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Abstract

Motors are among the most energy-consuming devices worldwide. With growing interest
in eco-friendly solutions, minimum efficiency regulations for industrial motors are being
enforced. In response to continuously rising minimum efficiency requirements, research on
improving the efficiency of motors is actively underway. In the case of induction motors,
which are the most widely used industrial electric motors, rotor ohmic loss occurs due to
their operating characteristics. In contrast, line-start synchronous reluctance motors (LS-
SynRMs) have a significant advantage in efficiency because once they reach synchronous
speed, no eddy currents are generated by the fundamental current waveform. This leads
to a sharp decrease in rotor ohmic losses, greatly enhancing efficiency. In this paper, a
rotor design is carried out to improve the efficiency of LS-SynRMs. To support the rotor
design, the torque characteristics of LS-SynRMs were analyzed under both asynchronous
and synchronous state operations, and improvement directions for enhancing efficiency
were identified. For rotor type selection, two bar-type rotors with linear flux barriers and
two boomerang-type rotors with curved flux barriers were designed. The electromagnetic
characteristics of these designs were compared using finite element analysis. Among them,
the boomerang-type rotor that exhibited the best electromagnetic performance was selected
as the final rotor type. Its final geometry was derived through detailed design, considering
the mechanical safety of the rotor. Finally, experimental validation was conducted to verify
the effectiveness of the proposed rotor design.

Keywords: line-start synchronous reluctance motor; minimum energy performance
standard; efficiency improvement

1. Introduction

As interest in environmental sustainability continues to grow, the implementation of
minimum energy performance standards (MEPS) for electric motors is underway, which
represent a prominent energy-consuming device, constituting approximately 53% of total
global electricity consumption. The efficiency of motors is classified into five levels, ranging
from the lowest efficiency level, IE1, to the highest, IE5 [1]. Figure 1 shows the IE rating
of four-pole motors. Currently, the production of motors with efficiency levels of IE3 and
above is mandated, with active research aimed at raising the minimum efficiency rating
to IE4.
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Figure 1. IE1 to IE4 efficiency classes for 4-pole 10 kW to 60 kW motors.

Induction motors (IMs), the most commonly used type in industrial applications, offer
advantages such as easy production and low cost [2,3]. However, due to their operational
characteristics, they incur rotor ohmic losses, accounting for approximately 25% of the total
losses in IMs [4-8]. Line-start synchronous reluctance motors (LS-SynRMs) offer advan-
tages such as ease of manufacturing, lower production costs, and the ability to utilize the
benefits of induction motors without requiring inverter-based control. Additionally, once
they reach a steady state, LS-SynRMs do not generate rotor ohmic losses from the funda-
mental components of the load current, making them advantageous for reducing losses [9].
However, unlike induction motors, where appropriate slip is determined based on the load,
LS-SynRMs can only operate as motors when they reach a synchronous speed [10,11].

Therefore, active research is underway to address the limitations of LS-SynRMs and
comply with increasingly stringent minimum efficiency regulations. H. C. Liu studied the
optimal design of the rotor, additional losses that may occur during the rotor manufacturing
process, and the resulting changes in synchronous performance [12,13]. H. Kim researched
optimal rotor design techniques for LS-SynRMs, considering both efficiency and power
factor, as well as ensuring start-up performance by accounting for the maximum allowable
moment of inertia for the rotor [9,14]. Additionally, M. Farhadian explored methods to
minimize the use of rotor conductors [15]. However, these studies mainly focused on small
motors with a power rating of under 4 kW. In the United States, small-capacity motors rated
at 15 kW or below account for approximately 77% of all installed industrial motors, yet
their share of total electricity consumption is less than 18%. Medium-capacity motors, rated
from 15 kW to 75 kW, represent the next largest group, comprising 18.7% of installations
but accounting for approximately 30% of total power consumption. Therefore, considering
both motor demand capacity and electricity consumption, improving the efficiency of
medium-capacity motors is more effective than enhancing small-capacity motors [16].

When designing LS-SynRMs, it is important to consider both the characteristics of
IMs and SynRMs due to the nature of their operational features. The rotor bars, which
significantly influence asynchronous state performance, should be designed with IM princi-
ples in mind to ensure start-up performance. Research has been conducted on the optimal
combinations of the number of stator slots and rotor bars to generate uniform magnetic
torque during IM operation, with specific recommendations depending on the number of
poles. These combinations typically assume uniform spacing of the conductor bars [17-21].
However, in the synchronous state, when the motor operates as a SynRM, uniformly spaced
conductor bars can obstruct the flow of the d-axis flux, potentially leading to a significant
decline in performance. Therefore, to maximize the performance of LS-SynRMs, it is benefi-
cial to prioritize synchronous state performance during the initial design and then adjust
the conductor bar design within a range that does not significantly affect the synchronous
state performance.



Energies 2025, 18, 5464

30f23

When conducting electromagnetic analysis for motor design, both the steady-state
and transient modes can be used. The analysis using steady-state mode employs a cur-
rent source approach, allowing for the motor’s characteristics to be quickly evaluated.
However, industrial motors do not directly input the desired current. Instead, the current
characteristics are influenced by the load applied to the motor. Predicting the load current
characteristics based on load and rotor shape during motor design is challenging. Current
characteristics, such as magnitude, phase angle, and harmonic components, have a signifi-
cant impact on the motor’s output power and losses. Therefore, analysis using steady-state
mode, which uses a current source, cannot accurately assess the motor’s characteristics.
Instead, to accurately analyze the motor’s characteristics, it is essential to use transient
mode, which allows for voltage source analysis and can accommodate varying current
characteristics under changing conditions. Therefore, all finite element analyses (FEA)
conducted in this study were performed using transient mode.

This paper aims to design a four-pole 37 kW LS-SynRM rotor that meets 1E4 efficiency
for industrial applications. The IE4 efficiency for a 37 kW motor is 95.4%. To achieve
this aim, we first analyzed the operating principle of the LS-SynRM. Subsequently, we
designed and compared the characteristics of two types of rotors: bar-type rotors with
straight flux barriers and boomerang-type rotors with curved flux barriers. Among the
four rotor designs, the one with the best efficiency was selected for further refinement,
considering manufacturability. Additional design considerations were made to ensure
the start-up performance necessary to reach synchronous speed, as well as manufactura-
bility and mechanical rigidity. The mechanical safety of the rotor during operation was
verified through FEA. Finally, the validity of the LS-SynRM design was analyzed through
performance testing.

Through this paper, we extended the scope of research beyond previous works that
focused only on small-capacity LS-SynRMs with a power rating of under 15 kW and
conducted a high-efficiency design for a medium-capacity 37 kW motor. Using 2D FEA,
the advantages of the boomerang-type rotor over the bar-type rotor were demonstrated,
and a design methodology that simultaneously considers efficiency improvement and
mechanical safety of the boomerang-type rotor is proposed. This approach not only fills a
gap in the field of medium-capacity LS-SynRM design but also provides important insights
into the future development of high-efficiency LS-SynRMs.

2. Operating Principle

The LS-SynRM operates similarly to an IM in an asynchronous state and operates like a
SynRM once it reaches synchronous speed. Therefore, the operating principle of LS-SynRM
should be analyzed separately for both the synchronous and asynchronous states.

2.1. Synchronous State Operating

When the rotor of an LS-SynRM reaches a synchronous speed, it operates in the same
way as a standard SynRM. Therefore, the torque equation can be expressed as shown in
Equation (1) [9,19].

3 .
Here, p is the number of pole pairs, L; and L, are the inductance of the d-axis and g-axis,

respectively, and iy and i, are the current of the d-axis and g-axis, respectively. LS-SynRMs
operate based on a constant input voltage without directly controlling the input current.
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Therefore, to analyze its characteristics, Equation (1) should be converted into an expression
that utilizes the input voltage and reactance, as shown in Equation (2) [19].

V2 (La—Ly)
2

.3
T20 2 (R4 xyX,)?

{ (XaXg = R?)sin20, + Ry (X4 — Xy) = Ry (Xa = Xg)c0525, | )
Here, V, is the input voltage, R; is the stator resistance, X; and X; are the reactance of
the d-axis and g-axis, respectively, and J, is the voltage angle. In Equation (2), there
are two methods to increase the maximum torque. One method is to reduce the stator
resistance, and the other is to maximize the gap between the d-axis and g-axis inductances.
Due to the operating characteristics of the LS-SynRM, a load current is generated according
to Equation (1) when load torque acts on the system. Therefore, when the load torque is the
same, the inductance gap between the d-axis and g-axis becomes inversely proportional to
the load current. To improve motor efficiency in synchronous state operation, maximizing
this inductance difference is important. In Section 3 of this paper, design parameters are
selected to determine the appropriate width and length of the rotor flux circuit in order to
maximize the difference between the d-axis and g-axis inductances, and these parameters
are incorporated into the rotor design.

2.2. Asynchronous State Operating

In the asynchronous state, while the LS-SynRM operates on a principle similar to that
of an IM, it differs from the IM by having the inductance gap between the rotor’s d-axis
and g-axis. Therefore, the torque in the asynchronous state can be expressed as shown
Equation (3) [4,9,22].

Tas = Tapg + Tyersin(2swet + «) 3)

Here, T, is the asynchronous torque, Tm,g is the electromagnetic torque generated by the
rotor conductor bars, and T, is the magnitude of the reluctance torque. s is the slip,
and w, is the angular frequency of the synchronous speed, while & is the phase angle
of the reluctance torque. The reluctance torque is generated due to the inductance gap.
Although the average value of the reluctance torque is zero, it induces torque ripple in the
asynchronous state. Figure 2 shows the torque-speed curve of the L5-SynRM. As the motor
operates, a load torque is applied to the rotor, resulting in start-up with a large load current
that generates a significant instantaneous torque. Over time, as the load current stabilizes,
the torques resulting from Ty and T, become apparent.
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Figure 2. Torque—speed curve of the LS-SynRM.

To ensure that the LS-SynRM reaches synchronous speed safely, T, must exceed the
load torque near the synchronous speed. Considering the characteristics of the rotor, which
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has the inductance gap, Tayg can be expressed by decomposing it into d-axis and g-axis
components, as shown in Equation (4) [9,18].

e = () { et ol } @

we) | LisRiy + %2 (LasLar = L) 12, R2, + 522 (LgsLyr — L3,
Here, R;, and Ry, are the rotor’s d-axis and g-axis resistance, respectively, Ly, and Lgy
are the d-axis and g-axis magnetizing inductance, respectively, L, and Ly, are the rotor’s
d-axis and g-axis inductance, respectively, and Ly; and Lgs are the stator’s d-axis and g-axis
inductance respectively. As the rotor speed approaches a synchronous speed, the slip
approaches zero. At this point, the average torque T,y can be expressed as shown in

Equation (5) [9,19].
2 2 2
84\ w, L3Ry L2 Ry,

Through rotor design, it is important to reduce the values of Ry, and R, in order to
increase the magnitude of Tavg- The rotor resistance is closely related to the size of the rotor
bar area. Therefore, to ensure start-up performance, it is crucial to secure sufficient rotor
conductor bars during the design process.

3. Basic Design of LS-SynRM Rotors

The bar-type rotor has the advantage of being relatively easy to manufacture due
to its simple shape. On the other hand, the boomerang-type rotor has the drawback of
being more difficult to manufacture due to the curvature of the flux barriers. However, the
boomerang-type rotor reduces magnetic resistance by shortening the magnetic path along
the d-axis, which increases the inductance gap between the d-axis and g-axis. This allows
for sufficient inductance gaps with a smaller number of flux barrier layers. If the inductance
difference remains the same but the number of flux barriers is reduced, the width of the
rotor core forming the flux path becomes wider, leading to a lower magnetic flux density
in the rotor core. This reduction in flux density results in decreased iron loss, which can
increase efficiency. Therefore, we designed both rotors and compared their characteristics
to select the superior rotor type.

Figure 3 shows the rotor design algorithm for achieving IE4 efficiency in an LS-SynRM.
To initiate the rotor design process, it is crucial first to determine the stator shape, stator
winding specification, and rotor size limit. Additionally, the material properties of the
motor core and rotor conductor bars, along with factors such as the operating temperature
of the stator and the magnitude of mechanical losses and stray load losses at the rated
power, must be selected and incorporated into the design process.

""Section 3 :: Section 4
[}

design limits and conditions. n

I
I
I
1 : !
1 ' Rotor diameter he Start-up performance
| v/ Stator and winding design & mechanical safety satisfy?
1 v" Material
: v" Operation condition
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1 l l | |+ Additional rotor design
Il | v Rotor conductor area and
* Bar-type rotor * Boomerang-type rotor. |, roundine radius
v' Select number of flux v' Select number of flux 1 ng ra
. h v’ rotor rib thickness
barrier layers barrier layers I
v Select design parameter v' Select design parameter I
I
I

v' Analsis all design variables | | v' Rotor design with RSM
[ |

\ l' Select superior rotor type I

Figure 3. Design algorithm for a 4-pole 37 kW LS-SynRM.
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In Section 4, the basic rotor design is conducted, and the superior rotor type is selected.
Figure 4a shows the shape of the bar-type rotor, which has straight flux barriers. Two rotors
were designed, one with and one without core notches. Figure 4b shows the boomerang-
type rotor, which features curved flux barriers. Two cases of the boomerang-type rotor
were designed based on selected design variables.
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Barrier end-width

Side bri
e bridge Vo)
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Figure 4. Shape of the LS-SynRM rotor and its design variables: (a) bar-type rotor; (b) boomerang-type rotor.

Due to the fewer design variables, all possible configurations of the bar-type rotor
were analyzed to determine the optimal model. In contrast, the boomerang-type rotor
design involved three variables. Given the large number of possible configurations for
the boomerang-type rotor, the response surface methodology (RSM) was used to reduce
the design time required. Due to the characteristics of LS-SynRMs, which start up with
the squirrel cage, the motor must be capable of reaching a synchronous state even when
accounting for the maximum external inertia moment. The maximum external inertia
moment can be calculated using Equation (6) [4,23].

J = 0.03P%9p%> (6)

Here, | is the external inertia moment, and P is the rated power of the motor. The iron losses
of the motor can be separated into hysteresis losses and eddy current losses. For calculat-
ing iron losses through transient FEA, Bertotti’s loss model was employed. Equation (7)
represents the expression developed by Lin et al. based on Bertotti’s iron loss model [24].

Piron loss — than + chszn (7)

K}, is the hysteresis loss coefficient, K. is the eddy current loss coefficient, f is the
supply frequency, and By, is the peak magnetic flux density within the core material. For a
conservative motor design, the operating temperature was increased by 10 °C compared
to the operating temperature of a four-pole, 37 kW IM that achieves IE3 efficiency. Addi-
tionally, a 10% margin was applied to the stray losses and mechanical losses in the design
process to calculate rotor damping. Mechanical and stray load losses were experimentally
estimated as 1.35% of the rated output. Table 1 shows the design specifications for the
LS-SynRM, including the stator core and winding details, and Figure 5 shows the shape of
the stator and windings.

Table 1. 37 kW LS-SynRM design specifications and conditions.

Item Value Unit
Target efficiency 95.4 %
Maximum external 5

inertia moment 4.376 kg-m
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Table 1. Cont.

Item Value Unit
Input voltage 380 \%
Frequency 60 Hz
Stator outer diameter 345 mm
Stator inner diameter 235 mm
Air gap 0.9 mm
Number of slots 48 -
Turn for the slot 5 -
Core material 50PN470 -
Iron loss coefficient
(Kh/Ke) 152.60/1.28
Core yield strength 275 MPa
Conductor bar material Aluminum -
Phase resistance @60 °C 0.04 Ohm
Rated load torque 196.3 Nm
Mechanical + stray loss 500 W

Phase B

/
/ /_\
(\/ // /r\r/ Phase A
_
é’(//

1.75mm
g

Phase C

@235mm

8.7mi

Phase B

Figure 5. Shape of the stator core and windings for 37 kW LS-SynRM FEA.

3.1. Bar-Type Rotor Design

Prior research exists on the design of bar-type rotors with straight flux barriers and
consideration of maximum external inertia. In this paper, the design of the bar-type rotor
was carried out by referencing the rotor shape and design techniques from previous stud-
ies [9,25,26]. To design the SynRM rotor, the number of flux barriers must be determined. If
there are too few flux barriers, it may be difficult to create a sufficient inductance gap, and
the lack of rotor conductor bars can make it challenging to achieve start-up performance.
On the other hand, if there are too many flux barriers, the thickness of the flux barriers and
segments decreases, leading to increased saturation of the rotor core and higher leakage
flux through the flux barriers, which ultimately reduces the inductance gap.

Due to its operating characteristics, the LS-SynRM exhibits different load currents
at the same output depending on the rotor geometry. In this case, the load current is
influenced by the difference between the d-axis and g-axis inductances, as expressed in
Equation (1). However, the actual inductance during motor operation is affected by the
degree of rotor flux saturation, which varies with the load current. Therefore, predicting
performance solely based on rotor geometry cannot accurately reflect the motor’s behavior
during operation. To address this issue, this study compared characteristics through
transient FEA by varying the number of rotor flux barriers, thereby enabling more accurate
prediction of motor performance under operating conditions.

Throughout the analysis, the quantity of rotor conductors remained constant, and the
ratio between the thickness of the flux barriers and the thickness of the segments between
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flux barriers was also maintained. Figure 6 shows the rotor shape and flux density of the
bar-type model according to the flux barrier layers, and Table 2 presents the variations
in efficiency, power factor, and inductance gap according to the number of flux barrier
layers. It was confirmed that as the number of flux barriers increases, the inductance gap
becomes larger, while the load current decreases inversely with the inductance difference.
Consequently, the reduction in load current leads to improvements in both efficiency and
power factor. The flux density distribution in Figure 6 shows that the average flux density
decreases as the number of rotor flux barriers increases. A saturated flux density above
approximately 1.8 T extends the effective length of the d-axis flux path and increases the
magnetic reluctance. In the cases of the four-layer and five-layer rotors, local saturation
occurred in the inner flux path of the rotor, which increased the d-axis inductance and
adversely reduced the inductance gap. Accordingly, for both bar-type designs, a six-layer
rotor was selected.

(b) (o)

Figure 6. Rotor shape and flux density of bar-type rotor models according to flux barrier layers:
(a) 4-layer; (b) 5-layer; (c) 6-layer.

Table 2. Bar-type rotor characteristics according to the number of flux barrier layers.

Num. of Flux  Load Current . . o Power Factor

Barrier Layers [Apmms] Efficiency [%] -] Ly — Ly [mH]
4 layers 91.0 94.49 0.65 5.35
5 layers 854 9491 0.69 6.15
6 layers 81.0 95.12 0.72 7.54

Two design parameters were selected for the optimal design of the rotor. The
first parameter is the distance from the first flux barrier to the motor shaft (Wgz), and the
other is the ratio between the thickness of the flux barrier and the segment (k). Since there
are only two design variables, analyses were conducted across the entire possible design
range. The design range for Wy, is from 11 mm to 18 mm, and the design range for ky,
is from 0.4 to 0.6. Figure 7 shows the efficiency and PF according to the design variables.
Bar-type models both without and with core notch rotors show similar trends in efficiency
and PFE. Therefore, the point at which both models achieve the highest efficiency and PF
values was selected as the bar-type model’s final design point. The final design results of
the bar-type rotor show that the outcomes of the two models are identical, with a Wyjq4 of
16 mm and a K, of 0.6.
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Figure 7. Efficiency and power factor according to the design variables: (a) efficiency of the bar-type
model without a notch; (b) PF of the bar-type model without a notch; (c) efficiency of the bar-type
model with a notch; (d) PF of the bar-type model with a notch.

3.2. Boomerang-Type Rotor Design

To select the boomerang-type rotor’s number of flux barrier layers, we analyzed the
characteristic changes corresponding to the number of flux barriers. Due to the geometric
characteristics of the boomerang-type rotor, the number of flux barriers was reduced by
one layer compared to the bar-type model, so only four-layer and five-layer models were
analyzed. In order to assess the characteristic changes based on the number of flux barriers,
the distance between the first and last flux barriers was kept constant, and the total thickness
of the flux barriers was uniformly maintained across all models. Figure 8 shows the flux
density and flux line of boomerang-type rotor models according to flux barrier layers, and
Table 3 presents the resulting characteristic changes for the boomerang-type motor based
on the number of flux barriers. Unlike the bar-type rotor, the boomerang-type rotor shows
a tendency for the inductance gap to decrease as the number of flux barrier layers increases.
As shown in Figure 8, the thickness at the ends of the rotor conductor bars decreases as
the number of flux barrier layers increases, which indicates an increase in leakage current
in the ribs. As the leakage current increases, the inductance gap decreases, leading to an
increase in load current and saturation of the motor core. Consequently, the increase in core
saturation of the rotor and stator teeth is observed in the five-layer rotor compared to the
four-layer rotor. As shown in Table 3, the difference in the inductance gap increases the
load current under the same load operation, which results in a decrease in efficiency and
power factor. Therefore, for the boomerang-type rotor, the four-layer rotor was selected,
which demonstrated superior electromagnetic characteristics.

A sensitivity analysis was conducted to select the design parameters for the
boomerang-type rotor. The design variables subjected to the sensitivity analysis include
four parameters: segment width (Wseg), barrier end width (Wy,), barrier center width
(W), and the width between the shaft and the first barrier (Wgh,¢t), as shown in Figure 4b.
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The curvature of the flux barriers in the boomerang-type rotor is determined by the com-
bination of these parameters. Table 4 presents the design variable values of the baseline
model used for the sensitivity analysis, while Figure 9 shows the changes in electromagnetic
characteristics resulting from variations in the design variables.

Bneszl ? ' “"
\“ e
r -
>

A

;f»". //I/ //\

LK

188 ‘§)
\ 8

(a) (b)

Figure 8. Flux density and flux line of boomerang-type rotor models according to flux barrier layers:
(a) 4-layer model; (b) 5-layer model.

Table 3. Boomerang-type rotor characteristics according to the number of flux barrier layers.

Num. of Flux  Load Current . . o Power Factor

Barrier Layers [Arms] Efficiency [%] [-] Lj — Ly [mHI
4 layers 75.6 94.90 0.79 14.25
5 layers 78.2 94.77 0.75 12.99

Table 4. Default values of the basic model for the sensitivity analysis of the boomerang-type rotor.

Wshaft [mm] Wbc [mm] Wbe [mm] Wseg [mm]
20 7.5 7 9

Among the design variables, Wy, and Wy, exhibit the highest sensitivity. As Wy,
increases, the g-axis inductance decreases, leading to an increase in the inductance gap,
which in turn decreases the load current and improves efficiency, as shown in Equation (1).
In the case of Wy, while it did not have a significant impact on the inductance gap
compared to Wbc, increasing Wy, widened the rotor conductor bar, reducing leakage in the
rib and resulting in a slight increase in the inductance gap. Consequently, the load current
decreased, which led to improved efficiency. On the other hand, when Wy, increased
from 10 mm to 25 mm, the length of the d-axis flux path decreased, thereby increasing the
inductance gap. However, beyond 25 mm, saturation occurred at the front of the last flux
barrier, increasing leakage flux and ultimately resulting in a decrease in the inductance gap
and efficiency. Similarly, when Wi exceeded 6 mm, the d-axis inductance could no longer
increase, limiting further increases in the inductance gap, and beyond 9 mm, the saturation
at the front of the flux barrier increased, leading to a decline in efficiency.
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Figure 9. Result of sensitivity analysis: (a) width between shaft and first flux barrier; (b) barrier center
width; (c) barrier end width; (d) segment width.

The variable with the highest sensitivity is Wbc; however, adjusting Wshaft and Wseg
is necessary to secure Wbc. Additionally, as Wbe significantly affects efficiency, a detailed
design that includes all design variables is essential. Therefore, the following two cases,
which encompass all design variables, were selected:

1. XAl: Wshaft, XB1: Wbc/(WbC + Wseg)/ XC1: Wbe/wbc;
2. XA2: Wpagi, XB2: Wi, XC2: Wieg, Wi is same with Wi,

Since the LS-SynRM requires transient FEA for characteristic analysis, including asyn-
chronous operation, reducing computational cost is essential. Therefore, the boomerang-
type rotor was designed using the RSM, which is advantageous for multi-objective opti-
mization with a limited number of data samples [27-32]. Table 5 shows the analysis range of
the design variables for RSM. Equation (8) represents the second-order regression function

used for RSM, with the constants and coefficients of the regression function presented in
Table 6 [33-35].

C C
y=pBo+ Z BiXi+)_ BiiXiX; 8)

=A i<j

Table 5. Range of design variables for the RSM.

Case XA XB XC
1 15-20 mm 0.35-0.55 0.4-0.8
2 15-20 mm 6-9 mm 6-9 mm

The aim of the detailed design using RSM is to maximize both efficiency and power
factor. Figure 10 and Table 7 show the results of the RSM design, comparing the predicted
design outcomes from RSM with the electromagnetic analysis results of the designed
models obtained through FEA. When comparing the predicted values from RSM with the
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results from FEA, the error in efficiency was 1%p, and the error in power factor was less
than 2.5%, confirming the validity of the design predictions made using RSM.

Table 6. Constants and coefficients of the second-order regression function for RSM.

Case 1 Case 2
ilij Effciency Power Factor Effciency Power Factor
0 89.26 0.166 85.64 0.310
A 0.39 0.042 —0.042 0.036
B 4.89 0.516 1.80 0.106
C 4.65 0.394 1.13 0.122
AA -6 x 1073 —~7 x 1074 -9 x 1073 —0.002
AB —4.26 —0.428 —0.37 —0.022
AC —-1.10 —0.056 —0.25 —0.005
BB —0.10 —0.012 0.13 0.008
BC —0.20 —0.022 —0.06 —0.002
CcC 0.89 0.131 0.07 0.001
XA XB1 XC1 XA2 X82 XC2
ul e oum 0 N M i
lo| 13.2955 0.2818 0.2636 Lo | 13.2955 4.9773 4.9773
F.fﬁcieflc.\' 1T 77777 — 1 /; =T Efficiency T AR 7 ==
y 9122253 \\ / y sz?::;xo:s \
d =0.00000 \ d =0.78772 \\
Power factor '*"<L::: 7777777777 — 1 ///“ Power factor =T T
max \ max
y =0.7736 \ y =0.7900 \
d =0.00000 \ d =0.50003 \
(a (b)

Figure 10. RSM results for the boomerang-type rotor: (a) Case 1; (b) Case 2.

Table 7. Results of the RSM and its comparison with FEA.

Parameter Efficiency [%] Power Factor [-]
Case XA XB XC RSM FEA RSM FEA
1 14.5 mm 0.46 0.8 95.3 95.2 0.77 0.79
2 14 mm 6 mm 9.5 mm 95.6 95.7 0.79 0.80

Table 8 presents the comparison between the performance predicted by the RSM and
FEA, analyzing the prediction accuracy. Considering the differences in the design variable
and characteristics unit, efficiency, and power factor, the Normalized Mean Absolute
Error (NMAE) was employed to evaluate the prediction error, while the Coefficient of
Determination (R?) was used to assess the accuracy of trend analysis between the design
parameters and performance. The NMAE used in this paper was calculated according to
Equation (9) [36,37].

niap . Dilyi 3 o
n(Ymax = Ymin)

Here, y is the FEA result, while 7 is the predicted value. A larger NMAE indicates a
greater error between predicted values and FEA results. Empirically, values below 0.1 are
regarded as highly accurate predictions, while values between 0.1 and 0.2 are considered
practically acceptable. In Case 1, the prediction of efficiency and power factor was not
at a highly accurate level, but it was still at a practically useful level. In contrast, Case 2
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showed NMAE values below 0.1 for both efficiency and power factor, indicating highly
accurate predictions.

Table 8. Analysis of the prediction of RSM.

Casel Case 2
Item
Efficiency PF Efficiency PF
NMAE 0.122 0.116 0.052 0.021
R? 0.817 0.801 0.996 0.995

For R?, values above 0.9 indicate excellent explanation for trends, while values between
0.7 and 0.9 suggest moderate predictive capability. In Case 1, the R? value was around 0.8,
indicating a moderate level of prediction. Case 2, however, yielded results very close to
the ideal value of 1, confirming that the trend of performance variation with parameter
changes was very well predicted.

3.3. Design Results and Selection of the Final Rotor Type

Figure 11 shows the flux density of the four designed four rotors, while Figure 12
shows the flux density and flux lines of the boomerang-type rotor model’s stator teeth and
rotor rib, and Table 9 presents the characteristics calculated through electromagnetic FEA
of these models.

Figure 11. Flux density of four rotor types in LS-SynRMs: (a) bar-type without notch rotor; (b) bar-
type with notch rotor; (c) boomerang-type Case 1 rotor; (d) boomerang-type Case 2 rotor.

Upon reviewing the design results of the bar-type rotor, it is evident that the saliency
ratio and the inductance gap remain minimal, regardless of the presence of core notches.
This leads to a negligible variation in load current magnitude, resulting in similar losses
across different components, which ultimately fails to produce a significant impact on the
efficiency and power factor.
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Figure 12. Flux density and flux lines of the boomerang-type rotor model’s stator teeth and rotor rib:
(a) boomerang-type Case 1 rotor; (b) boomerang-type Case 2 rotor.

Table 9. Electromagnetic characteristics of the rotor types.

Bar-Type Boomerang-Type

Item Without Notch With Notch  Case 1 Case 2
Rotor inertia moment (kg-m?) 0.38 0.37 0.46 0.42
Load current (Apms) 72.7 72.5 75.9 73.0
Stator ohmic loss (W) 632 628 689 637
Iron loss (W) 438 427 391 330
Rotor ohmic loss (W) 282 225 310 191
Efficiency (%) 95.3 95.4 95.2 95.7
Power factor (-) 0.81 0.81 0.79 0.80
Saliency ratio (-) 29 29 2.6 2.8
Ls — Ly (mH) 14.7 14.8 14.0 14.7
Current THD (%) 10.5 7.4 11.5 7.0

Conversely, the boomerang-type rotor demonstrates a marked difference between
the Case 1 and Case 2 models. Although the Case 2 model contains fewer flux barriers
compared to the bar-type rotor, it achieves a comparable inductance difference while
maintaining lower saturation in the d-axis flux path, thereby reducing iron losses. In
comparison to the Case 2 model, the Case 1 model exhibits a rapid reduction in the
thickness of the rotor conductor bars as they approach the rib. A decrease in the thickness
of the rotor conductor bars results in increased leakage flux at the ribs, which subsequently
reduces the inductance gap and elevates the load current. The rise in load current intensifies
the saturation of the stator teeth. Increased saturation of the stator teeth leads to a higher
total harmonic distortion (THD) of the current, which, in turn, increases ohmic losses in the
rotor conductor bars, ultimately leading to a reduction in efficiency.

Among the four rotor models, the ones that met the target efficiency were the bar-type
with notch model and the boomerang-type Case 2 model. Considering manufacturability,
the bar-type with notch model, which utilizes straight flux barriers, appears to be a more
favorable choice. However, considering the target efficiency of 95.6% with a margin and the
potential efficiency reduction caused by the conductor bar design discussed in Section 4,
the boomerang-type Case 2, which exhibited the highest efficiency, was finally selected.

4. Detailed Design of the Boomerang-Type Rotor

Through the rotor designs, the rotor with the highest efficiency was selected. However,
for the actual manufacturing of the motor, it is necessary to verify not only the perfor-
mance at a synchronous state but also the start-up performance, and the mechanical safety



Energies 2025, 18, 5464 15 of 23

regarding stresses during production and operation must also be confirmed. Figure 13
shows the design variables for the detailed design, focusing on start-up performance and
mechanical safety.

Rib Thickness conductor bar
N\

flux barrier

"Rr2

Rr2

Figure 13. Design variables for start-up performance and mechanical safety.

4.1. Length of the Conductor Bar

To ensure that the LS-SynRM reaches a synchronous speed, it is crucial to reduce the
rotor resistance, which inherently means increasing the area of the rotor conductors. This
can be achieved by adjusting the thickness and length of the conductor bars. However,
increasing the thickness of the rotor bars narrows the d-axis flux path, leading to higher
saturation in the rotor core, which in turn reduces d-axis inductance and negatively impacts
electromagnetic characteristics. Therefore, only the length of the conductor bars should be
adjusted to achieve the desired synchronous performance [9,25].

To analyze the start-up performance relative to the length of the conductor bars,
simulations were conducted under a load torque 1.25 times the rated torque and with the
maximum external inertia moment. The range of analysis spanned 15-30 mm. Figure 14
presents the start-up analysis results based on the length of the conductor bars. When
the length of the rotor conductor bars is less than 25 mm, the motor exhibits pulsations
below synchronous speed, whereas it reaches synchronous speed at lengths of 25 mm or
greater. Although the time to reach synchronous speed decreases as the length of the rotor
conductor bars increases, considering manufacturability and cost, the minimum length of
25 mm was selected.

= 1200

800

Rotor speed [rp

N
=

400
200

0 1 2 3 4 5 6
Time [s]

Figure 14. Start-up performance according to rotor conductor bar length.

4.2. Conductor Bar Rounding and Rib Thickness

To ensure the mechanical safety of the LS-SynRM rotor, a detailed design was con-
ducted focusing on the rounding radius of the conductor bars adjacent to the rib (Rrl) and
the thickness of the rib (Rt), which experience the highest stress during rotor rotation. An
analysis of Rrl was conducted for values ranging from 0.5 to 2 mm, while Rt was analyzed
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for values between 0.5 and 1.2 mm. Figure 15 presents the results of the electromagnetic
analysis, highlighting the variations in load current and rotor ohmic loss, which are most
affected by changes in Rr1 and Rt. In Figure 15a, it can be observed that while the change in
load current with respect to Rrl is minimal, the variation with respect to Rt is significantly
larger, with an increase in Rt leading to a rise in load current. Conversely, Figure 15b shows
that the rotor’s ohmic loss is more sensitive to changes in Rr1l than in Rt, with a larger Rr1l

resulting in a reduction in rotor ohmic loss.
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Figure 15. Changes in electromagnetic characteristics according to Rt and Rr adjacent to the rib:

(a) load current; (b) rotor ohmic loss.

Figure 16 shows the efficiency of the LS-SynRM according to the Rrl and Rt, while
Figure 17 shows the stiffness analysis results for the motor with the final selected values
of Rr and Rt. The stiffness analysis was conducted at 2000 rpm, a speed higher than the
rated speed, to ensure a conservative safety evaluation. Additionally, the density of the
rotor conductor bar was increased by 1.5 times in the analysis to account for the rotor’s
end-ring structure. The safety factor (SF), which is used to assess mechanical safety, was

calculated using Equation (10), with a target SF value of greater than 2 [22].

9595

o

9585

Rounding radius

__:\___

9575

09 1 11 12

Rib thickness

Figure 16. Changes in electromagnetic characteristics according to Rt and Rr adjacent to the rib.

0’ .
SF = tenssile

Omax

Here, 0epssile is the tensile yield strength, and o,y is the maximum equivalent stress. In
Figure 16, the highest efficiency is observed at the point at which Rr is 2 mm and Rt is
0.5 mm. However, as shown in the stiffness analysis results in Figure 17a, SF at this point is
1.5, which falls short of the target SF. To address the insufficient safety margin, a new point
with a larger Rt value was selected. The second chosen point is at an Rr of 0.8 mm and an
Rt of 2 mm. The stiffness analysis results for the second model are shown in Figure 17b,
where the SF is 2.6, meeting the target value. Therefore, the final selection for the Rr and Rt

values was made based on the second model.
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Figure 17. Mechanical stress distribution: (a) Rt 0.5 mm, Rr 2 mm; (b) Rt 0.8 mm, Rr 2 mm.

To prevent rotor damage during the insertion of the conductor into the rotor, it is also
necessary to round the edges of the conductor bars and flux barriers adjacent to the side
bridge (Rr2). Figure 18 shows the changes in load current and efficiency according to the
Rr2 of the conductor bars and flux barriers adjacent to the side bridge. The design range for
Rr2 was set to 0.5-2.5 mm, taking into account the thickness of the conductor bars. Across
this design range, the variation in load current was observed to be a maximum of 0.35 Arms,
and the efficiency varied by only 0.02%p, indicating minimal impact on the electromagnetic
characteristics due to changes in Rr. Therefore, considering manufacturability, the Rr
adjacent to the side bridge was finalized at 2.5 mm.

72.50 95.940
72.45
- 95.935
=z 72.40
- 95.930 =
27235 S
E &
£ 72.30 - 95.925 =
= 2
S 72.25 £
= - 95.920 =
S 7220
- 95.915
72.15
—8—Current —4— Efficiency
72.10 95.910

04 06 08 1 12 14 16 18 2 22 24 26
Rounding radius [mm]

Figure 18. Changes in electromagnetic characteristics according to Rt and Rr2.

4.3. 37 kW LS-SynRM Final Model

Figure 19 shows the rotor shape, magnetic flux density distribution, and structural
analysis results obtained using the previously selected conductor bar length, Rr, and Rt
values. When analyzed under the same conditions as the previous simulations, the SF
reached 3.1, exceeding the target of 2. Additionally, as shown in Figure 19¢, it can be
confirmed that the maximum deformation of the rotor is less than 0.016 mm. Figure 20
shows the efficiency and power factor of the final model under various load conditions,
while Table 10 details the electromagnetic characteristics at a rated load. Both Figure 20 and
Table 10 account for the previously identified margins for load current and iron losses. The
efficiency at the rated load is 95.6%, achieving the target IE4 efficiency rating with a margin.
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Figure 19. Rotor shape and flux density of the final model: (a) shape and flux density; (b) result of

stiffness analysis; (c) result of deformation analysis.
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Figure 20. Efficiency and power factor according to the load rate.
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Table 10. Electromagnetic characteristics of the final model at the rated power.

Item Value Unit
Rotor inertia moment 0.423 kg-m2
Load current 76.2 Arms
Stator ohmic loss 694 1%\
Iron loss 392 W
Rotor ohmic loss 141 \%\Y
Efficiency 95.6 %
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Table 10. Cont.

Item Value Unit
Power factor 0.77 -
Current THD 6.2 %

5. Experimental Results

An experimental test was conducted to validate the LS-SynRM design. Figure 21
shows the experimental test setup constructed for evaluating the performance of the 37 kW
LS-SynRM and the rotor core of the experimental prototype. A servo motor and torque
sensor were connected for load application and output power measurement, while a power
meter was employed to measure the motor’s load current, efficiency, and power factor. To
minimize measurement errors in motor characteristics, ten repeated tests were carried out
at the rated load, and the averaged results were obtained. A comparison between these

experimental results and the FEA predictions is summarized in Table 11.

Figure 21. Experimental test setup: (a) test bed; (b) rotor core of prototype; (c) rotor prototype
completed rotor conductor bar die casting.

Compared with the measured experimental values, the FEA results showed a 1.7%
lower load current and a 2% higher power factor. However, the experimentally measured
efficiency was approximately 0.2%p higher than the FEA prediction. In Figure 22, the
current and voltage waveforms measured using an oscilloscope are compared with those
obtained from the FEA. Unlike the FEA, where an ideal sinusoidal input voltage with-
out harmonics is applied, the experimental results show that the input voltage contains
harmonics. Although the fundamental component of the load current was larger in the
experimental measurements, the peak value obtained from the FEA was higher due to the
influence of harmonics. As mentioned earlier, the FEA assumes an ideal input voltage, and
differences in damping caused by mechanical and stray losses can lead to discrepancies
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in both the magnitude of the current and the harmonic content. Nonetheless, the motor
satisfied the target IE4-class efficiency requirement of at least 95.4%.

Table 11. Experimental results and comparison with FEA results.

Test Speed Torque Output Current  Voltage Power Input Power  Efficiency
Number [rpm] [Nm] Power [W] [A] [VI] Factor [-] [W] [%]
1 1800 195.9 36,926 77.43 380.35 0.753 38,450 96.04
2 1801 196.6 37,078 77.89 380.01 0.757 38,810 95.54
3 1800 196.3 37,001 77.36 380.33 0.754 38,460 96.21
4 1800 196.2 36,982 77.46 380.38 0.754 38,570 95.89
5 1800 196.2 36,982 77.27 380.51 0.755 38,460 96.16
6 1801 196.1 36,984 77.89 380.23 0.757 38,850 95.20
7 1800 196.1 36,964 77.67 380.52 0.756 38,710 95.49
8 1801 196.3 37,022 77.51 380.34 0.757 38,660 95.76
9 1800 196.4 37,020 7743 380.21 0.756 38,590 95.93
10 1800 196.4 37,020 77.31 380.44 0.756 38,510 96.13
Average 1800 196.3 36,998 77.52 380.33 0.756 38,607 95.83
FEA 1800 196.3 37,001 76.20 380.00 0.771 38,703 95.60
Error [%] - - - 1.70 - 1.98 0.24 0.02
800V ‘

400 V

-800 N~ 1
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Figure 22. Comparison between experimental measurements and FEA results: (a) input voltage
and load current measured through an oscilloscope; (b) load current comparison between measured
waveform and FEA waveform.
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6. Conclusions

This study aims to design a four-pole 37 kW LS-SynRM for industrial applications that
meets [E4 efficiency standards. To achieve this goal, we first analyzed the characteristics
of the motor by categorizing its operating conditions into synchronous and asynchronous
states and identified parts requiring improvement to enhance efficiency. Subsequently, we
designed two bar-type rotors and two boomerang-type rotors based on different flux barrier
geometries and selected the superior rotor type configuration based on efficiency criteria.
It was observed that, due to their geometric properties, boomerang-type rotors possess
fewer flux barriers than bar-type rotors but facilitate a greater difference in d-axis and
g-axis inductances owing to their shorter d-axis magnetic path lengths. To ensure start-up
performance and mechanical reliability, detailed designs were conducted concerning the
Rr of conductor bars and flux barriers, as well as the Rt. As a result, the 2D FEA of the
designed motor achieved an efficiency of 95.6% at the rated power, exceeding the IE4
standard with a margin, while the SF also satisfied the target value of above 2. Furthermore,
performance testing confirmed that the motor efficiency exceeded the target efficiency,
thereby validating the effectiveness of the motor design.

Through this study, it was confirmed that the boomerang-type rotor is more advan-
tageous than the bar-type rotor in securing a sufficient inductance gap. In addition, rotor
design parameters for the boomerang-type rotor were derived with high prediction ac-
curacy using the RSM. In future work, torque ripple—an important factor in the highly
nonlinear characteristic—will be added as a design objective to develop a more sophisti-
cated optimal design methodology.
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