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Abstract: This paper provides computer analysis and experiential investigation of the permanent
magnet machines with neodymium and ferrite permanent magnets to discuss the feasibility of
utilizing induction machines-oriented equipment for PM machine production. For this purpose,
the machines are obtained by replacing the squirrel-cage rotor of the induction motor with the
flux-focusing (tangential) and surface-mounted (radial) permanent magnet rotors. Electromechanical
parameters of the machines as electromagnetic torque and output power are discussed and compared.
The temperatures of the neodymium and ferrite magnets are also calculated at rated current, and short
circuit scenarios and the performance of two different cooling systems in minimizing the temperature
effect on the machines are investigated. Furthermore, the demagnetization of permanent magnets at
various load conditions is also studied. Finally, the results of the computer modeling are validated by
the physical prototypes of the machines. The characteristics of the electrical machines under study
were calculated using the Simcenter MagNet and Simcenter MotorSolve software packages.

Keywords: demagnetization; liquid cooling; permanent magnet; torque density

1. Introduction

A few decades ago, when permanent magnet (PM) technology was still developing,
induction machines (IMs) dominated in the industry. However, the current progress of PM
machines has led to the achievement of higher performance, improved efficiency, better
reliability, higher power density, superior power factor, and synchronous operation, among
many others [1]. Understandably, the scale has tipped in favor of permanent magnet
machines. Therefore, the industries that initially invested in induction motors are now
faced with a dilemma as reinvesting into the new assembly lines of PM machines and
retiring existing IM-oriented equipment is a costly and time-consuming process with a
detrimental environmental impact. Therefore, the industries attempt a different approach,
where the existing IM-oriented equipment is utilized to produce PM machines. Previously,
the thermal analysis of permanent magnet machines has been discussed in a significant
number of papers [2—4]. The torque and efficiency calculation depending on the harmonic
loss has been discussed in [5]. Performance comparisons of the PMs under different tem-
peratures have been carried out in [6]. Different cooling strategies have been proposed for
various designs of these machines involving liquid and forced-air cooling [7-9]. Reliability
and the application of the cooling systems has been studied in [10,11]. Comparison be-
tween different demagnetization models of permanent magnets has been discussed in [12].
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PM machine demagnetization characteristics and analysis has been discussed in [13-17].
Application and the response of the machine for high current has been discussed in [18,19].
Different analysis on the PM machines has been carried out in [20].

Since the cost of rare-earth magnets is constantly increasing, there is a significant
interest in machines with ferrite magnets. Therefore, the importance of this research is
outlined by the necessity to design rare-earth-free machines, which could compete with
their rare-earth counterparts in power density and efficiency. This paper provides an
insightful comparison of the PM machines with rare-earth and ferrite PMs to reach this
goal. In addition, the machines are compared in terms of output power, electromagnetic
torque temperature distribution, and demagnetization of permanent magnets at various
load conditions.

This paper demonstrates how the conventional squirrel cage induction motor can be
converted into an efficient PM motor at a low cost. For this reason, the squirrel cage rotor of
the induction motor is replaced with a permanent magnet rotor. In order to investigate the
influence of the rotor configuration on the machine’s characteristics, two rotors: (a) with
tangential PMs and (b) with radial PMs are studied. Furthermore, 3D Finite Element
Method (FEM) analysis is applied to investigate the electromagnetic and temperature
phenomena in the machines. Finally, specific attention is paid to the demagnetization of
permanent magnets during short-circuit scenarios when the current is 6.5-15 times higher
than the rated current.

The rest of the paper is organized as follows. Section 2 contains the performance
analysis of the of the PM machines with rare earth and ferrite magnets; Section 3 elaborately
discusses the temperature analysis of the tangential and radial machines with rare earth and
ferrite magnets. Demagnetization analysis of the magnets at high load current is discussed
in Section 4. Next, Section 5 provides experimental validation for the obtained simulation
results. Finally, Section 6 concludes the paper

2. Performance Analysis of the Machines with Rare-Earth and Ferrite PMs

In order to study the possibility of replacing the rare-earth magnets with ferrite
magnets in the PM machines, the rotors with rare-earth (N42) and ferrite (C10) PMs are
discussed. As known, neodymium magnets (N42) demonstrate operational stability up
to 80 °C. This temperature can be higher for other rare-earth magnets such as N455H,
where the temperature stability reaches 150 °C. However, N45SH PMs have higher costs
compared to N42 magnets and are not widely available on the market. Therefore, this
study will be focused on N42 magnets whose residual flux density is 1.2 T.

As for the ferrite magnets (C10), the working temperature of these magnets is higher
than that of the neodymium ones and can reach up to 300 °C. The residual flux density of
these magnets is, however, around three times lower than that of the N42 PMs and equals
0.4 T. Both tangential and radial machines, which are discussed further, employ a stator of
the conventional squirrel-cage motor, with characteristics enclosed in Table 1.

The tangential machine with internal PMs is depicted in Figure 1a. The machine is
analyzed using Simcenter MagNet® (version number 2022.1, Siemens Industry Software
Inc., Plano, TX, USA) and MotorSolve® (version number 2022.1, Siemens Industry Software
Inc., Plano, TX, USA) software. The two way analysis between the electromagnetic and
mechanical solver is enabled to calculate temperature by solving conjugate problems. The
magnetic flux densities in this machine’s stator and rotor core for N42 and C10 PMs are
illustrated in Figure 1b,c respectively. The magnetic flux density values in the machine with
neodymium PMs are as follows: 1.7 T—in the stator core, 2.1 T—in the stator teeth, and
1.5 T—in the rotor core. The same values in the machine with ferrite magnets (Figure 1c)
are: stator core—0.9 T, stator teeth—1.6 T, and rotor core is 0.8 T. The machine with radial
(surface-mounted) PMs is depicted in Figure 2a, and the magnetic flux distribution of this
machine for N42 and C10 magnets is plotted in Figure 2a,b. The magnetic flux density
values in the machine with N42 PMs (Figure 2b) are 1.4 T—stator core, 2 T—stator, and
1 T—rotor core. The values in the machine with ferrite magnets are (Figure 2c): stator
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core—0.6 T, stator teeth—1 T, and stator core—0.5 T. The coercivity of the magnets at 300
and 400 K multiplied by the relative permeability is provided Table 1.

Table 1. Basic parameters of the conventional squirrel-cage induction motor.

Parameter Value
Number of poles 4
Number of slots 36
Diameter (Outer) 130 mm
Diameter (Inner) 89 mm
Air-gap 1 mm
Terminal voltage Vt 380V
Rated current Ia 1.2A
Ratedoutput power, P 550 W
Rated speed, n 650 rpm
Efficiency 65%
Power factor 0.6
Phase resistance 90 Ohms
Filling factor 0.6
Thermal coercivity of the N42 at:
300K 1.23T
400 K 0.01T
Thermal coercivity of the C10 at:
300K 0.35
400 K 0.29
Electrical conductivity of the N4

Electrical conductivity of the C10

0.667 x 106 S/m

Non conductive

-~

Shaded Plot (T)
0

0275 055 0825 11 1.38 1.65

193 22

PM machines.

Figure 1. Tangential machine: (a) general view, (b) magnetic flux density in the stator and rotor

core of N42 PM machine, (c) magnetic flux density distribution in the stator and rotor core of C10
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Figure 2. Radial machine: (a) general view, (b) magnetic flux density in the stator and rotor core
of N42 PM machine, (c) magnetic flux density distribution in the stator and rotor core of C10
PM machines.

The magnetic flux in the stator teeth interacting with the current in the stator winding
produces electromagnetic torque in the machine. A product of the electromagnetic torque
and speed of the rotor results in output power on the machine’s shaft. The output power
and the electromagnetic torque characteristics for tangential and radial machines with
rare-earth (N42) and ferrite (C10) PMs are compared in Figure 3. In this comparison, the
number of turns in both machines is N = 90.

Radial (N=90) 25 Tangentinal (N=90)
1 T, Nm P, kW
T.Nm P, kW 0.8
- 0.8 20
. | 06
0.6 15
- 04 10 = 04
\ .
- 0.2 5 '~ 02
n, rpm
0 0 i B
200 400 600 800 1000 0 200 400 600 800
— - =T(CLO) T (N42) T(N42) — - —T(Cl0)
= = = P(N42) seeseese P (C10) — === P(N42)  eeeeeeens P (C10)
(a) (b)

Figure 3. Electromechanical characteristics of the tangential and radial machines with N42 and C10
PMs for N = 90 turns. Here, the X-axis defines the speed of the machines and the Y-axis shows the
torque and output power.

The output power and electromagnetic torque of the tangential machine with N42
PMs decrease rapidly when the machine reaches the speed of 350 rpm (Figure 3a). On the
other hand, the same tendency is observed for the machine with ferrite magnets, but at a
speed of 690 rpm.



Energies 2022, 15, 4484

50f 15

The maximum torque of the tangential machine with N42 PMs is two times higher
than that of the machine with ferrite magnets. The higher value of the magnetic flux density
in the stator teeth of the machine with rare-earth magnets explains this phenomenon. The
maximum output power of the tangential machine with N42 PMs equals 0.8 kW at the
speed of 380 rpm, and for the machine with ferrite magnets, 0.76 kW at the speed of 690 rpm

On the other hand, the maximum output power of the radial machine with N42 PMs
(Figure 2b) is the same as that of the tangential machine with rare-earth magnets: 0.8 kW at
a speed of 380 rpm. The same power is observed in the machine with C10 PMs, however,
at a speed of 1060 rpm. The maximum torque (T) of the tangential and radial machines
with N42 PMs (Figure 3a,b) is also similar: 23 Nm for the tangential; and 22 Nm for the
radial. This torque is constant for both machines at the speed range of 0-380 rpm. For the
machines with ferrite magnets, the torque is 10.5 Nm for the tangential; and 7.8 Nm—for
the radial machine. Additionally, the constant torque speed range for these machines is as
follows: 0-690 rpm for the tangential machine; and 0-1100 rpm for the machine with radial
PMs. When the number of turns in both machines is decreased to N = 20, the torque and
power characteristics change, as portrayed in Figure 4. Now the maximum output power
of the tangential and radial machines with N42 PMs is five times higher than the machines
with N =90 turns (Figure 4a,b).

Radial (N=20) Tangentinal (N=20)
25 5 3 M Nm w ] >
T, Nm P, kW i ;
20 4 20 A 4
A T ’ .
15 3 15 L A RS 3
4 .t
0 o= I P - 5
. 2 .
S AN R K B A N,
5 S 1 Sl 1
0 n, rpm -, a 0 b nrpmj o
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000
T(N42)  —..=T(C10)
T(N42) —--—T(C10) — = = P(N42)  sescerens P(C10)
=== = P(N42) ceeeeees P (C10)

(@) (b)

Figure 4. Electromechanical characteristics of the tangential and radial machines with N42 and C10
PMs for N = 20 turns. Here, the X-axis defines the speed of the machines and the Y-axis shows the
torque and output power.

The same is observed in the machines with C10 magnets. The output power (P)
increases due to the decrease of the synchronous reactance by the lower number of turns.
Moreover, the speed span at which the machines operate with constant torque has also
increased. For the machines with N42 PMs, this range has become 0-1950 rpm. Furthermore,
for the machine with C10 magnets, the constant torque operation is observed at 0-3500 rpm—
for the tangential and 0-5250 for the radial. The power factor of the machines is 0.95 as the
resistive load is used for the analysis.

Further decrease in the number of turns results in additional power rise of the machines
and wider constant torque range-characteristics of the machine when the number of turns
N =10 are illustrated in Figure 5.
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Figure 5. Electromechanical characteristics of the tangential and radial machines with N42 and C10
PMs for N = 10 turns. Here, the X-axis defines the speed of the machines and the Y-axis shows the
torque and output power.

The maximum power of the tangential and radial machines with N42 magnets is
now increased to 8.05 kW. The power of the machines with ferrite magnets is as follows:
7.7 kW—for the tangential and 8 kW for the radial machine. Even though the maximum
powers of machines with N42 and C10 magnets are similar, the speed corresponding to
these powers is different. To reach 7.7 kW, the tangential machine with ferrite magnets
needs to develop a speed of 7050 rpm. The machine with N42 magnets—3850 rpm. As soon
as such speed is reached, the output power of the tangential machine starts to decrease
rapidly due to the high eddy loss. In the case of the machines with ferrite magnets, these
losses are lower because of the lower residual flux of the ferrite magnets.

To conclude, the tangential and radial machines with N = 10 turns develop higher
maximum power and operate with a broader range of constant electromagnetic torque
than those with N = 90 and N = 20 turns. Therefore, the machines with N = 10 turns will be
considered for further analysis. The output power of the tangential machine with N42 PMs
and N = 10 turns at the speed of 650 rpm (Figure 5) is 5.5 times higher than the power of
the conventional squirrel-cage rotor machine (Table 1) at the same speed. To evaluate the
efficiency of the radial and tangential machines with N = 10 turns, the hysteresis, eddy
current, and ohmic losses in all the elements of the machine such as stator core, rotor,
magnets, stator teeth, and the winding are calculated using 3D FEM. The results of the
simulations are presented in Table 2.

Table 2. Power loss in the tangential and radial machines with N = 10 turns.

Parameter

Tangencial (N42) Tangencial (C10) Radial (N42) Radial (C10)

Loss—Stator back iron hysteresis (W)
Loss—Stator back iron eddy current (W)
Loss—Stator teeth hysteresis (W)
Loss—Stator teeth eddy current (W)
Loss—Rotor back iron hysteresis (W)
Loss—Rotor back iron eddy current (W)
Loss—Magnets eddy current (W)

n, rpm
Torque (N-m)
Efficiency (%)

Loss—Total (W)

Loss—Winding (W)

3000
21.8
96.5
301.5
173.4
45.68
21.08
32.38
24.98
0.96
1.04
2.00

3000
9.2
91.8
259.5
227.8
9.83
2.83
13.81
4.52
0.41
0.35
0

3000
19.9
96.2
273.5
177.0
36.00
12.72
27.15
15.12
0.010
0.002
0.005

3000
6.2
90.07
215.9
204.7
4.18
0.97
4.45
1.40
0.011
0.003
0

Both tangential and radial machines with N42 magnets exhibit higher power losses
than the same machines with C10 PMs due to the higher residual flux of the rare-earth
magnets. These power losses of the machines cause a rise in the temperature in the elements
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of the machine. Therefore, a thorough temperature analysis is necessary to investigate the
effect of temperature on the operational characteristics of the machines.

3. Thermal Analysis of the Machines with Rare-Earth and Ferrite PMs

The temperature analysis of the machines (including winding, PMs, shaft, bearings,
stator, and rotor core) is carried out using Simcentr MotorSolve. The machines are operated
continuously until the components of the machines reach the steady-state temperature.
Then, two cooling systems—air-forced and liquid, are applied to evaluate the more suitable
system for the presented machines. In order to perform a conjugate heat transfer simulation
in the software, appropriate boundary conditions were set up. Mainly those are: periodic
boundary since the model was cut by sectors, external and internal boundaries. The heat
transfer within the boundaries is completed either by convection or conduction. Mesh
adaption and verification was completed to obtain an accurate solution. When the thermal
model was set up, the power losses of the electromagnetic solver were mapped to the
thermal solver.

The air-forced cooling system is characterized by the air moving alongside the ma-
chine’s stator. The system is designed with the following initial parameters:

The machine is oriented horizontally.
The speed of the coolant flow =2 m/s.
The initial temperature of the machine is T =20 °C.

With the help of parametric analysis, the temperature of the PMs is calculated for
machines with a varying number of turns. In this analysis, the machines evolve the air-
forced cooling. The temperature curves of the permanent magnets in the machines with
N =90, 20, and 10 turns are plotted in Figure 6a,b. Here, solid lines indicate the curves
for the neodymium magnets (N42), and the dotted lines illustrate the characteristics of the
machine with ferrite magnets (C10).

Tangential Radial
150 T C g 150 adial
M . Tpyp °C
100 /ﬁ:"/_ 100 T ccm—====oo
e .
y ”
S
50 ’)L,;l- 50
. t, min
0 7, min 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
N=90 (N42)  ====- N=90 (C10) N=90 (N42) N=20 (N42)
N=20 (N42) = = =« N=20 (C10) N=10 (N42) e e===N=90(CI10)
N=10 (N42) = = = = N=10 (C10) —===N=20(Cl0) ====N=10(Cl0)
(a) (b)

Figure 6. Temperature characteristics of the PMs in the tangential and radial machines with various
numbers of turns at air-forced cooling. Here, the X-axis defines the time and the Y-axis shows the
temperature of the machines.

The results show that the temperature of the C10 magnets in the machine with tangen-
tial PMs does not exceed 100 °C (Figure 6a), and the temperature of the C10 magnets in the
radial machine is 130 °C (Figure 6b).
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Therefore, since the maximum working temperature of the ferrite magnets is 130 °C,
the proposed air-forced cooling system can satisfy the operating conditions of these PMs.
The temperature of the N42 magnets for both tangential (Figure 6a) and radial (Figure 6b)
machines is higher than the working temperature of these magnets (80 °C). Therefore, the
proposed air-cooling system is not sufficient for the proposed machines with N42 PMs, and
so, the liquid cooling for the machines with N42 magnets is explored next.

The discussed liquid cooling system is placed along the rotor shaft and composed of
the water channels equally distributed in the inner part of the machine. The water moves
inside these channels with the help of the circulating pump. Thus, the heat generated in
the machine’s elements is transferred to the water. The initial data for the liquid cooling
system are as follows:

The number of cooling channels is 100.

The shape of the cooling channels is circular.
The diameter of the cooling channels is 3 mm.
The initial water temperature is 20 °C.

The cooling efficiency of the liquid system depends on the circulating pump. Therefore,
the system was analyzed for various water flow values ranging from 0 to 4 L/minute to
find a suitable pump for the design. The performance of the cooling system for different
flow rates is presented in Figure 7. The analysis was carried out for the number of turns
N = 10 and rated current density ] = 8.5 A/mm?.

200
E0C
150 Tangential (N42)
== ==« Radial (N42)
100

J=16.2 A/mm?

50 J=8.5 A/mm?

Q, /min

0 1 2 3 -

Figure 7. Temperatures of the neodymium magnets (N42) in the tangential and radial machines at
various water flow rate of the liquid cooling system. Here, the X-axis defines the flow rate of the
system and the Y-axis shows the temperature of the machines.

Additional calculation of the temperature in the machines is provided for the current
density ] = 16.2 A/mm?. The graphs demonstrate, when the circulation pump performs
at a water flow of 2 L/min, even for an increase in flow rate, the temperature of the
magnets is unchanged. Therefore, the value Q = 2 L/min can be taken as optimal. At
such optimal pump performance, the steady-state temperature of the tangential magnets
and radial PMs are 42.6 °C and 41.1 °C respectively. The thermal models of the tangential
and radial machines are shown in Figure 8. For the rated current density of the machines,
the temperature distribution in the machine’s elements is plotted in Figure 8a,b. For the
current density 1.9 times higher than that of the rated value, this field is depicted on
Figure 8c,d. This analysis demonstrates that the lowest temperature is observed inside the
outer casing, where the cooling channels are located. Conversely, the highest temperature
is in the machines” windings and the permanent magnets. Additionally, the analysis also
demonstrates that liquid cooling can maintain the temperature of the N42 PMs below the
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critical temperature of 80 °C. Moreover, the proposed cooling system is also found to be
efficient at a winding current 1.9 times higher than the rated value.

(b) ! (c) ! (d)
725 80
—

(a)

Shaded Plot at t = 90 min (°C)
20 27.5 35 425 50 57.5 65

T

Figure 8. Thermal models of the tangential and radial machines with various current density (J) in

!

the winding: (a) tangential machine with ] =8.5 A/ mm?, (b) radial machine with ] = 8.5 A/mm?,
(c) tangential machine with J = 6.2 A/mm?, (d) radial machine with J = 16.2 A/mm?.

Thermal properties of the materials involved in the simulation are specified in the
software before the analysis. These include thermal modifiers for the permeability and
thermal coercivity of permanent magnets, and also cooper conductivity.

4. Demagnetization Analysis of the Machines at High Current Loading

In this section a demagnetization analysis of the machines with different current values
is carried out in software packages Simcentr MotorSolve. With the help of this software,
the breaking point of the demagnetization curve, where the curve ceases to be linear, is
determined for tangential and radial machines, both of which employ the liquid cooling
system discussed in the previous section.

The results of this study are presented in Figures 9 and 10. The demagnetization of
the magnets is estimated with the help of the demagnetization prediction scale. The color
on the magnets symbolizes the demagnetization probability. In the tangential machine
(Figure 9), the neodymium magnets begin to demagnetize only when the current reaches
a value ten times higher than the rated current I,. The red-colored regions indicate this
phenomenon at the edges of the PMs. The red color corresponds to a high probability
(90-99%) on the prediction scale, meaning that these regions of the magnets are subject to
irreversible demagnetization. At the currentI =12 x I,;, the demagnetization affects a more
significant part of the magnets. Furthermore, at the currentI = 15 x I;, the red regions
almost double in volume.
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Figure 9. Results of the demagnetization analysis of N42 and C10 magnets in the tangential machine.

‘ Cl10,1="7.5xI, @ ’ Cl10,1=15xI, ' )
M M
N42, 1= 12xI, . ‘ N42, 1= 15xI, .

R Y

hevy=3mm, N42, I=7.5x%I," 7 hpy=3 mm, N42, 1= 15xI, *

Demagnetization prediction
0 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1

Figure 10. Results of the demagnetization analysis of N42 and C10 PMs in the radial machine.

In the ferrite magnets (C10), the demagnetization starts at the current I = 6.5 x I,.
When this current increases to I = 7.5 x I;, a more significant part of the PMs is irreversibly
demagnetized. Finally, when the stator current surges to I = 15 x I,;, the volume of
the demagnetized PMs is three times higher than that of the N42 magnets at the same
current. The neodymium magnets of the radial machines (Figure 10) start to demagnetize
atI =12 x I, and this condition exacerbates when the current increases tol =15 x I,,.

However, the demagnetization of these magnets remains low according to the predic-
tion scale. The opposite situation is with the ferrite magnets, which happen to demagnetize
rapidly when the current exceeds the rated value. Thus, at current I =7.5 X I, a consider-
able volume of the PMs is demagnetized, and at the current I = 15 x I, the machine is no
longer appropriately operational.
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Shaft Rotor pole

Permanent magnets Shaft Permanent magnets

To conclude, the demagnetization analysis demonstrates that the tangential machine,
both with ferrite and neodymium magnets, is less susceptible to irreversible demagnetiza-
tion compared to the radial machine. In addition, surface-mounted PMs are more exposed
to the electrical field of the winding, and therefore, have lower resistance to the irreversible
demagnetization under the short-circuit currents.

5. Experimental Validation of the Models with Prototype Test

The purpose of this section is to validate the computer simulations presented in the
previous chapters. For this reason, the physical prototypes of the tangential and radial
machines are constructed and compared performance-wise with the simulation models.
The 3D FEM model of the tangential rotor and the photograph of its physical prototype are
depicted in Figure 11a.

=

Bearing

(a) (b)

Figure 11. 3D FEM model of the PM rotor, and the photograph of its physical prototype. (a) Tangential
rotor, (b) radial rotor.

The rotor of the tangential machine consists of the following elements:

(1) Shaft
(2) Rotor poles made of laminated steel
(3) PMs

(4) Non-magnetic holder

The rotor was designed to simplify the manufacturing process and, consequently,
decrease the cost of the machine. In that event, four identical blocks consisting of a magnet
and two rotor poles are assembled into one rotor structure and firmly attached to the rotor
holder. To reduce the cogging torque, the rotor of the tangential machine is skewed by one
tooth pitch, which is equal to 10°. The rotor of the machine with radial PMs is shown in
Figure 11b. Similar to the rotor of the tangential machine, the radial rotor consists of the
following elements:

(1) Rotor shaft

(2) Permanent magnets
(3) Non-magnetic holder

The permanent magnets are inserted into the holder and firmly attached to the holder
structure. The input parameters for the simulation and physical models of the machines
used to validate the paper are enclosed in Table 3.
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Table 3. Parameters of the computer models used to validate the results of the study.

Parameter Tangencial Radial
Phase resistance, Ohm 12.5 12.5
Number of turns 90 90
Groove height, mm 12.5 12.5
Axial stator length, mm 92 100
Outer diameter of rotor, mm 87 85.5
Permanent magnet type N42 N38
The slope of the rotor poles, deg. 10 0
Rotor core mass, kg 2.26 2.03
Rotor magnets mass, kg 1.5 1.39
Stator core mass, kg 3.44 3.71
Stator winding mass, kg 1.19 1.18
Total mass, kg 8.39 8.31
Generator total weight, kg 18 18

The experimental characteristics of the investigated machines are taken at the generator
regime.

The experimental assembly used for measuring the output characteristic of the ma-
chines is shown in Figure 12. On this stand, an experimental sample of the generator 1
with the help of a drive asynchronous motor 2 is set in rotation with a given frequency
from the frequency converter. The shaft of the drive motor and the generator under test are
connected by means of a coupling 3.

Figure 12. Experimental assembly for the investigation of tangential and radial machines in the laboratory.

Here, the tangential and radial machine 1 is driven by the asynchronous motor 2,
whose speed is controlled by a frequency converter. The shafts of the drive motor and
the tested machine are connected by employing clutch 3. The torque sensor is embedded
between the two shafts. The infrared sensor is pointed on the shaft to measure the speed of
the machine. The temperature of the winding is measured by means of two thermocouples
attached to the winding surface.

During the experimental tests, the output characteristics such as terminal voltage
(Uoaq) and output power (P)y,q) are measured and compared with the results of simula-
tions models. These characteristics are illustrated in Figures 13 and 14. The characteristics
of the tangential machine’s terminal voltage and phase current are compared in Figure 13a,
the output power with phase current for this machine is illustrated in Figure 13b, and the
characteristics of the radial machine are depicted similarly in Figure 14. Analyzing the
results presented in Figures 13 and 14 and Table 3, it should be noted that the power of the
tangential generator is, on average, 30% higher than the power of the radial machine.
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Figure 13. Output characteristics of the tangential machine with N42 PMs: (a) terminal voltage vs.
load current, (b) output power vs. load current.
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Figure 14. Output characteristics of the radial machine with N42 PMs: (a) terminal voltage vs. load
current, (b) output power vs. load current.

The terminal voltage of both machines (Figures 13a and 14a) decrease when the load
current increases. This is due to the voltage drop across the winding resistance. The
experimental and calculated values of these voltages match with a negligible discrepancy
of 1%. This indicates the accuracy of the 3D FEM model of the machines. The output
power of the machines indicated in Figure 14a,b demonstrates the same accuracy between
the experimental and calculated results. The output power of the machines at a speed
n =500 rpm continues to rise with the current loading of 3.5 A and higher, whereas the
power of these machines at n = 400 rpm approaches its peak value at this load.

6. Conclusions

The study demonstrated a possibility to remodel a conventional squirrel-cage induc-
tion motor into an efficient high power density permanent magnet motor. The power of
such motor can be around six times higher than that of the original induction motor. In the
remodeling process, the stator of the induction motor was used, and the squirrel-cage rotor
was transformed into the rotor with permanent magnets. This was done by cutting the
magnet slots into the rotor core, and eliminating the cooper bars of the original squirrel-cage
rotor. This process can be adopted by induction motor manufacturers who desire to produce
permanent magnet machines without significant investments. Instead of manufacturing
a new rotor core, for example, the conventional squeal-cage rotor is re-machined. In this
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case, there is no need to develop a new rotor structure which would mean using laser cut,
compression rotor laminations, assembling a new bearing system etc. Therefore, this paper
validates the validity and practicality of the approach of employing the equipment used
for the production of IM machines for the production of the PM machines. Furthermore,
it has been found that replacing the squirrel cage motor of the induction machines with
permanent magnets can achieve superior performance compared to traditional induction
machines. Future expansion of this work can focus on the performance of such modified
machines in the EV and renewable energy applications.
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