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Abstract: In order to improve the efficiency, a line-start synchronous reluctance motor (LS-SynRM) is
studied as an alternative to an induction motor (IM). However, because of the saliency characteristic
of SynRM, LS-SynRM have a limited power factor. Therefore, to improve the efficiency and power
factor of electric motors, we propose a line-start permanent magnet assistance synchronous reluctance
motor (LS-PMA-SynRM) with permanent magnets inserted into LS-SynRM. IM and LS-SynRM
are selected as reference models, whose performances are analyzed and compared with that of
LS-PMA-SynRM using a finite element analysis. The performance of LS-PMA-SynRM is analyzed
considering the position and length of its permanent magnet, as well as its manufacture. The final
model of LS-PMA-SynRM is designed for improving the efficiency and power factor of electric
motors compared with LS-SynRM. To verify the finite element analysis (FEA) result, the final model
is manufactured, experiments are conducted, and the performance of LS-PMA-SynRM is verified.

Keywords: efficiency; finite element analysis; line-start synchronous reluctance motor; permanent
magnet; power factor

1. Introduction

As the electrical machine industry is developing, electric energy consumption has been increasing.
In industrial applications, electric motors account for energy consumption between 35% and 40% [1-3].
If the efficiency of the electric motor is low, environmental problems such as emission of greenhouse
gases are induced. Electrical motors are not a unique problem regarding energy consumption and
efficiency. There are also more complex systems such as modern data centers, where there are a lot
of electrical motors (and highly energy consumption), because of environment control, cooling, air
ventilating, and so on [4,5]. In order to solve these environmental problems, the minimum energy
performance standards (MEPS) are enacted by regulating motor efficiency. According to MEPS, the
energy efficiency of industrial motors is standardized by power range (0.75-150 kW), and efficiency
classes are defined from IE1 to IE4. Recently, the industrial motors have been required to satisfy the
IE4 class efficiency according to the strength of MEPS [6].

Induction motors (IMs) account for 70% of industrial motors because of their simple structure and
low manufacture cost [1-3]. However, IMs have the secondary copper loss that limits the improvement
in their efficiency [7-10]. Therefore, to replace IMs, new types of motor are being studied to improve
the efficiency such as line-start synchronous reluctance motors (LS-SynRMs). As LS-SynRMs are
operated at a synchronous speed, they do not exhibit secondary copper loss [9,10]. Furthermore, unlike
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the synchronous motor, this machine does not require an inverter to reach the synchronous speed.
Therefore, because the inverter is not necessary, the system cost of these machines is lower compared
with synchronous motors and efficiency of LS-SynRMs is better compared with IMs [11-13]. Therefore,
LS-SynRM has received attention as a better alternative to IM as an industrial motor [14,15].

The characteristics of LS-SynRM are the same as those of SynRM. Therefore, LS-SynRMs can
improve the efficiency of electric motors; however, the power factor is reduced compared with that
of IMs because the saliency characteristic [16-18]. However, for the industrial machines, the power
factor is also an important factor because the reactive power is affected by the generated power of a
generator; further, power factor affects electrical cost [19]. Therefore, according to IEC 60034-1, there
is a specification for the power factor of the industrial motor. The permanent magnet synchronous
reluctance motor (PMA-SynRMs) with ferrite magnet inserted into SynRM has higher efficiency and
power factor compared with SynRMs [20,21]. Therefore, we proposed a line start permanent magnet
assistance synchronous reluctance motor (LS-PMA-SynRM) for improving the efficiency and power
factor of LS-SynRMs [22,23].

When designing an electrical machine, a magnetic equivalent circuit (MEC) or a finite element
analysis (FEA) is used [24-31]. MEC is constructed using the magnetic resistance and magneto motive
force considering the magnetic flux paths. By applying a circuit theory, the equation of MEC is solved
and the magnetic flux density is simply calculated. However, in a complex rotor structure such as
SynRM, it is difficult to analyze the motor because MEC is not easy to construct [30]. On the other hand,
in FEA, the solution region is discretized into finite elements using mesh generators and the solution of
the governing equation for each element is solved using numerical method [32]. As the solution is
based on the element, FEA can be applied to various electrical machine structures [28-31]. Therefore,
FEA is powerful numerical method to analyze LS-PMA-SynRM having the complex rotor structure.

In this study, the characteristics of LS-PMA-SynRM are analyzed to improve the efficiency and
power factor using FEA. Based on the mathematical model, the characteristics of LS-SynRM and
LS-PMA-SynRM are compared. Furthermore, the power factor is analyzed according to the magnetic
flux of the permanent magnet. To compare the characteristics of LS-PMA-SynRM, a 5.5 kW IM
and LS-SynRM are selected as the reference models. The LS-PMA-SynRM is designed based on the
LS-SynRM. The characteristics of L5-PMA-SyRM are then analyzed considering the position and
length of the permanent magnet. The final model is designed to maximize the efficiency and power
factor. To verify the FEA result, the final model is manufactured and tested for the characteristics
of LS-PMA-SynRM.

This paper is organized as follows. In Section 2, the characteristics of LS-SynRM and
LS-PMA-SynRM are discussed with respect to the efficiency and power factor. In Section 3, the
characteristics of the reference models (IM and LS-SynRM) are analyzed and compared. In Section 4,
the performance of LS-PMA-SynRM is analyzed considering the position and length of the permanent
magnet. In Section 5, to verify the FEA result, experiments are conducted, and the results obtained for
IM and LS-PMA-SynRM are compared. Finally, Section 5 presents the conclusion.

2. Characteristics of LS-SynRM and LS-PMA-SynRM

The operating principle of LS-machines is classified into asynchronous and synchronous speed.
Therefore, the subsections are discussed with the characteristic of LS-machines according to the
operating speed. In Section 2.1, the principle of LS-machines is discussed at asynchronous speed.
In Section 2.2, the main performances, such as efficiency and power factor, are determined at
synchronous speed.

2.1. Asynchronous Operation

In asynchronous speed, the rotor current is generated by the slip speed that is the relative speed
between the synchronous speed and the rotor speed. Similar to the operation principle of IMs, the
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rotor current provides the required magnetic torque for the speed to approach synchronous speed.
This magnetic torque is expressed as follows and is the same for IMs [33]:

Te = Kr®ylp cos p, 1)

where T, is the torque generated by squirrel-cage bar, Kt is the torque constant, ®, is the mutual flux,
I, is rotor current, and ¢ is the power factor angle.

2.2. Synchronous Operation

2.2.1. Efficiency

In synchronous speed, the operation principle of LS-machines is the same as that for synchronous
machines. The efficiency of the synchronous machines is determined based on the mechanical power
of motor, core loss, and copper loss as follows:

_ DPout _ DPout _ Tewe
Piy Pout + Pioss Tewe + Pcopper + Peore”

@

where 1) is efficiency, Py is mechanical power, P;, is electrical input power, Pj,; is total loss of motor,
T, is torque of motor, w, is synchronous speed, Peopper is copper loss, and Pcore is core loss.

Equation (2) indicates that if the power is the same, the efficiency is determined by the losses of
LS machines. The main losses of LS machines are classified into core loss and copper loss. The core
loss is dependent on the magnetic flux density of the core and frequency. However, the magnetic
flux density of the core is determined when the motor is designed, and the frequency is determined
by the synchronous speed of LS machines. Therefore, there is a limitation when reducing core loss.
In contrast, the copper loss is dependent on the resistance and current. If the torque per current is
increased, the copper loss is reduced, and the efficiency can be increased. Therefore, the design method
for improving the torque per current is important to improve the efficiency.

When comparing LS-SynRMs and LS-PMA-SynRMs, the LS-PMA-SynRMs generate the additional
magnetic torque. Therefore, because the torque per current of LS-PMA-SynRM is larger than LS-SynRM,
the efficiency of LS-PMA-SynRM can be improved. The torque of L5S-PMA-SynRM is as follows:

3P, . ..
T, = 75 [Aalq + (Lg — Lg)igig), (3)
where T, is torque of motor, P is pole, A, is the flux linkage, i; and i; are dg-axis current, and L; and L,

are dg-axis inductance.

2.2.2. Power Factor

The power factor is determined by the phase angle difference between the voltage and the
current. This phase angle difference can be determined from the dg-axis vector diagram. Figure la,c,e
shows the structure of an interior permanent magnet synchronous motor (IPMSM), LS-SynRM, and
LS-PMA-SynRM to define the dg-axis vector diagram. In general, because the d-axis is defined as
the main flux axis, the d-axis of IPMSM is the magnetizing direction of a permanent magnet and the
d-axis of the LS-SynRM is a segment through which the main magnetic flux passes. In the case of
LS-PMA-SynRM, the d-axis can be defined as the segment because the permanent magnet inserted
into LS-SynRM is only used as the assistant torque. Therefore, in Figure le, the magnetic flux of the
permanent magnet is generated along the g-axis. Figure 1b,d,f shows the vector diagram of IPMSM,
LS-SynRM, and LS-PMA-SynRM. The magnetic flux of the permanent magnet is the d-axis in Figure 1b.
In contrast, the magnetic flux of the permanent magnet is negative along the g-axis in Figure 1f because
the path of main flux is segments.
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Figure 1. Structure of a line-start synchronous reluctance motor (LS-SynRM) and vector diagram (a)
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structure of an interior permanent magnet synchronous motor (IPMSM) (b) vector diagram of an
IPMSM, (c) structure of a LS-SynRM, (d) vector diagram of a LS-SynRM, (e) structure of a line-start
permanent magnet assistance synchronous reluctance motor (LS-PMA-SynRM), (f) vector diagram of

a LS-PMA-SynRM.

LS-PMA-SynRMs with ferrite permanent magnet inserted into SynRM have the flux linkage
owing to the permanent magnet. This flux linkage is affected by the vector diagram and the power
factor is also affected. Figure 2 shows the vector diagram of LS-PMA-SynRM according to flux linkage
owing to the permanent magnet (A,;). In Figure 2, the difference between the voltage and the current
phase is decreased according to the increasing flux linkage. Therefore, the larger the flux linkage, the
larger the power factor. As a result, LS-PMA-SynRM can improve the power factor and efficiency of

electric motors compared with LS-SynRM.
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Figure 2. The vector diagram of LS-PMA-SynRM according to flux linkage by permanent magnet.
3. FEA Models of Reference Models

In this section, reference models (IM and LS-SynRM) are discussed in terms of specification and
FEA model. In Section 3.1, the specification of reference models is introduced. In Section 3.2, the
materials of motor are discussed for FEA. In Section 3.3, the performances of reference modes are
analyzed by FEA.

3.1. Specification of Reference Models

In order to compare the efficiency and power factor of LS-PMA-SynRM, the 5.5 kW 6-pole IM and
LS-SynRM are selected as reference motors. Figure 3 shows the 2D FEA model of reference motors.
The stators of IM and LS-SynRM have the same specification but the rotor is different. The number of
squirrel-cage bars of the reference motors is the same, 42 bars. Therefore, considering the number of
squirrel-cage bars, the number of barriers is designed to be three [8]. The detail specifications of the
reference motors are shown in Table 1.

Table 1. Specification of reference models.

Item Value Unit
Output Power 5.5 kw
Rated Input voltage 380 \%
Input frequency 60 Hz
Number of slots 54 -
Stator Stator outer diameter 220 mm
Stator inner diameter 145 mm
Number of slots 42 -
Rotor Rotor outer diameter 144.2 mm
Rotor inner diameter 42 mm
Number of poles 6 -
Stack length 170 mm
Airgap length 0.3 mm

Rib length 04 mm
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Figure 3. Reference models: (a) stator, (b) rotor of induction motor (IM), (c) rotor of LS-SynRM.

3.2. Material for FEA

Table 2 shows the material of the stator, rotor, winding, and the squirrel-cage bar. In industrial
application, the cost of manufacture is the important factor because of price competitiveness.
Considering the cost and core loss, 50PN470 (S18) has been mainly used as soft magnetic material of
the stator and rotor in industrial applications. Figure 4 shows the B-H curve and core loss in 60 Hz
of 50PN470. In general, the copper can improve the efficiency more than aluminum because of the
high conductivity of copper as shown in Table 2. However, because the metal must be melted in the
die-casting process, the aluminum with low melting point is mainly used as the material of die-casting.
Therefore, considering the manufacture and copper loss, the material of winding and squirrel-cage bar
is copper and aluminum, respectively.

Table 2. The material of each parts for finite element analysis (FEA).

Item Material Conductivity Unit
Stator
50PN470 (518 6
Rotor (518)  2.38x 10 S/m
Winding Copper 5.8 x 107 S/m
Squirrel-cage bar Aluminum 3.6 x 107 S/m
2 i
18
6
1.6
14 35
Eo.s ﬂé 3
0.6 = 2
0.4
1
02
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Figure 4. Characteristic of 35PN230: (a) B-H curve, (b) core loss.

3.3. FEA Result

To analyze the performance of the reference models, ANSYS MAXWELL 18.2 version was used.
The time-step FEA was used to consider the mechanical and electromagnetic transient analysis [31,33].
Figure 5 shows the magnetic field density of the reference motors using FEA and Table 3 shows the
characteristics of the reference motors. In Table 3, the core loss of IM is higher than that of LS-SynRM
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because the magnetic flux density of IM is higher than that of LS-SynRM in Figure 5. Furthermore, IMs
have a slip that represents the difference between the synchronous speed and the rotor speed. This slip
induces an electromotive force in the squirrel-cage bar and generates the rotor copper loss that accounts
for 31% of the total losses in Table 3. On other hand, for the stator copper loss, the current of LS-SynRM
is higher than that of IM because the power factor is low under same output power and input voltage.
As a result, the efficiency of IM is higher than that of LS-SynRM considering the total loss.

5 Lroatal Magnetic flux density : 1.51[T] Magnetic flux density : 1.49[T]
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Figure 5. Electromagnetic analysis result of reference models: (a) IM, (b) LS-SynRM.

Table 3. Characteristics of reference models using FEA.

Value

Item Unit
M LS-SynRM

Power 5.5 5.5 kW

Speed 1170.8 1200 rpm

Torque 48.1 455 Nm
Current 11.55 12.88 A
Core loss 94.36 90.12 Y
Stator copper loss 214.35 266.69 4
Rotor copper loss 143.8 25.39 W
Total loss 452.55 382.21 W
Efficiency 91.46 92.46 %
Power factor 80.14 70.39 -

4. Design of LS-PMA-SynRM

In this section, the performance of LS-PMA-SynRM is analyzed by FEA according to the position
and length of permanent magnet. In Section 4.1, LS-PMA-SynRM is analyzed according to the position
of magnet considering the manufacture. In Section 4.2, L5-PMA-SynRM is analyzed according to the
length of the permanent magnet in the position obtained in Section 4.1.

To analyze the characteristics of LS-PMA-SynRM, the ferrite permanent magnet was inserted into
the barriers of LS-SynRM. As LS-SynRM has the end-ring structure, as shown in Figure 6, the position
of the magnet is limited. From Figure 6, the position magnet can be inserted into only first and second
barriers. Therefore, the efficiency and power factor of LS-PMA-SynRM were analyzed considering the
position of the magnet. Furthermore, the length of the magnet was designed to maximize the efficiency
and power factor. Table 4 shows the ferrite permanent magnet data to analyze the LS-PMA-SynRM.

Table 4. Permanent magnet data.

Item Value Unit

Residual flux density 0.39 T
Coercive force 3.703 kOe
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Figure 6. Rotor structure of LS-SynRM with end-ring (a) rotor and (b) view of A.

4.1. Position of Magnet

Figure 7 shows the FEA models for analysis according to the position of the magnet. To analyze
the characteristic of the LS-PMA-SynRM considering the position of the magnet, the length of the
magnet is the same as 7 mm. Moreover, considering the end-ring structure, the position of the magnet
is inserted into the first and second barrier. Figure 8 shows the magnetic flux density using FEA, and
Figure 8 shows the loss analysis, efficiency, and power factor under the same output power conditions.
In Figure 8, because the magnetic flux density of model 2 is larger than models 1 and 3, the core loss of
model 2 is the larger in Figure 9. Figure 10 shows the magnetic flux density of air gap. As the magnetic
flux density of model 3 is larger than other models, the efficiency and power factor are better, as shown
in Figure 9b. Therefore, the model 3 was selected as the base model to analyze the characteristics of
LS-PMA-SynRM according to the length of the magnet.

Figure 7. FEA model for analysis according to the position of magnet in (a) model 1, (b) model 2, and
(c) model 3.

B [teslal

1, Gooo
1. G5EA
1. 5664
1. 4400
1. 52600
1, 2000
1. 4568
@, 9680
G, 54aa
@, 7zaa
@, 6aaa
8. 4sag
@, 3686
@, 24aq
@a.12aa
@, aana

Figure 8. Electromagnetic analysis result using FEA according to the position of magnet in (a) model 1,
(b) model 2, and (c) model 3.
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Figure 9. Electromagnetic analysis result using FEA according to the position of magnet: (a) loss, (b)
efficiency and power factor.
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Figure 10. Magnetic flux density in air gap of analysis models.
4.2. Length of Magnet

The characteristics of LS-PMA-SynRM were analyzed considering the length of the magnet.
Figure 11 shows the design parameter of LS-PMA-SynRM. The lengths of the magnets of the first and
second barriers are defined as W;; and Wy,;, respectively. Considering the length of the barriers and
their manufacturer, the parameter ranges were selected. The length of the first magnet ranges from
1 to 17 mm and the length of second magnet from 0.5 to 8.5 mm. Figure 12 shows the FEA analysis
result for parameters (W1, Win2). The longer is the magnet, the higher the efficiency and power factor.
Based on the FEA result, the final model was designed to maximize the efficiency and power factor.

Figure 11. Parameter for analysis of the characteristic according to length of magnet.
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Figure 12. FEA analysis result according to length of magnet: (a) efficiency, (b) power factor.

4.3. Final Model of LS-PMA-SynRM

In Figure 12, considering the efficiency and power factor, the final model was designed so that
the length of the first magnet was 17 mm and that of the second magnet was 8.5 mm. Figure 13a
shows the final model of LS-PMA-SynRM and Figure 13b shows the magnetic flux density using FEA.
Table 5 shows the FEA result for LS-PMA-SynRM. Compared with Table 3, the efficiency is improved
by approximately 5.6% and the power factor is improved by approximately 5.2% compared with
LS-SynRM. Based on the FEA result, the permanent magnet can be used to improve the efficiency and
power factor based on the analysis result.

B [teslal
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a. s4aa
8, 7208
A, BAEE
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. 2428
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8, DERR

Figure 13. The final model of LS-PMA-SynRM: (a) FEA model, (b) magnetic flux density.

Table 5. FEA result of LS-PMA-SynRM.

Item Value Unit
Power 5.5 kW
Speed 1200 rpm
Torque 44 Nm

Current 11.98 A
Core loss 93.79 A
Stator copper loss 229.04 W
Rotor copper loss 24.84 W
Total loss 347.68 W
Efficiency 93 %

Power factor 75.5 -
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5. Verification

The final models of LS-PMA-SynRM and reference model of IM were manufactured to verify
the FEA result. In Section 5.1, the manufacture of LS-PMA-SynRM is discussed considering the
die-casting process and permanent magnet. In Section 5.2, the experiments of IM and LS-PMA-SynRM
are conducted and compared with FEA and experiment result according to load. In Section 5.3, the
main advantages are discussed in comparison with previous literature.

5.1. Manufacture

Figure 14a,b shows the rotor and stator of the manufactured LS-PMA-SynRM. In Figure 14a,
there is a bridge in the barrier as a support structure for the permanent magnet. In the die-casting
process, the high pressures lead to aluminum leaking into the barriers. To prevent this problem, thin
electrical steel sheets are placed on both ends of the rotor, as shown Figure 14c. Therefore, the electrical
steel sheet is eliminated to insert the permanent magnet, as shown Figure 14d. When the die-casting
is performed, the temperature is high, and this can lead to thermal demagnetization. Furthermore,
because of the squirrel-cage bar slot, magnetization is difficult to attain. Therefore, the permanent
magnet is assembled after magnetization.

(b)

Electrical
steel

(C; : m

Figure 14. Manufacture LS-PMA-SynRM: (a) rotor core, (b) stator, (c) rotor before removing the
electrical steel, and (d) rotor after removing the electrical steel.

5.2. Experiment Result

Experiments were conducted to verify the efficiency and power factor of IM and the
final LS-PMA-SynRM. Figure 15 shows the dynamometer motor and experiment environment.
The performance of the test motor was calculated using the power analyzer that is Yokogawa's
WT1803E model. In addition, the temperature logger was used for the temperature saturation test.
The temperature was measured through the temperature sensor and the measured temperature was
recorded in the temperature logger as shown Figure 15. The dynamometer motor is the IM and allows
the test motor to rotate at a synchronous speed. Through the V/f control, the dynamometer motor runs



Energies 2020, 13, 384 12 of 15

up and reaches synchronous speed. The test motor is also operated at a synchronous speed and the
voltage is applied to the test motor. The torque control is used to maintain the 5.5 kW output power in
the dynamometer motor. The current sensor measures the current in the test motor, and the torque and
speed are measured using the dynamometer motor. In the power analyzer, the input power, output
power, efficiency, and power factor are calculated based on the measured voltage, current, torque,
and speed. Figure 16 shows the efficiency of IM and LS-PMA-SynRM according to different loads.
The performances of IM and LS-PMA-SynRM agree well with the results obtained from the FEA and
experiments. Table 6 shows the experiment result of IM and LS-PMA-SynRM. Compared with the FEA
result in Tables 3 and 5, the efficiency of IM and LS-PMA-SynRM is decreased by approximately 0.3%
and the power factors are decreased by 6% and 4%, respectively.

Dynamometer motor Test motor

Power analyzer

Figure 15. Experiment environment and test dynamometer.

5.5kW IM 5.5kW LS-PMA-SynRM
94 94

A

92

Efficiency
Efficiency
E 8

86 86
+FEA +FEA
--Experiment - Experiment

0 0.25 0.5 0.75 1 125 0 0.25 0.5 0.75 1 L.25
Loading [p.u.] Loading [p.u.]

(a) (b)
Figure 16. Experiment result of manufactured motors: (a) IM, (b) LS-PMA-SynRM.

Table 6. Experiment result of IM and LS-PMA-SynRM using the power analyzer.

Item Value Unit
M LS-PMA-SynRM

Power 5.5 5.5 kW

Speed 1175 1200 rpm

Torque 44.7 43.7 Nm
Current 12.3 12.6 A
Core loss 106 105.9 W
Stator copper loss 249.5 257.7 W
Rotor copper loss 124.6 0 W
Total loss 535.3 433.75 W
Efficiency 91.13 92.69 %

Power factor 74.5 71.2 -
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5.3. Discussion

In previous literature, LS-SynRM have been studied as alternatives to IM due to high efficiency.
However, because of the saliency characteristic of SynRM, LS-SynRM have a limited power factor.
Referring to IEC 60034-1, not only the efficiency but also power factor is the important factor in
industrial electrical machines. Therefore, the power factor of LS-SynRM must be improved to replace
IM. In general, due to magnetic flux by permanent magnet, the power factor of PMA-SynRM is
better than SynRM. However, because of the thermal demagnetization of ferrite magnet in the
die-casting process, there is no research on LS-PMA-SynRM. This study discussed the design and
analysis of LS-PMA-SynRM according to the position and length of permanent magnet considering
the manufacture such as die-casting. In addition, the efficiency and power factor of LS-SynRM were
verified by comparison with FEA and experiment. As a result, the efficiency and power factor were
improved compared with LS-SynRM.

6. Conclusions

This study analyzed the efficiency and power factor of LS-PMA-SynRM considering the position
and length of its permanent magnet. In addition, IM and LS-SynRM were analyzed to verify the
performance of LS-PMA-SynRM under the condition of the same stator specification. Considering the
die-casting and manufacturing processes, the permanent magnet was assembled after magnetization.
Furthermore, the position of the permanent magnet was selected considering the end-ring. Further,
considering this position, the performance of the LS-PMA-SynRM was analyzed and the base model
was selected. Based on this model, the analysis parameter was selected, and the efficiency and power
factor of electric motors was analyzed according to the length of the permanent magnet. The final
model was designed using FEA. To verify the FEA result, LS-PMA-SynRM was manufactured and
experiments were conducted. As a result, the FEA and experiment result of IM and LS-PMA-SynRM
agree well, and the performance of LS-PMA-SynRM is improved compared with LS-SynRM. This study
provided the design and manufacture of LS-PMA-SynRM as the alternative to IM. However, the
power factor of LS-PMA-SynRM was still lower than IM. Therefore, the design of barrier, such as the
length, angle, and thickness of barrier, must be optimized. In addition, the position and length of the
permanent magnet according to design of barrier must be optimized to improve the efficiency and
power factor. This requires further investigation about optimal design.
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