in the windings can reach
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values up to 20 A/mm’, which ensures high specific indicators of the motor (the ratio of the torque to the
mass of the motor).

M6 M7 M3

0 0,128 0,25 0,375

Fig. 5

When performing calculations of various variants for electric motors with permanent magnets, the
current density in the windings was taken equal to 10 A/mm®. At a given current density, the specified torque
of the electric motor was ensured with its limited dimensions (outer diameter, length). The length of the
electric motors in the various variants is from 280 to 335 mm.

By varying the geometrical and winding parameters for each of the investigated models of electric
motors, the mechanical characteristics are determined at which a given torque is achieved at a nominal speed
n=320 rpm and the maximum possible torque is provided with an increase in the rotational speed to n=700 rpm.
The calculated characteristics of various options for electric motors are shown in Fig. 6. In Fig. 6, a shows the
dependences of the moment on the shaft of the electric motor, and in Fig. 6, » — dependence of power on the
rotor speed. The characteristics of the electric motors are given at the rated current of the electric motor.

Table 2 shows the technical parameters of the investigated electric motors with permanent magnets.
When analyzing various design options for permanent magnet electric motors, options M5, M6 and M8
should be highlighted, these options provide rated power in a wide range of rotor speed variation: from
nominal to maximum. The multi-pole design of the rotor allows the control system to fully regulate the
magnetic flux of the motor at maximum speed.

The variant of the M5 electric motor has the best specific performance at the rated speed. The

presence of a large number of rotor poles N=20, when using modern control methods, does not negatively
affect the characteristics of the motor.
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The M7 variant does not provide the specified power at the maximum speed. In this case, the control
system does not provide a decrease in the back-EMF stator windings at increased rotor speed. The variant of
the M7 electric motor is inferior in terms of weight and dimensions at the rated rotor speed in comparison
with other options. For the M7 electric motor, the specific characteristics (power and torque referred to the

70

P.kW
60

50
40
30

20 a

10

. — —

Fig. 6

volume of the electric motor) at the rated speed are the worst.

Table 2

M5 M6 M7 M8
Poles number 20 8 8 8
Stator slots number 24 24 24 24
Number of turns 14 16 9 12
Stator outer diameter mm 400 400 400 400
Stator / rotor length mm 280 300 325 335
Rotor diameter mm 280 230 300 260
Center hole diameter mm 210 120 220 185
Air gap mm 1,0 1,0 1,0 1,0
Stator steel weight Kg 93,6 141 103 143
Rotor steel weight Kg 27,7 53,8 65,2 67,2
Windings (copper) weight Kg 23,1 33 19,7 25,1
Weight of magnets Kg 11,8 8,25 10,0 8,68
Total system weight Kg 156 236 197 244
Magnetic system volume m’ 0.0352 0.0377 0.0408 0.0421
Rated current A 85 85 85 85
Current density A/mm” 9,89 9,97 10,10 10,5
Rated mode
Lead angle el.degrees 11 18 5 43
Rated speed rpm 320 320 320 320
Rated torque Nm 1480 1470 1290 1480
Rated power kW 50 49 45 46
Specific power kW/m’ 1420 1300 1078 1093
Specific torque Nm/m’ 42045 38992 31618 35154
Maximum mode
Lead angle el.degrees 58 75 67 77
Maximum speed rpm 700 700 700 700
Torque Nm 820 670 359 694
Power kw 50 49 26 51
Start mode
Lead angle el.degrees 0 10 10 30
Starting current A 212 212 212 212
Starting torque Nm 3747 4686 3192 3236
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Heating calculation of the investigated electric motors. As a result of a number of calculations, by
varying the geometric parameters of the magnetic system of electric motors, the optimal ratios between the
outer and inner diameters of the rotor, as well as the main dimensions of the magnetic system, providing the
required value of the electromagnetic moment in a given range of rotation frequency (n=0 + 4200 rpm for high-
speed and n=0 + 750 rpm — low-speed tram drive). It should be noted that for a high-speed drive, air cooling is
used by a fan; for a low-speed gearless drive, a high value of the electromagnetic torque for a given materials
(permanent magnets, windings, stator and rotor iron) did not exceed the permissible values. Therefore, it is
necessary to perform a thermal calculation of electric motors taking into account the urban driving cycle, which
describes the movement of a vehicle in the city (engine operation at minimum speed, starting and accelerating
to a certain speed, engine braking from one speed to another, parking) [3]. When performing thermal
calculations, the study was carried out for the cycles of tram movement, which are given in Table 3.

Table 3

MI1-M4 MS5-M8
Interval Duration Torque Start Speed | End Speed | Torque | Start Speed | End Speed
(sec) (Nm) (rpm) (rpm) (Nm) (rpm) (rpm)

1 (overclocking) 14 650 0 500 2300 0 200

2 (motion) 80 260 500 4200 1500 200 700

B (free moving) 26 0 4200 1750 0 700 320

4 (braking) 10 -200 1750 0 -2000 320 0

5 (parking) 15 0 0 0 0 0 0

The calculation of the temperature of electric motors M1-M4 was carried out in the Infolytica
MotorSolve package [13], taking into account the driving cycle and air cooling by fan. The flow rate of the
cooled air was set equal to 3 m/s. In Fig. 7 shows
the picture of the thermal field for electric motors
M1 + M4. According to the results of the thermal
calculation, all parts of the electric motors do not
heat up above 60° C. The calculation of the
temperature of the investigated electric motors
M5-M8 was carried out in the Infolytica
MotorSolve package [13], taking into account
liquid cooling. The cooling system is a series of
channels evenly spaced along the entire outer
surface of the electric motor housing and oriented
along the axis of rotation of the electric motor. A
coolant (water) is pumped through these channels
with the help of a circulation pump at a
predetermined speed and a predetermined initial
temperature. Moving through the channels of the cooling system, the coolant takes away the heat generated
by the windings of the electric motor.

Initial data for thermal calculation are as follows: number of cooling channels — N.=120; the shape
of the cooling channels is round; diameter of the cooling channels d.=8 mm; the initial temperature at the
inlet to the cooling channels is 40°C, the capacity of the circulation pump is Q=3 1/ min. Fig. 8, a shows a
picture of the thermal field of M6 + MS electric motors with liquid cooling, from which it follows that all
parts of the electric motors do not heat up above the permissible temperature (the maximum heating
temperature of the M6 motor windings is 120°C, for magnets — 110 °C (the temperature stability of the
N45SH magnets is 150°C). It should be noted that without liquid cooling, the windings and magnets heat up
above the permissible temperature. This is demonstrated by the graphs shown in Fig. 8, b. From these graphs
it follows that in the absence of liquid cooling, the heating temperature of the magnets after 240 minutes of
engine operation is 170°C, and the windings — 200°C, which is not permissible and would lead to the exit of
the motor from the side.

Conclusions.

1. Numerical research and comparative analysis of various variants of magnetic systems of electric
motors with permanent magnets shows the fundamental possibility of creating on their basis, both traditional
(high-speed) and gearless (low-speed) traction electric tram drive.

Fig. 7
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2. A comparative analysis of various options for permanent magnet electric motors was carried out on
condition that the motors were connected to a sinusoidal current source and optimal regulation was ensured
by changing the moment of switching the windings (lead angle). This power supply mode for electric motors
can be provided by modern power converters with vector control.
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3. Research have shown that all variants of high-speed electric motors with permanent magnets M1,
M2, M3, M4 are competitive with the existing TE-022 DC electric motor and can be promising as its
replacement as one of the options for increasing the efficiency and reliability of the T3 tram. The M4 electric
motor has the best specific characteristics at the nominal rotor speed; however, this motor has the lowest
power and torque at the maximum rotor speed (n=4200 rpm), therefore the most promising options are M2
and M3, since the mass of permanent magnets in these options is the smallest.

4. For a low-speed gearless tram drive of a new generation, variants of electric motors with permanent
magnets M5, M6, M8 are the most promising. The M7 motor version has the best specific performance at the
rated speed. This variant has the largest number of stator poles compared to other variants.

5. Thermal calculation of the investigated electric motors, carried out taking into account the driving
cycle, showed that for a high-speed electric drive, all parts of the electric motors do not heat up above 60°C
when air cooled with a fan. For a low-speed gearless drive with liquid cooling, all parts of the electric motors
do not heat up above the permissible temperature (the maximum heating temperature of the windings is
120°C, for the magnets — 110°C (the temperature stability of the N45SH magnets is 150°C).
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Ilposedeno uucenvhe OOCHIONCEHHS BOCLMU KOH@IZypayiti MacHIMHOI cucmem eiekKmpoosusyHie 3 NOCMIHUMU
MacHimamu Onsi npueody mpameasn. Enekmpooeucyn 3 NOCMIHUMU MASHIMAMu Modice Oymu GUKOPUCTIANHULL SIK
BUCOKOWBUOKICHUL O  3aMIHU  ICHYIOY020 el1eKMPONpUBody RNOCMIUHO20 CMPYMYy Mpameds, d maKodc K
HU3bKOWBUOKICHUL Oe3pe0yKMOpHULL eeKMPORPUBO0 mMpamedsi HoO8020 NOKOMIHHA. Busnaueno naubinobw nepcnekmueni
KOH@Dieypayii macHimHux cucmem 3 NOCMIUHUMU MacHImamu 05 npusody mpamsas. Lllnaxom eapiayii ceomempuynux i
O0OMOMYBANBHUX —NAPAMEMPIE  KOMCHOI 3  O0CHIONCYBAHUX MOOeell  eleKMpPOOBUSYHIG, GUSHAYEHO MEXAHIUHI
Xapaxmepucmuxu, 3a AKux 00CA2AEMbCs 3a0AHULL MOMEHM | NOMYICHICMb Y 8CbOMY Oiand3oui yacmomu 0bepmaHHs.
pomopa. Taxoxc BUKOHAHO MENI08Ull PO3PAXYHOK 3 YPAXYBAHHAM MICbKO20 13008020 YUKILY BUCOKOUIBUOKICHUX
08UZYHIB Yy pazi NOBIMPAHO2O OXONOONCEHHSI GEHMUIAMOPOM I HUBLKOWBUOKICHUX — 6 pedcumi piOUHHO20
0x0n100%4cenHs. Po3paxyHok xapaxmepucmuk 00CRiONCY8AHUX eNeKMPOOSUSYHIE8 BUKOHAHULL ) NPOSPAMHOMY NAKemi
Simcentre MotorSolve. bion. 13, puc. 8, Tadim. 3

Knwwuoei cnoea: uucenbHe MOJEIIOBaHHS, €NEKTPOJBUIYH, IMOCTIHHI MAarHiTH, €JIeKTPOMArHiTHUH MOMEHT, poOodi
XapaKTEPUCTHKH, TCIIOBUN PO3PAXYHOK, CICKTPOIIPHUBOJL TPaMBasl.
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