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Abstract: In this paper, the transient state analysis of a Line-Start Permanent Magnet Synchronous
Motor (LSPMSM) and the optimum design for high efficiency were studied. In the case of an
LSPMSM, aluminum bars and permanent magnets are inserted in the rotor. Since it has aluminum
bars, it can be directly started on-line without closed-loop control at the time of starting, like an
induction motor. Furthermore, once driven, it rotates at a synchronous speed due to the permanent
magnets in the steady state. Theoretically, since the rotor bars have no induced current, copper loss
does not occur in the rotor bars. Further, because of the inserted permanent magnets, an LSPMSM
has a higher power density than an induction motor with the same output power. However, since
it is driven directly on-line, the transient state is longer than that of a synchronous motor driven by
an inverter. Therefore, it is important to analyze the characteristics of the transient state depending
on the rotor shape in the LSPMSM design. In this study, an LSPMSM that has the same outer diam-
eter of a 7.5 kW IE3 efficiency class induction motor currently used for the industry was designed.
The optimal design of the motor was designed using Finite-Element Analysis (FEA) and Design of
Experiment (D.O.E). In the design process, the velocity ripple was minimized in the transient state,
and the steady state was quickly reached. Finally, the efficiency of the motor satisfies the require-
ments of the IE4 efficiency class, an efficiency standard described in IEC 60034-30, which is an in-

ternational standard.

Keywords: Line Start Permanent Magnet Synchronous Motor (LSPMSM); Finite-Element Analysis
(FEA); Design of Experiment (D.O.E); transient state; high efficiency

1. Introduction

Recently, awareness of the crisis of environmental problems and the limits of energy
resources has been gradually increasing. Furthermore, almost all developed countries
have implemented policies for carbon neutrality. In the field of automobiles, various at-
tempts are being made, such as replacing the existing internal combustion engine with an
electric motor for electric vehicles. Furthermore, in the field of construction machinery, an
electric cylinder has been replacing the existing hydraulic cylinder. In addition, the Mini-
mum Energy Performance Standard (MEPS) policy is implemented for the popularization
of high-efficiency motors that could reduce green gas and save energy [1]. Efficiency
standards are being gradually made stricter. More than 54% of the total energy is used in
industrial induction motors, and in general, the lifespan of induction motors is 15 years
or more. Therefore, it is important to increase the efficiency of the induction motor. Ac-
cording to IEC 60034-30, the efficiency standard of a motor is defined, and Figure 1 shows
the efficiency of IE1 and IE4. IE1 and IE4 are defined as standard efficiency and super
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premium efficiency, respectively. Furthermore, the IE4 efficiency class requires about 5%
higher efficiency than IE1 regardless of output. Specifically, the efficiency of the IE4 class
for a 7.5 kW motor is 92.6% [2-5].
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Figure 1. Efficiency of IE1 (Standard) and IE4 (Super Premium) according to IEC 60034-30.

In driving a general synchronous motor, an inverter for generating the desired AC
output and a position sensor and current sensors for generating an accurate sinusoidal
current according to the rotor position are required. However, unlike general synchro-
nous motors, LSPMSMs do not require an inverter or sensors and are synchronous motors
that can be driven directly on-line [6-9]. Additionally, LSPMSMs have aluminum bars
inserted into the rotor in addition to permanent magnets. Therefore, when the motor is
initially started, induced currents are generated in the rotor bars by the rotating magnetic
field from the stator. The induced currents make it possible to drive the motor even when
the rotor speed is asynchronous. This is the same as the principle of an induction motor.
However, in the steady state, it is driven at synchronous speed by the permanent magnets
of the rotor, which is different from the induction motor operating at asynchronous speed
[10-16]. The design of the LSPMSM has been researched [15-17], and LSPMSMs are cur-
rently mass-produced in some advanced companies, such as WEG and SEW, to replace
induction motors due to the regulation of IE4 class efficiency. Furthermore, LSPMSMs
with 4 and 6 poles of 7.5 kW or less are mainly produced. Two-pole motors with less than
7.5 kW and motors with more than 7.5 kW have not yet been commercialized because IE4
class induction motors could be produced through the efficiency improvement technol-
ogy of the existing IE3 class induction motor.

In this study, an LSPMSM was design for satisfying IE4 class efficiency. Meanwhile,
rare earth magnets (neodymium) were selected as the permanent magnet of the LSPMSM.
However, there is not much price difference compared to induction motors since the stack
length, die-casting and coil length can be reduced. In addition, it has the advantage of not
having to use advanced die-casting technology for manufacturing IE4 class induction mo-
tors. Furthermore, it has the same size as the outer diameter of the case of the 7.5 kW IE3
efficiency class induction motor currently used in the industrial field. In addition, the op-
timal design was discovered using FEA and DOE to maintain the outermost size of the
induction motor. First, in the case of LSPM in this paper, since the frame of the
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conventional induction motor is used, the outer diameter of the stator and the outer di-
ameter of the rotor are determined, and the stacking is calculated using the sizing method.
Second, the shape of the rotor aluminum bar is determined based on the NEMA class.
Third, Finite-Element Analysis (FEA) and Design of Experiment (D.O.E) are used to ana-
lyze the transient state of LSPM, and the final model is determined using the optimum
design. Fourth, the performance of the manufactured motor based on the final model ver-
ified by the experiment to see if the designed efficiency was achieved.

2. Structure and Characteristic of LSPM

Figure 2 shows the rotor of a four-pole LSPMSM. The rotor of LSPMSM has four
permanent magnets and aluminum bars on the rotor. Therefore, it can be started directly
on-line without an inverter. Figure 2 shows the d-axis and g-axis of a four-pole LSPM. The
d-axis means the main magnetic flux axis by the permanent magnet, and the g-axis means
the axis 90 electrical degrees ahead of the d-axis. For the d-axis in Figure 2, there are per-
manent magnets and rotor slot aluminum, a magnetic air gap and a mechanical air gap,
so the equivalent air gap is large, and the d-axis inductance (Ly) is minimal. However,
along the g-axis, the equivalent air gap along the g-axis includes only the mechanical air
gap, so the g-axis inductance (L,) is maximized. Therefore, in the case of LSPMSM, it has
a reverse saliency (L, > L) similar to an Interior Permanent Magnet Synchronous Motor
(IPMSM). Therefore, when operating in a steady state, the LSPMSM operates like an IP-
MSM and thus has the characteristics of an IPMSM with high power density.

q-axis
A

Rotor Slot .
/ d-axis

Figure 2. The rotor of a 4-pole LSPMSM.

3. Design of the LSPMSM
3.1. Determination of the Motor Size and Rotor Slot Shape

In this paper, the stator and frame of the motor are made to have the same shape as
the 7.5 kW induction motor used in the industry. Therefore, it can improve the manufac-
turability and reduce the manufacturing cost. It can also easily replace an induction motor
at any time. Since the size of the stator and rotor is determined by the induction motor,
only the stack length was selected for satisfying the 7.5 kW output power. Therefore, it
can be selected to 170 mm, and the detailed specifications of the motor is shown in Table
1.
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Table 1. Specifications for design model.

Variables Value Unit
Rated Power 7500 W
Rated Torque 39.8 Nm

Number of Poles 4 -

Number of Slots 36 -
Stator Outer 195 mm
Rotor Inner 116 mm

Figure 3 shows the four rotor bar shapes according to the NEMA design standard,
and Figure 4 shows the speed—torque characteristic curves for each shape [18,19]. Classes
A and B have relatively low initial driving torque and drive with a slip of up to 5%. In the
case of class B, the maximum locked rotor torque is slightly lower than that of class A, and
it is the most widely used for induction motors. In the case of the C class, it has a medium
initial driving torque and is driven with a slip of up to 5%. Furthermore, the efficiency of
class C is lower than that of classes A and B. Class D has the highest locked rotor torque
and operates with a slip of 5-8%. Furthermore, the efficiency of class D is the lowest
among the four classes. However, since LSPSM drives at a synchronous speed in the
steady state and has no copper loss, it is not important to consider efficiency in the NEMA
standard. In addition, since the permanent magnet in the rotor of the LSMPSM generates
a braking torque during initial operation, a large driving torque is required to overcome
that torque. Therefore, Class D is the most appropriate for the design of the LSPMSM,
considering the insertion space of the permanent magnet as well as the largest torque in
the initial drive.

Class A Class B Class C Class D

MILAUY

Figure 3. Rotor slot shape classification according to NEMA standard.
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Figure 4. Torque—speed characteristics of induction motors by NEMA class.

After determining the shape of the rotor bar, the number of rotor bars must be deter-
mined. In the case of rotor bars, it is advisable to use a successful combination of slots to
avoid parasitic torque, noise, vibration, etc. [20,21]. Table 2 shows commonly used rotor
bar combinations depending on the number of poles and stator slots. Meanwhile, it is not
possible to verify the slot combination each time a motor is designed, so it is desirable to
choose a successful slot combination using empirical knowledge. Therefore, we chose 48
rotor bars based on the recommended combination.

Table 2. The recommended slot combination of induction motor.

Poles Number of Stator Slots Number of Rotor Bars
24 18, 20, 22, 28, 30, 33, 34
2 36 25,27,28, 29, 30, 43
48 30, 37, 39, 40, 41
24 16, 18, 20, 30, 33, 34, 35, 36
4 36 28, 30, 32, 33, 34, 45, 48
48 36, 40, 44, 57, 59
72 42,48, 54, 56, 60, 61, 62, 68, 76
24 20, 22, 28, 44, 47, 49
6 36 34, 36, 38, 40, 44, 46
48 44, 46, 50, 60, 61, 62, 82, 83

3.2. Design of Rotor Slot Considering Transient State Using FEA

In this section, in order to analyze the initial characteristics of the LSPMSM, motor
performance in the transient state was analyzed using FEA depending on the rotor bar
size. Figure 5 shows a 1/4 model of LSPMSM, wherein the size of the rotor bar varied from
0.5 to 3.5 mm. In addition, FEA analysis was performed for two cases when inertia was
set to the default value (0.022 kg-m?/s) and when inertia was set to 30 times the default
value.
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rotor slot size :

Figure 5. FEA model for transient analysis.

Figure 6 and Table 3 show the FEA results when inertia is set as the default value.
Figure 6 shows the motor speed in the time domain depending on the size of the rotor
bars in the transient state, and Table 3 shows the motor performance in a steady state.

In Figure 6, when the bar size is 0.5, it is shown that the velocity ripple is large and
that the convergence rate is relatively slow. Furthermore, in Table 3, when the bar size is
2.5 or more, the current increases to 30 Arms or more. Furthermore, the efficiency becomes
less than 90% and does not satisfy the requirements of the IE4 efficiency class. Therefore,
it is appropriate to select bar sizes of 1, 1.5, and 2 when inertia is the default value.

Table 3. FEA results depending on the rotor slot size (normal inertia).

Bar Size Torque  Speed  Current BarLoss Copper Efficiency Power
(mm)  (Nm)  (/min) (Arms) (W) loss (%)  ractor
W) (%)

0.5 39.23 1800 21.32 127.41 294.6 91.45 60.84

1 39.65 1800 21.56 137.59 301.22 91.35 60.36

1.5 39.66 1800 22.19 115.2 319.01 91.43 57.5

2 39.66 1800 26.1 81.14 441.3 90.46 54.05

2.5 39.64 1800 36.6 101.43 867.71 85.77 39.4

3 39.56 1800 55.07 2121 1965.27 75.19 31.18

3.5 39.59 1800 78.47 508.24 3990.21 60.92 27.65
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Figure 6. FEA results in the time domain depending on the rotor slot size (normal inertia).

In Figure 7, when the bar size is smaller than 2, the steady-state speed does not reach
the rated 1800 RPM. Furthermore, Table 3 shows that the current is large and that the
efficiency is low in the steady state except for a bar size of 2. Therefore, it can be confirmed
that 2 is the optimal value for the bar size according to the FEA analysis result.

When the diameter of the rotor bars of an induction motor increases, the resistance
of the rotor bar (') decreases. The starting torque increases as shown in Equation (1) of
the torque equation for an induction motor, and the settling time for steady state would
be shortened [22].

P; P r2/s

r= w_zs - EmVZ (r1+r'2/s)§i(x1+x’2) [Nm], M
where P, is the rotor input, w; is the slip speed, s is slip, m is the number of the phase,
7, is the stator resistance, and x;,x’, are the reactance of the stator and rotor bar, respec-
tively. Furthermore, looking at Table 4, it can be confirmed that the efficiency decreases
as the bar size increases in the range of 2.5 to 3.5 mm. The reason is that, as the size of the
bar increases, the saturation of the rotor increases, as shown in Figure 8, and the magnetic
flux of the permanent magnet cannot flow to the stator side, and more current is required
to generate the same torque. As a result, copper loss increases and efficiency decreases.
Therefore, there is a trade-off relationship between efficiency and transient state charac-
teristics, and if the bar size is unconditionally increased to improve the transition state
characteristics, a large amount of current will flow and efficiency will drop, so an appro-
priate bar size must be selected. Therefore, we selected a bar size of 2 mm, which starts
with a bar maximum inertia of 30 times and has a high efficiency and power factor.
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Figure 7. FEA results in the time domain depending on the rotor slot size (maximum inertia).

Table 4. FEA results depending on the rotor slot size (maximum inertia).

Slot Size Torque  Speed  Current BarLoss C(l)(l:spser Efficiency E:XS:
7 0,
(mm) (Nm) (r/min)  (Arms) W) W) (%) %)
0.5 33.61 868.4 116.22  6094.63  8754.74 16.35 34.37
1 39.23 948.4 125,57  9122.68 10,217.42  16.37 40.24
1.5 39.54 1491.7 115.3 364649  8613.56 32.84 36.73
2 39.66 1800 26.1 81.11 441.31 90.46 52.57
25 39.64 1800 36.6 101.42 867.84 85.77 39.40
3 39.57 1800 55.08 2119 1965.85 75.19 31.17

3.5 39.55 1800 78.5 508.19 3993 60.88 27.62
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Figure 8. Magnetic flux density with the maximum inertia.

3.3. Optimal Design of Rotor Using Design of Experiments and Finite Element Analysis

Design of Experiment (D.O.E) is a method in which the user selects various factors
that affect the characteristics of a model, uses experiments or simulates, and efficiently
finds the optimum conditions of the model through these processes. In this paper, we
designed experiments using the Taguchi method among various D.O.E.s. The design ob-
jective function and main design parameters are shown in Table 5 and Figure 9. The de-
sign objective function is maximizing the efficiency and power factor. Furthermore, the
main design parameters are Permanent Magnet (PM) position, PM thickness, PM width,
rib thickness, and rib width. The motor performance, varying the design parameters, is
analyzed using FEA. From the FEA results, the objective function is analyzed. Figures 10
and 11 show the main effect plots of the efficiency and power factor according to the de-
sign parameters. As shown in Figures 10 and 11, varying the position of the PM and the
thickness of the PM makes a large difference in efficiency and power factor. Efficiency and
the power factor are increased by moving the PM closer to the surface of the rotor. How-
ever, if the position of the permanent magnet is too close to the aluminum bar, it will be
difficultfor aluminum die-casting. Therefore, it is necessary to take this into consideration
when selecting an appropriate value. Increasing the thickness of the PM increases the ef-
ficiency and power factor, but the magnetic torque acts as a braking torque in the transient
state. As a result, the motor cannot be driven at the rated speed. Therefore, it is important
to select an appropriate thickness value. Additionally, the leakage flux would be mini-
mized by reducing the thickness and width of the lip. However, there would be manufac-
turing difficulty if it was overly thin. Based on the above results, Figure 12 shows the final
shape of the designed rotor.

Table 5. Object functions and design variables.

Design Objective Functions Design Variables (Level)
1. Permanent Magnet Position (5 Level)
Max (Efficiency) 2. Permanent Magnet Thickness (5 Level)
and 3. Permanent Magnet Width (5 Level)
Max (Power Factor) 4. Rib Thickness (5 Level)

5. Rib Width (5 Level)
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Figure 9. Design parameter of LSPMSM.
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Figure 12. Optimal design model.

3.4. Design of the Stator Winding Using Finite Element Analysis

In this section, the stator windings are optimally designed through FEA. In this pa-
per, the stator is wound with the distributed winding, and in the case of the distributed
winding model, the fill factor is generally about 40%. In addition, the total area of the
winding is calculated according to the predetermined slot area and fill factor. Further-
more, the number of turns of the winding can be calculated when the diameter of the
winding is in the range of 0.7 to 0.9 mm. Meanwhile, since the LSPMSM is driven in the
same way as the IPMSM in the steady state, the voltage equation of the IPMSM in Equa-
tion (2) can be applied.

i . \2 . i 2
v, = \/(Rsld — WemLqiq) + (Rsig + WemLalia + @emApm) 2

Assuming the rated speed in Equation (2), the components by resistance Rsig, Rsig)
and by reactance (wemLqlq, WemLqiq) generally have a value smaller than the back-elec-
tromotive force component (wem,Apm). Therefore, ignoring those voltage drop compo-
nents, the back-electromotive force component is 70~90% of voltage. Table 6 is the results
of FEA according to the number of winding turns. As shown in the analysis results, the
currents decrease as the number of winding turns grows. The generating torque is not
changed until the number of winding turns is 18, since the back-electromotive force is
increasing. However, the generating torque decreases when the number of turns is over
18, because the back-electromotive force exceeds the voltage limit. Therefore, referring to
the results in Table 6, an appropriate number of winding turns should be carefully se-
lected. Considering the results of torque and efficiency in Table 6, 14 turns and 16 turns
are candidates for the final model. In the case of 14 turns, the power factor is lower, but it
has higher efficiency. Furthermore, in the case of 16 turns, the copper loss is higher since
the coil resistance increases with the decreasing wire diameter. In this paper, the main
goal of LSPM design is achieving IE4 efficiency class (super premium class). Therefore,
the 14-turn model is selected as the final model for higher efficiency.

Table 7 shows the motor parameters for the final design model. In the table, the stator
resistance, back electromotive force (EMF) constant, d-axis inductance, and g-axis induct-
ance are shown. Figure 13 shows the back electromotive force of the LSPMSM at a syn-
chronous speed of 1800 RPM and a peak voltage of 140 V. Figure 14 shows the starting
characteristics of the designed motor. Figure 15 shows the magnetic flux density of the
motor.
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Table 6. FEA results depending on the number of stator winding turns.

Torque T(.)rque Speed Current  Efficiency Power
Turns (Nm) Ripple (rpm) (Arme) %) Factor
(%) (%)

12 39.6 43.33 1800 26.2 89.49 49.08
14 39.82 48.62 1800 12.89 94.22 95.02
16 39.89 53.22 1800 12.32 94.16 99.66
18 39.87 66.21 1800 12.77 93.26 96.85
20 24.28 1808.25 962.23 62.60 12.26 60.86

Table 7. Motor parameters for the final model.

Variables Value Unit
Stator resistance 0.282 W
Back EMF constant 4.54 Vs
d-axis inductance (Lg) 16.31 mH
g-axis inductance (L) 34.59 mH
The moment of inertia (J) 0.022 kg-m?/s
200
- i M W W\

L

-50 /

" G T W

-150

el W [
A

Voltage [V]

—200

Tiem [Sec]
—U —V w

Figure 13. Back EMF of the designed LSPMSM at 1800 RPM.
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Figure 14. Speed and torque of the designed LSPMSM.
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Figure 15. Magnetic flux density of the designed LSPMSM.

4. Test Result

Figure 16 is a picture of the manufactured LSPMSM, and Figure 17 shows the motor
setup on the test bench. The LSPMSM is driven by three-phase in-line power of 380 V and
60 Hz. Table 8 shows the test results. LSPMSM operates at a speed of 1800 RPM because
itis designed as a 4-pole motor and rotates synchronized with the input voltage frequency
of 60 Hz in a steady state. The measured efficiency is 94.10%, which is hardly different
from the expected efficiency of 94.22% in the design. Furthermore, it is about 1.5% higher
than the 92.6% requirement of the IE4 efficiency class. The current and torque are 13.6 A
and 39.79 Nm, respectively, and both values are less than 0.1% different from FEA results.
In addition, the input voltage and output are measured to be 219.05 Vims and 7501.2 kW,
respectively. Based on the test results, it can be confirmed that the manufactured motor
fits well with the values analyzed by FEA. Therefore, it was confirmed that the manufac-
tured LSPMSM can replace the existing induction motor while satisfying the requirements
of the IE4 efficiency class. In addition, Table 9 shows the noise and vibration results
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measured in the test, and it is confirmed that there was no problem caused by noise and
vibration in the steady-state.

Figure 16. The manufactured LSPMSM.

Figure 17. Test setup of the LSPMSM.

Table 8. Test results of the LSPMSM.

Torque  Speed  Voltage Current ngf:r Output Efficiency
(Nm) (rpm) (Vrms) (Arms) W) W) (%)
Analysis 39.82 1800 220 12.89 46.85 7507.7 94.22
Test 39.79 1800 219.05 13.6 52.16 7501.2 94.1
Table 9. Test results of noise and vibration.
Variables Value Unit
Noise 71.5 dB

Vibration 1.0 mm/s

5. Conclusions

In this paper, the optimal design of a Line-Start Permanent Magnet Synchronous Mo-
tor (LSPMSM) for replacing an industrial induction motor is studied with transient state
analysis by FEM. Since it is a motor that replaces an industrial induction motor, the stator
and frame maintain the original shape of the induction motor. Meanwhile, the rotor is
optimally designed for the LSPMSM. The FEA and D.O.E are used to achieve the optimum
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rotor design, especially the position and size of the PMs and barriers. The designed
LSPMSM achieves higher efficiency and output density than traditional induction motors.
In addition, the performance of the manufactured motor was verified by a test. Induction
motors account for 50 percent or more of total electricity consumption, but the efficiency
of industrial induction motors is lower than that of PMSMs that use permanent magnets
because copper loss occurs in the stator and rotor. A LSPMSM can be driven with the same
performance as a PMSM in a steady state and be started without a controller and inverter.
However, considering the results, due to the characteristic of the LSPMS), it has more
advantages in applications such as pumps and fans that have a low starting load. Moreo-
ver, it can be out of step and operate as an induction motor due to a sudden load change.
Therefore, with more studies to improve the LSPMSM performance, industrial induction
motors could be replaced with a high-efficiency LSPMSM. Finally, it could help to save
energy and solve the carbon emission problem.
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