EJIEKTPOMEXAHIUYHE [IEPETBOPEHHS EHEPT 11

DOI: https://doi.org/10.15407/techned2022.04.021

COMPARATIVE ANALYSIS OF ELECTRIC MACHINES CHARACTERISTICS
WITH PERMANENT MAGNETS FOR ELECTRIC VEHICLES AND WIND TURBINES

V.V. Grebenikov', V.B. Pavlov'"”, R.V.Gamaliial***, V.S. Popkov
'Institute of Electrodynamics National Academy of Sciences of Ukraine,
Peremohy Ave, 56, Kyiv, 03057, Ukraine.

E-mail: elm1153@gmail.com

2 Frantsevich Institute for Problems of Materials Science NAS of UKraine,
Krzhizhanovsky st., 3, Kyiv, 03142, Ukraine.

The results of a numerical and experimental study of an electric machine with cylindrical permanent magnets are pre-
sented. It is shown that if a squirrel-cage rotor in a standard induction motor is replaced by a rotor with permanent
magnets, then a significant increase in the specific power of the electric machine can be obtained. Numerical studies
and analyses of the characteristics of an electric machine with tangentially magnetized neodymium and ferrite magnets
in the motor mode have been carried out. It is shown that in order to ensure maximum specific characteristics for use in
electric vehicles, it is necessary to take into account the driving cycle and carry out liquid cooling of the electric motor.
Also, a comparison of the characteristics obtained during testing of an experimental sample in the generator mode and
the characteristics obtained in the calculation models was made. It is shown that the discrepancy between the calcu-
lated and experimental dependences for several values of the rotor speed is no more than 4%. The characteristics of the
electrical machines under study were calculated using the Simcenter MagNet and Simcenter MotorSolve software
packages. References 7, figures 6, tables 2.
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In recent years, the research and production of electric machines with permanent magnets has been
intensified. This is primarily due to the increasing production of electric vehicles, in the production of which
there is a clear trend towards the use of electric motors with permanent magnets due to their high power
density compared to other types of electric motors (asynchronous, direct current and SRM) [1]. From year to
year, the use of electric generators with permanent magnets for wind turbines, as well as electric motors used
in various industries where it is necessary to control the rotor speed, is also increasing. This article shows
how a standard squirrel-cage induction motor can be converted into an efficient permanent magnet motor at
low cost. Thus, it is possible to organize the production of highly efficient synchronous machines with
permanent magnets without significant resources and investments [2].

The purpose of this article is to analyze and compare the characteristics of an electric machine in the
motor and generator mode with the most common configuration of the rotor magnetic system, namely, with
permanent magnets of tangential magnetization. The configuration of the magnetic system, made on the
basis of the stator of a standard AIR112MV8 asynchronous motor with a rotation axis height of 112 mm and
the number of pole pairs 2p=4 [3].

Since the cost of rare earth magnets is quite high, there is considerable interest in machines with ferrite
magnets, the cost of which is significantly lower. This article analyzes and compares the characteristics of motors
with neodymium magnets (N40SH) and cheap ferrite magnets - such as Ceramic 10 (C10). Neodymium magnets
(N40SH) have temperature stability up to 150°C, ferrite magnets (C10) have temperature stability up to 300°C.
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In the research, a stator of a standard asynchronous motor was used, the main technical characteristics of
which are as follows: rated voltage when the stator windings are connected to a “star” — U,=380 V, rated current —
1=7.1 A, rated power — P,=3 kW, rated rotation speed — n=710 rpm, efficiency — 80%, cos ¢ =0.73. The main
technical parameters of the stator: outer diameter of the stator — D,=191 mm; stator inner diameter — D;=132 mm;
number of stator slots — Z=48; slot height — 44,~18.1 mm; axial length of the stator package — L=130 mm.

In a standard asynchronous motor, the squirrel-cage rotor was replaced with a rotor with permanent
magnets, which consists of a non-magnetic shaft /, ferromagnetic poles 2, in which bevels are carried out to
reduce the gear moment (cogging). Permanent magnets 3 and poles 2 are fixed on the shaft with the help of
two cups 4, which are made of non-magnetic material (Fig. 1, a). In this figure, for convenience, one of the
ferromagnetic poles is not shown.

The calculation of the magnetic field and the characteristics of the electric machine was carried out
in the software package Simcentr MotorSolve and Simcentr Magnet [4]. On Fig. 1, b shows the cross section
of the magnetic system and the distribution of the magnetic flux density at rated current for an electric ma-
chine with neodymium magnets (N40SH) and ferrite magnets (C10).
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As it is known, in contrast to asynchronous motors, in motors with permanent magnets, the dependence
of the electromagnetic torque on the rotor speed has an almost constant value up to a certain rotor speed, after
which the torque and power of the electric motor have a sharply falling character. This is explained by the fact
that after a certain rotation frequency, the induced back EMF, proportional to the number of turns of the stator
windings, becomes comparable with the supply voltage of the stator phases, which leads to a decrease in the
phase current in the windings and a sharp drop in the torque and power of the electric motor.

The article investigates the characteristics of a motor with permanent magnets, the number of turns
in the stator coils of which is chosen equal to: W= 2; W=2; W = 6 and it is shown that by varying these pa-
rameters and the type of permanent magnets, it is possible to design the optimal configuration of the mag-
netic system for the given characteristics of the electric machine.

When studying the characteristics of electrical machines, the stator phases were connected in a "star",
and the four coils of each phase were connected in series. In all calculations, the current density in the stator
windings is assumed to be the same and equal to J=7.2 A/mm?’, coil fill factor — k=40%. The rated currents for
each value of the number of turns are as follows: W=2 — [,=97.8 A; W=4 — [,=48.9 A; W=6 — 1,=32.6 A.

On Fig. 2, a shows the operating characteristics of an electric machine in the motor mode with neo-
dymium (N40SH) and ferrite magnets (C10) with the number of turns of the stator winding W = 2. It should
be noted that with neodymium magnets, the rotational speed and power begin to decrease sharply after the
rotational speed equal to n = 6500 rpm, with ferrite magnets, respectively, after the rotational speed — n =
15750 rpm. This is explained by the fact that ferrite magnets have a residual induction approximately three
times less than neodymium magnets. Although the electromagnetic torque of a machine with ferrite magnets
is less than that of a machine with neodymium magnets, due to the ability to operate at a higher speed, the
power of both machines is approximately equal. On the other hand, the cost of ferrite magnets is significantly
less than neodymium ones, and therefore they can have a competitive advantage in applications where high
electromagnetic torque is not needed.
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Fig. 2
Table 1 Table 1 shows the results of comparing
T the power and efficiency of electric machines
n, Pouta PlossZa n, F%M —BM U 1 1 1
—-— . with permanent magnets and standard induction
Parameter | rpm | kW \\% % B | My
N40SH 710 1525 | 045 1920 1.75 150 motors, as well as the total losses (Ppsz) of ma-
C10 710 | 1.94 | 044 | 816 | 065 20 chines with permanent magnets. Comparison of
IM2p=4) | 710 3 ; 30 N N the power of an induction motor with the number
N40SH [ 1500 [ 11.1 [ 0.63 [ 94.7 [2.02 [ 105 of pole pairs equal to 2p = 4, the rotational speed
C10 1500 | 411 | 045 903 | 0.75 53 of which is n = 710 rpm, with the corresponding
IM(2p=2) | 1500 | 5.5 - 857 | - - electric motor based on permanent magnets
N40SH 3000 | 22.1 | 0.97 | 95.8 | 2.95 10.1 shows that with neodymium magnets the power
C10 3000 | 8.22 | 0.59 | 934 | 1.10 7.3 in 1.75 times greater, with ferrite magnets the
IM(2p=1) | 3000 | 7.5 - 87 - - power is 0.65 of the power of the asynchronous

motor. The same trend persists when comparing

the power of a standard induction motor with the number of pole pairs 2p = 2. Comparison with an asyn-
chronous motor with the number of pole pairs 2p = 1 showed that the power of the machine with neodymium
magnets in 2.95 times greater, and with ferrite magnets more 1.1 times.

Table 2 shows the values of the rotor speed at which the maximum values of power and electromag-

netic torque of machines with

Table 2 . .
neodymium and ferrite mag-
Parameter W=2 =4 =6 nets are observed for various
Mgy, TPM Pmaxa kW Mgy, TPM Pmaxa kW Mgy, TPM Pmax, kW Values Of the number Of turns

N40SH 6500 45.40 3200 22.50 2120 15.47 of the stator windings.
C10 15750 40.78 7650 20.29 5300 13.9 Thus, if in a standard

asynchronous motor with a
rotation axis height of 112 mm and the number of pole pairs 2p = 4, we replace the squirrel-cage rotor with a
rotor with permanent neodymium magnets, then we can get an approximately 15-fold increase in power
(Ppai/Pryy = 45.4/3 = 15.1). Naturally, for neodymium magnets, the rotational speed compared to an asyn-
chronous motor should be approximately 9.2 times higher, for ferrite magnets, approximately 22 times
higher. It should be noted that a significant increase in the power of an electric machine also leads to a pro-
portional increase in losses in structural elements, which means that a thorough study of the heating of struc-
tural elements is required.

The calculation of the temperature of the structural elements of the electrical machines under study
(windings, magnets, iron of the stator and rotor, shaft, housing, end shields) was carried out in the Simcentre
MotorSolve package, taking into account the cooling system. The thermal calculation was carried out for the
operating mode (S1), which provides for a long and uninterrupted operating period during which the motor is
heated to a steady temperature. Fig. 3 shows pictures of the thermal field of electrical machines with neo-
dymium and ferrite magnets, as well as graphs of heating of permanent magnets for different values of the
number of turns, type of cooling (air, liquid), and different values of the number of turns, and hence the rated
current in the windings.

Thermal calculation was performed for two cooling systems, air and liquid. In an air-to-air cooling
system, air is driven by a fan along the outer casing of the electric machine. The initial data for air cooling
are as follows: machine orientation — horizontal; forced convection direction — axial; coolant flow speed —
View=2 m/s; initial temperature — 7=20 °C.
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Fig. 3

The liquid cooling system consists of channels evenly spaced inside the outer casing of the electric
machine and oriented along the axis of rotation of the rotor. The initial data for thermal calculation are as
follows: type of channels built into the body — spiral; the number of cooling channels — 7,=100; the shape of
the cooling channels is round; diameter of cooling channels d; = 3 mm; productivity of the circulation pump
Q=2 I/min; the initial temperature at the inlet to the cooling channels is 20 °C.

When calculating the temperature of structural elements, it is first necessary to control the heating of
permanent magnets. From the heating graphs of the magnets shown in Fig. 3, d it follows that with air cool-
ing for a rated current /,=97.8 A (W=2), the magnets heat up to a temperature of 255°C, which is unaccept-
able and will lead to their demagnetization. For a machine with ferrite magnets at W=2, the magnets do not
heat up above 300°C, but the maximum temperature of the windings is 250°C, which is also not acceptable.
For W=4 and W=6, an air-cooled machine with ferrite windings will be capable of continuous operation. For
a machine with neodymium magnets, it is necessary to use liquid cooling, which can significantly reduce the
heating of structural elements. As can be seen from the heating graph of magnets with liquid cooling, even
for W=2, their temperature does not exceed 75°C.

Thus, when designing a permanent magnet motor based on the stator of a standard asynchronous mo-
tor, should consider the method of cooling it, taking into account the type of magnets used and its operating
mode. Let's show this on the example of designing an electric motor for an electric car.

When designing electric motors for electric vehicles, one should take into account the driving cycle,
which describes the movement of the vehicle in the city and outside the city [5, 6]. In Europe, the so-called
new European driving cycle, referred to as NEDC, has recently been applied, consisting of accelerations,
decelerations and steps at a constant speed for 20 minutes.

In the MotorSolve software package, it is possible to calculate the required speed and torque for almost
any driving cycle, given the basic parameters of the vehicle [4]. As the initial data for calculating the electric
motor, the parameters of a mini-class car are taken: the total mass of the electric car is m=1500 kg; air resis-

tance coefficient for the chassis body — C,=0.33; frontal area of

8000 T the chassis body — $=1.9 m*; drive wheel diameter — d=0.546

6000 m; gear ratio of the main gearbox U,,=5.33; rolling friction
4000 coefficient — /~0.018.

Fig. 4 shows the dependence of the rotor speed and

2000 ﬁ [L\ /\\ /\ torque on the electric motor shaft on time for the NEDC
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section (0=0%). Analyzing these dependencies, it should be
noted that at a=0%, the maximum value of the moment is
Te=98 Nm, at 0=12% - T,,=180 Nm. Therefore, the
electric motor for a given electric vehicle and a given driving
cycle must be designed in such a way that its maximum
electromagnetic torque is at least 180 Nm.

Fig. 5 shows the performance characteristics of electric
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motors calculated in the Infolytica MotorSolve package. This figure also shows representative (peak) torque
points for the driving cycle at a=0% and oa=12%. To obtain an electromagnetic torque value that exceeds the
corresponding peak torque values at a=12%, the phase current of the electric motor must be equal to /,, =255
A, the current density at this current is equal to J=18.4 A/mm’. It should be noted that at this current density
and speed n=3000 rpm, the power of the electric motor is P=60 kW, which is 8 times higher than the power of
an asynchronous motor at the same speed. To obtain the value of the electromagnetic torque, slightly exceeding
the value of 7,,,=98 Nm, the phase current must be equal to ;=140 A, which corresponds to the current den-
sity J=10.3 A/mm”. Thus, the calculation results show that with an increased current density in the windings, it
is possible to realize the specified value of the electromagnetic torque, which ensures the movement of the elec-
tric vehicle in accordance with the specified driving cycle and the maximum angle of inclination of the road.
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The permanent magnet motor control system consists of the following elements: controller power sec-
tion; microprocessor control system; controller blocks, blocking, indication; control panel; software.

Naturally, it is necessary to carry out a thermal calculation of the electric motor, taking into account
the driving cycle and the increased current density. The input data for the thermal calculation for liquid cool-
ing are the same as for the calculations shown upper. Fig. 5, b shows the temperature of the permanent mag-
nets and motor windings as a function of time at a phase current value of 1,,=255 A and 1,,=140 A. With a
liquid cooling system, with a circulation pump capacity of O=2 //min, the temperature of the stator windings
at a current of 7,,=255 A does not exceed 58°C, which is significantly lower than the permissible temperature
for class H insulation, and the temperature of the magnets does not exceed 50 °C, which is also acceptable
for the operation of magnets. At current /,,=140 A, the steady-state temperature of the windings does not
exceed 39°C, and that of the magnets — 33°C. Thus, the calculation results show that the design of an electric
motor for an electric vehicle should be carried out taking into account the driving cycle.

For low-power wind turbines, synchronous power generators are used, usually based on rare-earth
permanent magnets. The frequency of rotation of the wind rotor depends on the diameter of the wind wheel,
as well as on the wind speed, and for power up to P=10 kW is approximately »=100-300 rpm. For such a
speed, it is advisable to use a high-speed generator with a magnetic gear, the reduction factor of which can
be, for example, equal to k¢=7.3. The use of an electric generator paired with a magnetic gearbox has a num-
ber of significant advantages. The magnetic gearbox, unlike mechanical gearboxes, does not create addi-
tional noise, does not require lubrication, its service life is higher, and operating costs are also significantly
reduced [7]. In addition, a comparison of the characteristics of a generator with permanent magnets for wind
turbines showed that, with equal power, a generator with a magnetic gearbox has at least 2 times less mass of
active materials than a low-speed generator, the shaft of which is directly connected to the shaft of a wind
turbine an approximately equal mass of magnets.

The article compares the calculated and experimental dependences for electric generators with perma-
nent magnets. To achieve this goal, an electric generator with permanent magnets of the N4OSH type was
manufactured, while a stator from an asynchronous motor with a rotation axis height of 112 mm was used.
Tests of an experimental sample of the generator, the photo of which is shown in figure 6a was carried out on
an experimental stand. The coils of each phase are connected in parallel; the phases are connected in a "trian-
gle" and connected to a rectifier bridge of six diodes, which is connected to an active variable resistor — Ryg,q.
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Fig. 6, b shows a comparison of the calculated and experimental dependences of the voltage in the load
Ulaa On the current in the load /;,,, for three values of the generator rotor speed: #=2000 rpm, »=1500 rpm,
n=1000 rpm and in Fig. 6, ¢ — power in the load Py, on the current in the load /,,,, for the same three values of
the rotor speed. The rated phase current at current density J=7.2 A/mm’ corresponds to the load current
1,.=31.5 A. The average discrepancy between the calculated and experimental values is less than 4%.

Conclusions. As a result of experimental and numerical studies, it has been established that replac-
ing a squirrel-cage rotor with a rotor with permanent magnets makes it possible to obtain a significant in-
crease in specific power. Compared to a standard asynchronous motor with an axis height of 112 mm and the
number of pole pairs 2p=1, a machine with neodymium magnets has about three times the power density.

As a result of thermal calculations, taking into account the NEDC driving cycle, it was found that the
use of liquid cooling makes it possible to cool neodymium magnets and windings to a temperature below the
critical one at an increased current in the windings, which makes it possible, for example, at a rotation fre-
quency of #=3000 rpm to increase the specific 8 times power compared to standard asynchronous motor.

The characteristics of the experimental samples of the generator and its computer model are com-
pared. The discrepancy between the calculated and experimental dependences for several values of the rotor
speed does not exceed 4%. Thus, the calculation model adequately describes the characteristics of an electric
generator with permanent magnets and can be used in further studies with a variation in the type and main
dimensions of the magnetic system.
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Hageoeno pezynomamu uucenvno2o ma ekCnepumeHmanibHo20 00CHiONCeHb eleKMPUYHOT MAWUHY 3 NOCMIUHUMU Mde-
Himamu yuninopuyno2o muny. I1okazano, AKWo 3amMiHUMU 6 CManOapmHOMy ACUHXPOHHOMY OBUZYHI KOPOMKO3AMKHY-
Mmuti pomop Ha pomop 3 NOCMIHUMU MAZHIMAMU, MONCHA OMPUMAMU ICTMOMHe 30iNbUeHH NUMOMOL ROMYHCHOCMI
enexmpuunoi mawunu. IIposedeno uucenvHi 00CIIONHCEHH MA AHANI3 XAPAKMEPUCMUK eNeKMPUYHOL MAWUHY 3 MAH2e-
HYIAIbHO HAMASHIYEHUMU HEeOOUMOBUMU MA hepumosumu mazHimamu 6 dsuzynnomy pescumi. Tloxkasano, wo 3a01s
3a0e3nedentss MAKCUMATbHUX NUMOMUX XAPAKMEPUCMUK OISl 3ACMOCY8ANHS 8 eNeKMPOMODIIAX HeoOXIOHO 8paxos8y6a-
mu i3008utl Yuka ma 30iUCHIO8AMU PIOUHHE OXON00XHCEHHS efleKmpoosuzyHa. Taxooc npogedeHo NOpieHAHHA XapaKme-
PUCTUK, OMPUMAHUX RIO Yac 8unpody8aHb eKCNepUMEeHMAIbHO20 3PA3KA 8 2eHePAMOPHOMY PedCUMi, i Xxapakmepuc-
MUK, OMPUMAHUX 8 PO3PAXYHKO8UX moolenax. Ilokazano, wo po3dixcHiCmMb PO3PAXYHKOBUX MA eKCNepUMeHmMAalbHUX
3anexcHocmeli 0I5l KiIbKOX 3HAYeHb Yacmomu 0bepmanHs pomopa cmanosums He Oinvute 4%. Xapakmepucmuxu 0o-
CHLIOHCYBAHUX eNIeKMPUUHUX MAUUH PO3PAX08AHO 8 nakemax npozpam Simcenter MagNet i Simcenter MotorSolve. bion.
7, puc. 6, Tadi. 2.

Knrouosi crnoea: yrcenbHe MOJICITIOBAHHS, CICKTPOIABUIYH IS €JICKTPOMOOLIS, MOCTIHHI MarHiTu, 130BUIl LUK, PO-
004l XapaKTEPUCTHKH, TEIUIOBUH PO3PaXyHOK, BITPOCHEPTETHYHA YCTAHOBKA.
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