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Abstract: As international regulations of motor efficiency are strengthened, the line-start synchronous
reluctance motor (LS-SynRM) is being studied to improve the efficiency of the electrical motor in
industrial applications. However, in industrial applications, the power factor is also an important
performance index, but the LS-SynRM has poor power factor due to the saliency characteristic.
In this paper, the rotor design of LS-SynRM is performed to improve the efficiency and power factor.
First, the barrier design is performed to improve the efficiency and power factor using the response
surface method (RSM). Second, the rotor slot design is performed according to the length of bar for
synchronization. Lastly, the rib design is performed to satisfy the power factor and the mechanical
reliability. The final model through the design process is analyzed using finite element analysis (FEA),
and the objective performance is satisfied. To verify the FEA result, the final model is manufactured,
and experiment is performed.

Keywords: finite element analysis; international electrotechnical committee; line start synchronous
reluctance motor; power factor; super premium efficiency

1. Introduction

In industrial applications, electrical energy consumption of motors account for 35% to 40%
of electrical energy generated in the world. If this electrical energy consumption can be reduced,
several environmental impacts, such as the emissions of CO2 or global warming, can be reduced [1,2].
For this reason, international regulations regarding motor efficiency were enacted by the International
Electrotechnical Committee (IEC) 60034-30. According to IEC 60034-30, motor efficiency was classified
as IE1 to IE5. Recently, the efficiency standards of industrial applications have been strengthened, and
industrial motors may need to meet IE4 or IE5 efficiency class [3].

With various types of motors, the three-phase squirrel-cage induction motor (SCIM) is the
most used, because of its simple structure, line-start ability, robustness, and low manufacturing cost.
However, it is evident that the induction motor (IM) does not meet high efficiency due to rotor copper
loss [4–6]. Due to a global trend on improving the efficiency of electric motors, there is ongoing
research that focuses on this area. In References [7,8], the aluminum in the rotor slot is replaced by
copper to reduce the rotor copper loss. Copper die-casting induction motors can improve efficiency by
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about 2–3% compared to the aluminum die-casting induction motors. However, copper has a higher
melting point than aluminum, so a die-casting process is difficult, and the manufacturing cost increases.
In industrial variable-speed applications, a variable-speed drive (VSD) is used to improve the efficiency
of motors [9–11]. When using the VSD system, a synchronous motor can be controlled to improve the
efficiency. However, the synchronous motor along with the VSD system is more expensive than SCIMs.

Line-start synchronous machines (LSSMs) are actively studied because they can meet the efficiency
of IE4. In addition, a LSSM is direct-on-line (DOL) motor, such as IM, so it does not require an
inverter, in which the cost of electric system can be reduced [12–17]. LSSM can be classified into two
types; line-start permanent magnet synchronous motor (LSPM) and line-start synchronous reluctance
motor (LS-SynRM). LSPM has the high efficiency and power factor because of the permanent magnet.
However, the permanent magnet of LSPM must use a rare-earth magnet, such as neodymium, because of
the high starting current. Furthermore, the resources of rare-earth magnets are limited, and lead to
high costs [18,19]. Therefore, the LS-SynRM has received attention for its high efficiency and for the
fact that it does not use a rare-earth magnet.

A reactive power of an electrical motor depends on the power factor. If the reactive power is
increased by the low power factor, the copper loss in stator winding increases under the same output
power and input voltage condition because of the current increases [20]. This increased copper loss
decreases the efficiency of the electrical motor. For this reason, there are the power factor standards of
industrial motors, according to IEC 60034. The electrical motor must meet the power factor standards
to use industrial applications [21]. However, LS-SynRM has a lower power factor than IM and LSPM
because of a saliency characteristic and may not meet the power factor standards [22–24]. Therefore,
the design method considering the power factor is required.

This paper is a design process of LS-SynRM, for super premium efficiency, and for improving the
power factor. The efficiency and the power factor of LS-SynRM is determined by dq-axis inductance,
which is determined by the barrier design. Therefore, the design parameters are selected for IE4
efficiency and the power factor. Based on the selected design parameters, the barrier optimal design is
performed using the response surface method (RSM) and finite element analysis (FEA). In addition,
the rotor slot design is performed for synchronization and the rib design is performed to improve the
power factor and satisfy the mechanical reliability through the safety factor. To verify the efficiency
and the power factor of the design result, the final model is manufactured, and the experiment is
performed to verify the IE4 efficiency and power factor.

This paper is organized as follows. In Section 2, the characteristics of LS-SynRM are discussed
in respect to the structure and the operation in asynchronous and synchronous speed. In Section 3,
the characteristic of the reference machine is analyzed. In Section 4, the design of LS-SynRM is
performed using RSM and FEA and the final model is analyzed using FEA. In Section 5, to verify FEA
results, the experiment is performed and the results of LS-SynRM are compared with FEA results.
Finally, Section 6 contains the conclusion.

2. Characteristic of LS-SynRM

2.1. Structure of LS-SynRM

Figure 1 shows the rotor structure of a general LS-SynRM. LS-SynRM has a structure in which the
squirrel cage slots are placed on the outer side of the rotor, and the barrier is arranged on the inner side
of the rotor. Because of this structure, LS-SynRM operates as IMs at the asynchronous speed and as
SynRM at the synchronous speed. Moreover, the rotor design of LS-SynRM is classified as a rotor slot
and barrier. The rotor slot design determines a starting characteristic of LS-SynRM and the barrier
design determines the performance of LS-SynRM, such as the efficiency and power factor. Therefore,
the rotor slot design is important to reach the synchronous speed, and the barrier design is important
to satisfy the super-premium efficiency (IE4).
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expressed as follows. 

Figure 1. Rotor structure of the line-start synchronous reluctance motor (LS-SynRM).

2.2. Asynchronous Speed

In asynchronous speed, the LS-SynRM has the slip, which generates an induced voltage on a
conductor in a rotor slot. An induced current that is generated by the induced voltage provides
the magnetic torque that LS-SynRM can be synchronization. Moreover, in case of the LS-SynRM,
the reluctance torque is generated due to a saliency difference, which is the difference between dq-axis
inductance. Therefore, the torque of LS-SynRM is expressed as Equation (1) [25,26].

Te = Tcage + Trel sin(2sωt + α) (1)

where Te is the torque of LS-SynRM at asynchronous speed, Tcage is the magnetic torque generated by
the induced current, Trel is the amplitude of reluctance torque produced by the saliency, s is slip, ω is
the electrical angular frequency, and α is the phase angle of pulsating torque.

The magnetic torque is constant and depends on the slip as in the induction motor, and the
average of reluctance torque is zero, but this torque pulsates twice the slip frequency. Figure 2 shows a
speed-torque curve of LS-SynRM at an asynchronous speed. The amplitude of the pulsating torque
and the average torque depend on the slip. In a synchronous speed, the maximum torque is called the
pull-out torque, which is the maximum load torque that can be synchronized [26].
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2.3. Synchronous Speed

At a synchronous speed, there are no eddy currents in the rotor slot because the slip is zero.
Therefore, the LS-SynRM is operated as the synchronous reluctance motor and the efficiency is



Energies 2020, 13, 5774 4 of 15

improved compared to SCIM due to the secondary copper loss. The efficiency of LS-SynRM is
expressed as follows.

η = Pout
Pin

= Pout
Pout+Ploss

= Teωe
Teωe+Pcopper+Pcore

Te =
3
2

P
2 (Ld − Lq)I2

a sin 2β
(2)

where η is the efficiency, Pout is mechanical power, Pin is electrical input power, Ploss is total loss of
motor, Te is torque of motor, ωe is synchronous speed, Pcopper is copper loss, and Pcore is core loss, P is
the number of pole, Ld and Lq are d-, q-axis inductance, respectively, Ia is the current, and β is the
current phase angle.

The efficiency is determined by the reluctance torque, the core loss, and the copper loss. The core
loss depends on the magnetic flux density and input frequency, which is determined when designing
electric machines. Therefore, the copper loss must be reduced to improve the efficiency. This should
increase the torque per current, which should increase the rotor saliency difference.

The power factor of the LS-SynRM is determined by the phase difference between the voltage and
current. Figure 3a shows a vector diagram of the LS-SynRM, and the power factor of LS-SynRM can be
expressed as follows.

cosϕ =
ρ− 1√
ρ2

cos2 β
+ 1

sin2 β

, ρ =
Ld
Lq

(3)

where cosϕ is the power factor, and ρ is the saliency ratio.
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Figure 3. Characteristic of LS-SynRM (a) vector diagram, and (b) power factor.

The power factor is determined by the saliency ratio and the current phase angle. Figure 3b
shows the power factor according to the saliency ratio and the current phase angle. The power factor
increases as the saliency ratio increases. Therefore, the saliency difference and ratio are important
design parameters for IE4 efficiency and improving the power factor.

3. Reference Machine

In order to compare the efficiency and power factor of LS-SynRM, 2.2 kW four pole IM is selected
as the reference motor. Figure 4 show the FEA model and Table 1 shows the specification of reference
machine. ANSYS Maxwell was used to analyze the performance of the reference machine.
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Figure 4. Finite element analysis (FEA) model of reference machine.

Table 1. Specification of reference machine.

Item Value Unit

Output power 2.2 kW
Line voltage 380 Vrms

Input frequency 60 Hz
Outer diameter (stator/rotor) 180/109.4 mm
Inner diameter (stator/rotor) 110/32 mm
Number of slot (stator/rotor) 36/28 –

Stack length 120 mm
Air gap length 0.3 mm

Table 2 shows the FEA and experiment results of the reference machine. The efficiency of the
reference machine is 90.7% that is IE3 efficiency according to IEC 60034. Because IE4 efficiency is 91%,
the reference machine does not satisfy IE4 efficiency. In general, the induction motor has the rotor
copper loss due to the slip, and this loss accounts for 23% of total losses in Table 2. If the rotor copper
loss is reduced, the efficiency of the electrical machine can satisfy IE4 efficiency. LS-SynRM does not
have the rotor copper loss because this motor is operated at a synchronous speed, where slip is zero.
Therefore, LS-SynRM can satisfy IE4 efficiency, and the design process of LS-SynRM has studied to
improve the efficiency.

Table 2. FEA and experiment result of reference model.

Item
Value

Unit
FEA Experiment

Power 2.2 2.2 kW
Speed 1764.96 1762 rpm
Torque 12 11.9 Nm

Core loss 58.27 63 W
Stator copper loss 72.6 78 W
Rotor copper loss 40.53 51 W

Total loss 214.3 220 W
Efficiency 91.2 90.7 %

Power factor 83.8 80 %
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4. Design of LS-SynRM

4.1. Design Process

Figure 5 shows the design process of LS-SynRM for IE4 efficiency and improving the power factor.
The stator, rotor, and number of rotor slot are constrained under the same conditions as the reference
machine. The main design process is three steps. First, the design of the barrier is performed to
improve the efficiency and power factor using RSM. The efficiency and power factor of LS-SynRM
are determined by the saliency difference and ratio. Therefore, there are two steps in the design of
the barriers: the number of barriers and thickness of barriers and segments. Second, the design of
the rotor slot is performed to reach LS-SynRM into the synchronous speed. Because synchronization
is determined by the resistance and leakage inductance of the rotor bar, the design is performed
according to the depth of the rotor slot. Lastly, the design of each rib is performed considering the
power factor and mechanical reliability. The thickness of the ribs affects the leakage flux, which affect
the performance of LS-SynRM, and is determined by the thickness of each rib. Therefore, the thickness
of each rib must be designed considering the performance and safety factor. If the efficiency and
power factor does not satisfy, the design parameter and range are reselected, and RSM is performed to
satisfy the performance. Table 3 shows IEC 60034 standard and the design objective of the efficiency
and power factor. Considering the margin based on Table 2, FEM performance is selected as 91.5%
efficiency and 81% power factor.
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Table 3. International Electrotechnical Committee (IEC) 60034 standard and design objective of the
efficiency and power factor.

Items IEC 60034 Design Objective Unit

Performance
Efficiency 91 ≥91.5 %

Power factor 77 ≥81 %

4.2. Design of Barrier

From Equation (3), the power factor of LS-SynRM is determined by the saliency ratio, which is
ratio d-axis inductance to q-axis inductance. The dq-axis inductances are determined by the number of
barriers and thickness of flux barrier and segments [27]. Therefore, the barrier design is performed
according to the number of barriers and thickness of flux barrier and segments.

4.2.1. Number of Barrier

Figure 6 shows the FEA model according to the number of barriers. The number of rotor slots is the
same as the reference machine, and the total length of barrier and segment is constant, for comparison
under the same conditions. Furthermore, for each layer of each model, the thickness of the barrier and
segment are compared equally. Table 4 shows the comparison of the dq-axis inductances, the saliency
ratio, the power factor, and efficiency under the rated current condition. From Table 4, the larger the
saliency ratio, the larger the power factor. Moreover, the efficiency of each model satisfies more than
IE4 efficiency. Therefore, the design of the barrier, according to the thickness of the flux barrier and
segments, is performed based on model 3.
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Table 4. FEA result of LS-SynRM according to the number of barriers.

Model Ld
(mH)

Lq
(mH)

Saliency
Ratio

Power Factor
(%)

Model 1 33.6 301.6 8.97 78.7
Model 2 31.7 297.7 9.38 79.3
Model 3 31.2 309.5 9.92 80.5

4.2.2. Thickness of Flux Barriers and Segments

To maximize the power factor, the optimal design is performed using RSM and FEA. Figure 7
shows the design parameters for the optimal design [28]. The range of design parameters is selected
within the rotor constraints, as shown in Table 5. Furthermore, the objective function is maximizing
the power factor and the efficiency. Figure 8a shows the RSM result and Figure 8b shows the optimal
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design result. Table 6 shows the optimal design result. In Table 6, RSM and FEA results are similar,
so the optimal result is valid.Energies 2020, 13, x FOR PEER REVIEW 8 of 14 
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Table 6. Optimal design result.

Parameter Power Factor
(%)

Efficiency
(%)

αr
(degM) Kw

Wshaft
(mm) RSM FEA RSM FEA

7.236 0.5609 4 81.19 81.02 91.59 91.75

4.3. Design of Rotor Slot

In general, the starting characteristic is determined by the rotor resistance and leakage inductance.
This rotor resistance and leakage is determined by the depth and thickness of the rotor slot. However,
the barriers are constraints on the thickness and depth of the rotor slot. Therefore, for synchronization,
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the design parameters of the rotor slot are determined, as shown in Figure 9a. In order to analyze
synchronization, the analysis, according the selected design parameters, is performed by the time-step
FEA, which is the mechanical and electromagnetic transient analysis [29,30], considering inertia of
LS-SynRM. Figure 9b shows the time step FEA result. The synchronization region is determined by
the depth of the rotor slot. Figure 10 shows the time step FEA result for the three selected points.
If synchronization fails, the torque and speed pulsate. As a result, the design parameter is determined
as Tbar1 = 20 (mm) and Tbar2 = 13 (mm).
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4.4. Design of Ribs

When LS-SynRM rotates, the centrifugal force is focused on the outer rib. If the thickness of the
outer rib is designed to be small, the LS-SynRM is mechanically damaged during operation. Therefore,
the design of rib must be performed for use as the industrial application. However, the thickness of
the outer rib also affects the power factor, so the design of the rib is performed considering the power
factor and mechanical reliability. The mechanical reliability is determined by a safety factor, as shown
in the following equation. Generally, the mechanical reliability is ensured if the safety factor is higher
than 1.5 [31].

SF =
σyield

σmax
(4)
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where SF is the safety factor, σyield is the tensile yield strength of material, σmax is the stress of material
during rotation.

Because of the structure of LS-SynRM, there are several bridges that reduce the mechanical stress
at the rib. Therefore, the design parameters are selected, as shown in Figure 11. Considering the
manufacture, the design parameters are designed to be 0.3 (mm) or more. Figure 12 shows the power
factor and the safety factor, according to the design parameters. As the thickness of each rib increases,
the power factor is reduced because the leakage magnetic flux is increased. Furthermore, the safety
factor is increased due to reduced mechanical stress. Considering the objective performance in Table 3,
the design parameters are designed as Trib1 = 0.3 (mm) and Trib2 = 0.7 (mm).
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4.5. Design Result

Figure 13 shows the design result through the design process of LS-SynRM. Table 7 shows the
FEA result of LS-SynRM. The efficiency of LS-SynRM is 91.7% and the power factor of LS-SynRM is
81.2%. Compared with Table 2, the efficiency is improved about 0.5%, but the power factor is decreased
about 2.6% than the reference machine. The efficiency satisfies the IE4 efficiency and the power factor
satisfies the IEC 60034 standard for the industrial application. Therefore, the LS-SynRM can improve
the efficiency compared with IM and be used as an industrial electric machine.
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Table 7. FEA result of the final LS-SynRM.

Item Value Unit

Power 2.2 kW
Speed 1800 rpm
Torque 11.7 Nm

Core loss 53.3 W
Stator copper loss 87.78 W
Rotor copper loss 12.3 W

Total loss 201.4 W
Efficiency 91.7 %

Power factor 81.2 %
Safety factor 1.56 -

5. Experimental Validation

5.1. Manufacture of LS-SynRM

To verify the FEA result, the designed LS-SynRM is manufactured. Figure 14a shows the rotor
core of the manufactured LS-SynRM. A die-casting process is performed to inject the melted aluminum
into the rotor slot. During the die-casting process, a high press is applied to the rotor slot so that the
melted aluminum is injected in the rotor slot. Figure 14b shows the endplate, which is required to
prevent the melted aluminum from being injected into the barrier. Figure 14c shows the cross-section
of the rotor and the aluminum is filled in the rotor slot. Figure 14d shows the rotor with the end-ring.
The width of the end-ring is the same as the reference machine and the height of the end-ring is the
difference between the deepest rotor slot depth and the outer diameter of the rotor.

5.2. Experiment Result

The experiment is performed to verify the FEA result. Figure 15 shows the experiment environment.
The dynamometer motor is induction motor as 2.2 kW load. Using voltage and frequency control,
LS-SynRM runs up and reaches a synchronous speed. After the LS-SynRM reaches a synchronous
speed, the load torque is applied through the dynamometer motor to measure the efficiency and
power factor of LS-SynRM. In the power analyzer, the efficiency and power factor are calculated
using measured voltage, current, torque, and speed. Table 8 shows the comparison of FEA and the
experiment result of LS-SynRM. When comparing the experiment and FEA results, the experiment
current increases by about 5% than the FEA current. This reduces the power factor and increases
the copper loss, as shown in Table 8. The power factor of FEA and experiment is 81.2% and 77.3%,
respectively. However, the efficiencies of FEA and the experiment are similar because the total losses
are similar. As a result, it is confirmed that the IE4 class efficiency and the power factor in IEC 60034
is satisfied.
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Table 8. Comparison of FEA and experiment result.

Item
Value

Unit
FEA Experiment

Power 2.2 2.2 kW
Torque 11.7 11.6 Nm
Current 4.56 4.8 Arms

Core loss 53.3 45.9 W
Stator copper loss 87.78 100 W
Rotor copper loss 12.3 0 W

Total loss 201.4 201.7 W
Efficiency 91.7 91.6 %

Power factor 81.2 77.3 %

6. Conclusions

In this paper, the design method of LS-SynRM is studied to satisfy the efficiency and power factor
of IEC 60034 standard. In addition, LS-SynRM is designed considering the mechanical reliability for use
in the industrial application. The performance of LS-SynRM is analyzed according to several design
parameters, such as the number of barriers, the thickness of the barriers, and the segments, the depth of
the rotor slot, and thickness of each rib. The design of the barrier is performed to satisfy the performance
of LS-SynRM using RSM. The design of the rotor slot is performed, and the synchronization region is
determined by the depth of the rotor slot. The design of each rib is performed, and the thickness of
each rib is designed considering the power factor and the safety factor. Considering the efficiency,
the power factor, and the safety factor, the optimal LS-SynRM is designed. The final LS-SynRM satisfies
the efficiency of 91.7%, the power factor of 81.2%, and the safety factor 1.56. The final LS-SynRM is
manufactured and the experiment is performed to verify the FEA result. As a result, the efficiency and
power factor satisfy the IEC 60034 standard.
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