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Permanent magnet–assisted synchronous reluctance motors (PMa-SynRMs) are promising for electric vehicles due to high torque 
density and lower magnet use, yet torque ripple remains a challenge. This paper presents the design and optimization of a six-phase 
PMa-SynRM to minimize torque ripple while preserving average torque and back-EMF quality. Key rotor parameters, slot pitch, 
barrier-end geometry, insulation ratio, and magnet width are optimized via the Taguchi method. Performance is evaluated using 
finite element analysis (FEM). The optimized design significantly reduces torque ripple, maintains average torque, and improves the 
back-EMF harmonic profile. Thermal analysis confirms safe operation of magnets and windings under rated conditions. The results 
demonstrate that the proposed approach effectively enhances electromagnetic performance while ensuring thermal reliability. 
 

1. INTRODUCTION 
Synchronous reluctance machines (SynRMs) have gained 

considerable attention in recent years, particularly for 
electric vehicle applications, due to their robust rotor 
structure, high efficiency, and magnet-free operation [1,2]. 
Despite these advantages, conventional SynRMs suffer from 
inherent drawbacks such as low power factor and relatively 
high torque ripple, which limit their applicability in high-
performance drive systems [23]. To address the low power 
factor issue, permanent magnets, typically ferrite magnets, 
can be embedded within the rotor flux barriers, forming a 
permanent magnet–assisted synchronous reluctance motor 
(PMa-SynRM) [4,5]. While this approach improves the 
electromagnetic torque production and power factor, it may 
simultaneously exacerbate torque ripple if the rotor geometry 
is not properly designed [7,8]. 

Several techniques have been proposed to mitigate torque 
ripple in SynRMs and PMa-SynRMs. These include 
modifying the rotor barrier configuration, adopting different 
stator winding arrangements [7,8], applying rotor skewing 
[9,10], selecting alternative slot–pole combinations [11,12], 
and employing advanced control strategies [13,14,17]. 
Although effective, many of these approaches introduce 
additional manufacturing complexity, increased cost, or 
reduced torque density. Since the rotor geometry has a 
dominant influence on torque production and harmonic 
behavior, topology modification of the rotor barriers 
represents one of the most efficient and cost-effective 
methods for torque ripple reduction. Consequently, 
optimization-based rotor design has become an essential tool 
for achieving smooth torque characteristics. 

More recently, asymmetric rotor designs have emerged as 
a promising solution for torque ripple mitigation in 
reluctance machines [18]. By introducing controlled 
asymmetry in flux barrier geometry or magnet placement, 
spatial harmonics can be suppressed, leading to improved 
torque smoothness without significantly compromising 
average torque. In parallel, there has been a growing interest 
in multi-phase machine topologies, which offer advantages 
such as reduced per-phase current rating, improved fault 
tolerance, and lower torque ripple through harmonic 
cancellation mechanisms [19,20]. While multi-phase 
systems are well established, their application to PM-assisted 
SynRMs with complex rotor structures remains a relatively 
unexplored research area [21]. 

Significant research efforts have been dedicated to 

minimizing torque ripple in synchronous reluctance machines 
(SynRMs) and their variants. In [22], the Taguchi method was 
employed to optimize torque characteristics, utilizing flux barrier 
widths as optimization parameters; this approach reduced torque 
ripple by 18.3% while increasing average torque and efficiency 
by 4.7% and 1.1%, respectively. A novel parametrization 
method was introduced in [23] to enhance design freedom, 
utilizing spline and fluid-shaped flux barriers in both SynRM and 
PMa-SynRM designs, with the latter demonstrating superior 
performance in torque ripple and average torque. To reduce 
material cost while maintaining performance, an asymmetric 
rotor structure employing both ferrite and NdFeB magnets was 
proposed in [24]; this design achieved equivalent average torque 
and a wider speed range. A comparative study for electric vehicle 
applications between a permanent magnet synchronous machine 
(PMSM) and a PMa-SynRM with identical stators but different 
rotors found that, after optimization, the PMa-SynRM exhibited 
a 31% higher torque per volume ratio. The Flux Barriers Shift 
(FBS) technique was validated in [25] as an effective means for 
torque ripple minimization in PMa-SynRM. Integrated into a 
three-step design flowchart, FBS presented a viable alternative 
to conventional rotor skewing, offering simplified 
manufacturing and preserving average torque and efficiency, 
albeit with slightly lower ripple reduction effectiveness; 
experimental prototype testing confirmed its capability to 
mitigate torque ripple without the performance penalties 
associated with skewing. Further advancing drive robustness for 
safety-critical applications, [26] provided a comprehensive 
experimental assessment of a triple-redundant 9-phase PMa-
SynRM. Testing on a 35 kW prototype demonstrated high 
performance under normal operation and excellent fault 
tolerance under open-circuit, short-circuit, and inter-turn fault 
conditions. Significantly, the drive maintained continuous 
operation at two-thirds of rated torque under worst-case fault 
scenarios, validating a cost-effective and practical solution for 
high-integrity systems. 

Despite these advances, there is still a lack of streamlined 
design studies that combine rotor barrier optimization, PM 
assistance, and multi-phase winding configurations within a 
unified framework. In particular, the impact of optimized 
rotor geometry on torque ripple, back-EMF quality, and 
thermal behavior in multi-phase PMa-SynRMs requires 
further investigation. 

In this paper, a six-phase PM-assisted synchronous reluctance 
motor is designed and optimized using the Taguchi design of 
experiments (DOE) method. The novelty lies in introducing an 
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asymmetric barrier-end modification, optimized via the Taguchi 
method, for a six-phase PMa-SynRM, thereby reducing torque 
ripple and improving THD without increasing machine 
complexity. Key rotor parameters, including rotor slot pitch, 
barrier-end geometry, insulation ratio, and magnet width, are 
systematically evaluated to minimize torque ripple while 
maintaining average torque and back-EMF quality. Two-
dimensional finite element method (FEM) simulations are 
employed to assess electromagnetic performance, followed by a 
thermal analysis to verify safe operation under rated conditions. 
The proposed approach provides an efficient and practical design 
framework for high-performance PMa-SynRMs intended for 
electric vehicle applications. 

The remainder of this paper is organized as follows. 
Section 2 presents the initial motor design. Section 3 
describes the PM-assisted rotor configuration. Section 4 
outlines the Taguchi optimization procedure. Section 5 
discusses the optimization results. Section 6 presents the 
thermal analysis of the optimized design. 

2. MACHINE DESIGN AND PM-ASSISTED ROTOR 
CONFIGURATION 

The initial design of the proposed six-phase ferrite-assisted 
synchronous reluctance motor is derived from classical sizing 
equations. Using an average air-gap flux density and linear 
current density (A) for a 1 hp, 1500 rpm, 4-pole machine 
supplied from a 400 V DC-link, the required D²L product was 
calculated. A standard stator frame of 140 mm was specified. 
Assuming a near-unity aspect ratio (L/D ≈ 1) common for 4-
pole machines, the resulting air-gap diameter (D) and stack 
length (L) were determined, 

𝑃!"#=CmecD2Ln𝐵$%&𝐴'(). (1) 

Here, Pout is the mechanical output power, Cmec is the 
machine constant, D is the bore diameter, L is the stack 
length, n is the speed in rps, Bave is the average air-gap flux 
density, and Alin is the linear current loading. The specific 
geometry of the rotor barriers will be detailed in a subsequent 
section. Based on these parameters, the initial torque is 
estimated as follows: 

𝑇 =
𝑃!"#
ω*

. (2) 

The final torque will differ from this initial estimate, as 
both the detailed rotor geometry and magnet placement 
influence the output. The next design stage calculates the 
airgap length using the following empirical ratio standard for 
small motors, 

δ	=	(0.2% - 0.5%)D.                            (3) 

The airgap length (δ) is determined by both 
electromagnetic and mechanical constraints. For this design, 
a slot-per-pole-per-phase value of q = 1 was chosen. 
Consequently, the total number of slots is derived from the 
following relationship, 

S	=	2pmq, (4) 

where p is the number of pole pairs, m is the number of 
phases, and S is the total number of slots. The turns per phase 
can then be calculated after determining the flux per pole 
using the following equations, 

φp=𝐵$%&τpL, (5) 

τp=
πD
2p
, (6) 

where Bave is the average flux density, φ+is the magnetic flux 
per pole, τp is the pole pitch, p is the number of pole pairs, 
and L is the stack length; the flux per pole is calculated. To 
calculate the number of turns, there is: 

Eph,peak=ωbNphkwφp=2πfNphkwφp≤Vph,peak (7) 

Here, f is the electrical frequency, Nph is the number of 
turns per phase, kw is the winding coefficient, and φ+ is the 
flux per pole. With these parameters established, the stator 
geometry can be detailed. Based on the calculated flux per 
pole and the derived flux per tooth, and assuming a target 
tooth flux density, the required tooth width is given by: 

φ𝑡 =
φ𝑝

number	of	teeth	per	pole , (8) 

tooth width=
φt

BtL
, (9) 

where φ# is the flux per stator tooth and Bt is the allowable 
flux density in the stator tooth. The yoke length is derived 
from the yoke flux, which constitutes half of the total flux 
per pole. Using an assumed target flux density for the yoke 
material, its required length is calculated by the following 
relationship: 

yoke=
φt

ByL
, (10) 

where By is the allowable flux density in the stator yoke. The 
stator outer diameter is fixed at 140 mm by the existing 
frame, which also determines the tooth length. The rotor 
barrier configuration follows the methodology established in 
[23,24], using a topology with equal rotor slot pitch. The 
final SynRM design is shown in Fig. 1. The motor 
characteristics are listed in Table 1. 

 
Fig. 1-The initially designed SynRM. 

Table 1 
Characteristic of the motor 

Parameters Quantity 
Rated power 1 (hp) 

Number of phases 6 
Air-gap 0.5 (mm) 

Rotor diameter 90 (mm) 
Stack length 90 (mm) 

Stator outer diameter 140 (mm) 
Stator bore diameter 91 (mm) 
Stator tooth width 6.12 (mm) 

Stator tooth depth (radial) 11.2 (mm) 
Stator yoke depth 12.36 (mm) 

Slot opening 2.5 (mm) 
Rated speed 1500 (rpm) 

Number of turns per slot 55 
Rated RMS current 4.11 (A) 

Number of slots 24 
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Fig. 2 – The initial rotor design with equal rotor slot pitch α. 

Figure 2 shows the rotor configuration for the SynRM barriers. 
The rotor slot pitch for the designed SynRM is calculated as α =11.3 
degrees. α2 is related to α by eq.(11) from [23,28]. It is shown 
in Fig. 2, which is for the third barrier, 

α2=
π
2p
-α(Nb-0.5), (11) 

where p is the number of pole pairs, and Nb is the number of 
barriers. 

The baseline design is a 1 hp, 4-pole synchronous 
reluctance motor. Ferrite magnets are integrated into the 
rotor flux barriers, while the rotor insulation ratio, defined as 
the ratio between the total barrier width and the total flux 
carrier (kins), is maintained, 

k().=
∑ Wbi
Nb
i=1

∑ Ci
Nb+1
i=1

, (12) 

Here, Nb is the number of flux barriers, Wbi is the width of 
the i-th barrier, and Ci is the width of the i-th flux carrier, as 
illustrated in Fig. 2.  

With the ferrite magnets inserted, the simulated motor 
achieves an average torque of 7.30 N·m and a torque ripple 
of 9.58%. The final PM-assisted SynRM design is presented 
in Fig. 3, while Fig.4 displays its magnetic flux distribution 
under load. 

 
Fig. 3 – The initial PM-assisted rotor design after insertion of magnets. 

 
Fig. 4 – Magnetic flux distribution from the 2D FEM simulation of the 

initial design, operating at 1500 rpm with a phase current of 4.11 A RMS. 

3. ROTOR OPTIMIZATION USING THE TAGUCHI 
METHOD 

To efficiently optimize the rotor geometry with a limited 
number of finite-element simulations, the Taguchi design of 
experiments (DOE) method is employed. This approach 
enables the identification of the most influential design 
parameters while significantly reducing computational cost 
[29]. Four rotor-related parameters are selected as 
optimization variables: rotor slot pitch, barrier-end 
geometry, insulation ratio, and permanent magnet width, 
also mentioned as A, B, C, and D, respectively. Each 
parameter is assigned four discrete levels based on 
electromagnetic feasibility and manufacturing constraints. 
Table 2 lists the parameters and their levels. 

Table 2 
Design Variables and their levels. 

 
Levels 

Parameters 
Rotor 

slot pitch 
(A) 

Barrier 
end 
(B) 

Insulation 
ratio 
(C) 

Magnet 
width 
(D) 

Level 1 11 0.5 0.4 4 
Level 2 11.4 1 0.6 6 
Level 3 11.8 1.5 0.8 8 
Level 4 12.2 2 1 10 

  
Fig. 5 – Parameters of the rotor geometry. 

 
Fig. 6 – Barriers’ end modification with parameter B. 

The defined parameters are illustrated in Fig. 5. The first 
parameter is the rotor slot pitch (A), α. This pitch remains 
constant across all flux barriers except for the barrier near the 
airgap, where a distinct pitch, α₂, is defined by its relationship 
to α in eq. (10). The second parameter, shown in Fig. 6, modifies 
the barrier end (B) to create an asymmetric rotor shape.  

The third parameter is the insulation ratio (C), defined by 
eq. (12) using the dimensions Wbi and Ci from Fig. 5, which 
are the thicknesses of the flux barriers and flux carriers. The 
fourth and final design variable is the width of the ferrite 
magnet (D). The widths of the two other magnets are D+2 
and D+4, shown in Fig. 5. 
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Table 3 
Orthogonal array. 

 
 

Tests 

Levels of design parameter 
Rotor slot 
pitch(A) 

Barrier 
end(B) 

Insulation 
ratio(C) 

Magnet 
width(D) 

1 1  1  1  1 
2 1  2  2  2 
3 1  3  3 3 
4 1  4  4  4 
5 2  1  2  3 
6 2  2  1  4 
7 2  3  4  1 
8 2  4  3  2 
9 3  1  3  4 
10 3  2  4 3 
11 3  3  1 2 
12 3  4  2  1 
13 4  1  4  2 
14 4  2  3  1 
15 4  3  2  4 
16 4  4  1  3 

 
An orthogonal array shown in Table 3 is used to 

systematically evaluate the impact of the selected parameters 
on the objective functions, including torque ripple, average 
torque, fundamental back-EMF amplitude, and total 
harmonic distortion (THD) of the back-EMF. 

Table 4 
Experiment results. 

Tests Average 
torque (N×m) 

Torque 
ripple(%) 

V1 
(V) 

THD 
(%) 

1 6.88 9.88 3 26.7 
2 7.06 6.65 4.20 26.9 
3 7.27 8.80 5.71 23.90 
4 7.45 12.21 7.39 19.82 
5 7.33 7.23 6.18 23.4 
6 7.26 8.81 7.40 17.74 
7 6.95 8.05 2.77 26.71 
8 7.04 8.66 4.07 28.29 
9 7.56 6.87 8.16 18.44 
10 7.35 9.25 5.98 23.67 
11 6.89 6.24 3.98 26.05 
12 6.78 9.58 2.65 26.4 
13 7.27 13.61 4.70 26.76 
14 6.95 12.51 2.88 26.53 
15 7.38 6.77 7.47 17.74 
16 7.30 11.64 5.76 23.03 

Mean value 7.17 9.17 5.14 23.88 
 

The results of the experiments are presented in Table 4. 
Statistical analysis was performed using Analysis of Means 
(ANOM), after which the average of each objective function 
at each level was calculated. The results of the ANOMs are 
shown in Figs. 7-10. 

 

 
Fig. 7 – Analysis of the mean of the average torque. 

 
Fig. 8 – Analysis of the mean of the torque ripple. 

 
Fig. 9 – Analysis of the mean of the fundamental harmonic order of  

the back-EMF. 

 
Fig. 10 – Analysis of the mean of THD. 

Table 5 
Ratio of the effect of each parameter on each objective function. 

Objective 
function 

Variable 
Rotor slot 
pitch(A) 

Barrier 
end(B) 

Insulation 
ratio(C) 

Magnet 
width(D) 

Average torque 2.2 % 5.92 % 8.45 % 83.43 % 
Torque ripple 36.1 % 27.63 % 30 % 6.30 % 

V1 0.09% 1.49 % 0.16 % 97.17 % 
THD 0.86 % 0.74 % 1.28 % 97.1 % 

 
Analysis of variance (ANOVA), a statistical method, is 

used to determine the effect of each parameter on each 
objective function. The ratio of the effect of each parameter 
on each objective function is calculated for each design case 
in Table 5 to assess the sensitivity of the objective functions 
to parameter variations. Based on the variance contribution 
analysis, magnet width and rotor slot pitch are identified as 
the dominant parameters influencing the average torque and 
torque ripple, respectively, while the barrier-end geometry 
plays a key role in harmonic suppression. 

The optimal parameter combination is selected based on 
the ratio of the parameter effects on the objective function 
and is subsequently validated through detailed FEM 
simulations. This optimization framework provides a 
systematic, computationally efficient approach to improve 
the torque characteristics of PM-assisted SynRMs.  
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4. OPTIMIZATION RESULTS AND DISCUSSION 
The electromagnetic performance of the optimized PM-

assisted SynRM is evaluated through two-dimensional FEM 
simulations and compared with the initial design. The 
optimized design is depicted in Fig.11. Table 6 lists the selected 
levels and their quantities. 

Table 6 
Selected parameters and their levels after optimization. 

Parameter Rotor 
slot pitch 

(A) 

Barrier 
end 
(B) 

Insulation 
ratio  
(C) 

Magnet 
width  
(D) 

level 3 3 2 4 
Quantity 11.8 1.5 0.6 10 

Initial design 12.2 0 0.8 6 
 

 
Fig. 11 – Optimized PM-assisted rotor. 

As displayed in Fig. 12, the optimized rotor configuration 
exhibits a notable improvement in torque smoothness, with 
torque ripple reduced from 9.58% in the initial design to 6.50%, 
corresponding to a reduction of approximately 32%. At the 
same time, the average torque is maintained with a slight 
increase from 7.30 N·m to 7.38 N·m, demonstrating the 
effectiveness of the optimization strategy.  

 

 
Fig. 12 – Average torque for the initial and optimized design at RMS 

current of 4.11 A and speed of 1500 rpm. 

In addition to torque improvement, the back-EMF 
waveform shown in Fig.13 exhibits a more sinusoidal 
behavior after optimization. The harmonic spectra of the 
back-EMF for both the initial and optimized designs are 
presented in Fig.14. It can be observed that the fundamental 
component (1st harmonic) increases, while the dominant 
low-order harmonics, particularly the 3rd and 5th 
components, are significantly reduced. The total harmonic 
distortion (THD), calculated as: 

THD=
F∑ 𝑉)/0

)1/

𝑉2
, (13) 

where Vn is the harmonic order of the back-EMF. As a result, 

THD is reduced by 27.26%. The improvement is mainly 
attributed to enhanced fundamental components and 
suppressed spatial harmonic components, resulting from 
optimized rotor slot pitch and refined barrier-end geometry 
that mitigate local flux saturation effects. 

 

 
Fig. 13 – Back-EMF of the optimized and initial design. 

 
Fig. 14 – Harmonic order of the Back-EMF of the optimized and  

initial design. 

Overall, the optimized PM-assisted SynRM demonstrates 
balanced improvements in torque quality and electromagnetic 
performance without compromising average torque output. 

5. THERMAL ANALYSIS 
Although electromagnetic optimization achieves target 

performance metrics like torque ripple, the use of permanent 
magnets in the rotor necessitates a thermal assessment for 
long-term reliability. This evaluation is particularly critical 
given the absence of an active cooling system, relying 
instead on natural convection and radiation. The primary 
heat sources were calculated analytically: core losses, 
separated into rotor (1.34 W) and stator (10.26 W) 
components using the Bertotti method, and total copper 
losses of approximately 48 W. To prevent irreversible 
magnet demagnetization and insulation degradation from 
overheating, a thermal analysis was conducted to confirm 
safe operating limits under these loss conditions. 

 
Fig. 15 – Temperature distribution of the optimized design. 
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As shown in Fig. 15, the permanent magnets reach 
approximately 340°K (67°C) and the stator windings 354°K 
(81°C), both within safe limits. These results confirm that the 
proposed design maintains thermal performance comparable 
to a conventional synchronous reluctance motor. 

6. CONCLUSIONS 
In this paper, a PM-assisted synchronous reluctance motor 

is designed and optimized using the Taguchi design of 
experiment method with the objective of reducing torque 
ripple while maintaining key performance indices. The effects 
of rotor slot pitch, barrier-end geometry, insulation ratio, and 
magnet width are systematically investigated using finite 
element analysis. The optimized rotor configuration achieves 
a substantial reduction in torque ripple with minimal impact 
on average torque and improved back-EMF harmonic quality. 
Thermal analysis confirms that the permanent magnets and 
stator windings operate within safe temperature limits under 
rated conditions. The proposed asymmetric rotor topology 
demonstrates that minor geometric modification combined 
with statistical optimization can significantly improve torque 
ripple and harmonic performance in six-phase PMa-SynRM 
without structural complexity increase, making the design 
suitable for electric vehicle applications.  
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