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Abstract— This paper presents the evaluation of performance 

indexes of a novel Synchronous Reluctance Motor (SynRM), 

which has an axially sinusoidal rotor lamination shape.  The stator 

of a 5.5 kW, 4-pole, 50 Hz conventional three-phase squirrel cage 

induction motor, with distributed and chorded by one slot, double 

layer winding, is used for both standard and novel synchronous 

reluctance motors. Due to the nature of the sinusoidal rotor 

structure, the 3D Finite Element Analysis (FEA) is utilized to study 

the electromagnetic parameters of interests. The SynRM with 

sinusoidal rotor shape results are compared with the standard 

SynRM without cut-off on the q-axis. The FEA results are 

validated by means of practical measurements. From both FEA 

and measured results, it is evident that the novel SynRM enhances 

the performance indexes of interests such as torque density, torque 

ripple factor and efficiency.   

Index Terms— Enhanced performance indexes, high torque 

density, low torque ripple, novel rotor with sinusoidal shape, 

synchronous reluctance motor 

I. INTRODUCTION 

HE Synchronous reluctance machines (SynRMs) are good 

competitors in AC drives due to their compact design and 

high power density. They have also become an interesting 

choice, being used as small power motors in various 

applications [1]. One of these applications is a small electric 

scooter, commonly used by people with physical disabilities. In 

[2] the in-wheel switched reluctance motor driving system for 

future electric vehicles (EVs) has been reported. A mechanical 

robust rotor with transverse-laminations for a synchronous 

reluctance machine for electric traction application is discussed 

with more details in [3]. The novel lamination concept for 

transverse flux machines suitable for direct drive application to 

EVs is presented in [4]. The design optimization of SynRM 

drives for Hybrid Electric Vehicles (HEVs) power train 

application is analyzed in [5].  

    However, the interaction between spatial harmonics of the 

electrical loading and the rotor anisotropy of SynRMs causes a 

high torque ripple that is intolerable in most applications [6],   

[7]. A good number of previous work intended to reduce the 

torque ripple contents in SynRMs, directing their focus mostly 

to a suitable choice of number of flux-barriers in respect to the 

number of stator slots per pole per phase [8], [9], the 

optimization and asymmetry of the flux-barriers geometry, etc., 

[7], [10], [11], [12], [13].  
   

    

     In 2014, Zhao proposed and analyzed the material-efficient 

Permanent Magnet Synchronous motor with a sinusoidal 

magnet shape [14].  
 The analysis was performed on fraction of Horse power (Hp) 

permanent magnet surface-mounted motors used in automotive 

actuators. For a total rotor volume of 86.6 cm3, the magnet 

volume of 18.2 cm3 for the proposed Permanent Magnet 

Synchronous motor with sinusoidal magnet shape was obtained 

[14]. Although, both Finite Element Analysis (FEA) and 

practical results presented by Zhao are satisfactory, the use of 

the proposed motor is limited to a fraction of Hp application. 

For medium and high power motors to be used in traction, 

electric vehicles and hybrid electric vehicles, where less torque 

ripple and high torque density are required, the magnet volume 

will be intolerably high.  

     The novel SynRM with sinusoidal rotor shape in the axial 

direction, without changing the flux barrier geometry has 

positioned itself as an alternative in applications that require 

high torque density and less torque ripple. The novel motor was 

first reported in 2016 [15]. The study was done on 1.5 kW, six-

pole machine and it was only limited to FEA [15].   

    In this paper the performance indexes of the Novel SynRM 

with a sinusoidal rotor lamination shape in the axial direction 

are evaluated, and compared to a standard SynRM of the same 

ratings.   

II. NOVEL MOTOR GENERAL SPECIFICATIONS 

     Fig.1 (b) illustrates the cross-section of basic SynRM with 

cut-off on q-axis, while Fig 1 (a) shows the photograph of the 

prototype for the standard rotor without cut-off on the q-axis. 

Table 1 depicts the general design specifications for a 4-pole, 

5.5 kW SynRM with 36 stator slots. 

     The cross-section, the 3D view and the photographs of the 

prototype novel rotor with sinusoidal rotor shape are shown in 

Fig.2.  The proposed novel rotor consists of stack laminations 

with identical flux barriers and different cut-off specifications 

on the q-axis. From Fig. 2, it is noted that the variation of the 

cut-off pitch angle results in step-changing of the cut-off base 

lengths, thus forming a sinusoidal shape along the axial length 

of the rotor. It should also be noted that the middle stack 

lamination shape has no cut-off angle at all and isolates the two 

adjacent periodical structures 
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                        (a)                                                    (b) 

Fig.1: Standard SynRM, (a) Photograph of the prototype rotor without cut-off, 

(b) cross section of the standard SynRM with cut-off on the q-axis 

 

 

 

 

 

 

 

 

 
                       (a)                                                             (b) 

 
(c) 

Fig. 2: Rotor of the Novel SynRM, (a) cross-section, (b) 3D view, (c) 

photographs of the prototype novel SynRM rotor 

III. FINITE ELEMENT ANALYSIS 

A. Finite Element Method 

     For 2D magnetic field, the magnetic potential has only no-

zero component along the Z-axis, thereby reducing the 

computation effort by order of magnitude [16]. Due to the axial 

geometry design of the Novel SynRM, a three-dimensional 

(3D)  Finite Element Analysis (FEA) is performed in this paper, 

using ANSYS 16.0 electromagnetic package. The flux density 

distribution and the inductances are numerically computed 

through the magnetostactic solver. A bounded domain                  

V = V1 + V2 +….+ Vn of the 3D space is considered and the 

equations that characterised the magnetostatic problem in 

domain V are illustrated in [17]. For the Novel SynRM, the 

magnetic vector potential is not constant along the transverse 

cross-section because of the reluctance variation in the axial 

direction of the airgap. The leakage flux of coils placed in stator 

slots will not be the same. The Kelvin-Stokes expression 

applied to the closed contour of the airgap of the Novel SynRM 

in 3D space with bounding a volume V is obtained by using the 

superposition principle and is written as [18] 
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Where  is a vector operator, A is the magnetic vector 

potentials, Δg is the airgap area and the subscript “n” represents 

the number of the corresponding stack rotor lamination. In total, 

380 SURA M400-50A lamination sheets are used to constitute 

21 stack rotor laminations of the prototype rotor core shown in 

Fig 2. On the other hand, Fig.3 shows the mesh plot on the 

surface of the rotor of the Novel SynRM with sinusoidal rotor 

shape (only one eighth of the rotor is shown). A total number of 

18076 tetrahedral elements are obtained for the rotor geometry 

with minimum edge length of 0.007857 mm on the low 

magnetic reluctance pole face (d-axis region), and with 

maximum edge length of 16.4495 mm on the high magnetic 

reluctance pole face (q-axis region). The efficiency, power 

factor, flux-linkages and torque are obtained by using the 

magnetic-transient solver.   

 

 

Fig. 3: Mesh plot of the rotor at full-load for the Novel SynRM 

 

TABLE I 

GENERAL DESIGN SPECIFICATIONS 

Description Values 

Stator slot αs 10o mech 

Airgap length lg 0.88 mm 

Stack length Z 160 mm 
Number of barriers per pole           2 

Number of pole pairs  p 2 

Number of stator slots  Qs 36 
Rotor radius Rr 48.80 mm 

Stator radius Rs 31.62 mm 

Shaft radius Rsh 24.00 mm 
Yoke height  yc 12.87 mm 

 

Page 5 of 11

IET Review Copy Only

IET Electric Power Applications



B. Flux density distribution 

     Only one eighth of the machine is modelled in order  to 

reduce the computation time, Fig.4 shows the magnetic flux 

density distribution at full load plotted along the rotor periphery 

of the Novel  SynRM. On other hand Fig. 5 shows the 3D airgap 

flux desity distribution on d-and q-axis of the Novel SynRM, 

and their average FFTs. 
 

 

Fig. 4: Airgap flux density distribution on the rotor periphery of the Novel 
SynRM 

 

      From Fig.4 it is noticed that the q-axis current affects the 

flux density istribution. The analysis of d-axis and q-axis 

magnetic fields are done by exciting the stator three-phase 

winding by dc currents, with the rotor at standstill. The dq-axis 

magnetic field model of the machine is chosen to be 2D, with 

assumption of neglected end leakage and fringing effects, in 

order to save the computation time.  

      The Novel SynRM has a sinusoidal rotor shape in the axial 

direction, without changing the flux barrier geometry. As 

detailed in [18], the proposed novel machine consists of 

different laminations having different cut-off pitch angles near 

the airgap along the q-axis, thus forming a sinusoidal shape 

along the axial length of the rotor. Each lamination stack is 

modeled in 2D and the individual magnetic fields are 

superposed along the Z-length to obtain a 3D flux distribution 

representation. It is noted that the stator slotting affects the 

airgap density distribution in both d-and q-axis. However, the 

non-uniformed distribution of airgap density on q-axis due to 

variation of lamination shape along the stack length is very 

noticeable and significant. Fig.6 shows the superposed radial 

airgap flux   density of the Novel SynRM.   

     Observing from the FFT results in Fig. 6 (b), it can be 

noticed that besides the fundamental component, there is a 

presence of odd ordinal numbers. The 19th harmonic has the 

highest amplitude after the fundamental. Those odd harmonics 

are caused not only by the distributed double layer winding 

itself but also by stator slotting, rotor cut-off openings and rotor 

flux barriers geometries. The 17th, 19th, 35th and 37th account for 

the stator slotting while the 11th, 13th, 23rd, 25th, 29th and 31st are 

due to rotor cut-off openings and flux barrier geometries. The 

3rd and its multiples are mainly due to magnetic saturation. The 

presence of additional harmonics in the radial components of 

the airgap flux density results in the increase amount of the iron 

losses and thus decreased the efficiency [19].  

 

 

 
                                                  (a) 

 
(b) 

 
  (c) 

 
 

(d) 

 
Fig. 5: D-axis and q-axis airgap flux density distribution, (a) 3D d-axis airgap 

profile, (b) FFT of the d-axis airgap flux density profile, (c) 3D q-axis airgap 

flux density profile, (d) FFT of the q-axis airgap flux density profile 
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                                                 (a) 

 
                                                 (b) 

Fig.6: Superposed radial flux density distribution, (a) Flux density profile, (b) 

FFT of the flux density profile 

 

C. Flux linkages  

     In the proposed Novel SynRM model, the cut-off pitch angle 

is varied along the q-axis, therefore changing quantities in the 

rotating reference frame. The stator flux linkages λa, λb and λc 

can be directly obtained from FEM. These stator flux linkages 

are converted into the rotating reference frame. The rotor 

quantities λd, λq and λo  are given by [15] 

 

      o

cbad 120cos120coscos
3

2
   (2)                                        

    o

c

o

baq 120sin120sinsin
3

2
  (3)                                        

 cbao  
3

1
                                                  (4)                                                                                                 

Where β is the sum of rotational speed ωt and current space 

phasor (vector) angle θ. The stator current is assumed to be 

sinusoidal, the zero sequence component of the current 

becomes zero and can be neglected. The current vector angle 

can be calculated accordingly using 











 

d

q

S
i

i
I 1tan                        (5)                                                            

Here IS is the stator current space phasor, id and iq are the d-and 

q-axis currents. Even though the flux linkages have harmonic 

content, it is of such nature that the zero sequence flux linkage 

component λo can be neglected and the sum of the linkages λd, 

λq,  λo  is approxiatly zero [20].  

     The flux linkages in both machine variables and  rotating 

reference frame as functions of rotor position are shown in Fig.7 

(a) and (b) respectively. The Finite Element Analysis (FEA) 

was performed at current vector angle of 45o elect, iq= 8.485 A 

and id = 8.485 A. The three-phase windings are made of 

distributed double layer chorded coils to produce a sinusoidal 

inductance-position curve. Therefore, all the flux linkage 

waveforms are nearly an exact sinusoidal due to the sinusoidal 

excitation current. 
 

 
(a) 

 
(b) 

Fig.7: Flux-linkages as function of rotor position, (a), flux linkage of phase A 

for different current vector angle, (b) d-and q-axis flux linkages at current 
vector angle of 550 elec 

 

D. Magnetic force distribution 

     The rotor surface and adjacent region i.e. airgap should have 

a fine finite element mesh since the Maxwell stress tensor 

method for force calculation is sensitive to mesh.  Fig. 8 (a) 

shows the novel rotor within a closed surface  to be used for 

integration of Maxwell tensor, while Figs. 8 (b) and (c) give 

force density distribution on the rotor surface of the Novel 

SynRM and the Standard SynRM1 respectively.  The resultant 

magnetic field force acting upon the object found within a 

closed surface is calculated by integrating the Maxwell stress 

tensor as [16], [21] 

 dsNHHNHFdF o 


 25.0)(     (6)  

     The normal component of the stress tensor is a pressure 

force per unit area and does not contribute to overall torque. 

However, the tangential component is a shearing force per unit 
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area and contribute to the torque [22]. In electrical machines, it 

is convenient to choose the cylindrical surface in the middle of 

the airgap as the Maxwell integration surface [22].  

 

                       
                (a) 

 
           (b) 

 
           (c) 

Fig. 8: (a) Novel rotor within a closed surface, (b) Novel SynRM force density 

distribution, (c) Standard SynRM1 force density distribution 

 

Where N is the normal vector to the rotor surface. The tangential 

and normal forces to the surface per unit area are respectively 

calculated using [16] 

 

dsHHdF ntot                      (7)                                             

  dsHHdF tnon

225.0                 (8)                                  

     The surface force density distribution on the rotor surface at 

full-load operation shown in Fig. 8 (b) and (c) was determined 

for a 3D field analysis. 

E. Electromagnetic torque Analysis 

     The Novel SynRM average torque and torque ripple factors 

profiles as functions of current vector angle θ, for different 

stator currents are given in Fig. 9 (a) and Fig.9 (b) respectively. 

Similar profiles are shown in Fig. 9 (c) and Fig. (d) for the 

Standard SynRM1.  

 
(a) 

 

 
(b) 

 
(c) 

 

 
(d) 

Fig. 9: Torque characteristics (a) average torque for Novel SynRM, (b) 

Torque ripple factor for Novel SynRM, (c) average torque for the Standard 
SynRM1, (d) Torque ripple factor for the Standard SynRM1 

  

    As noticed in the above FEA results, the torque is not 

maximized for   θ = 45o elec as expected. For the current of     

9.6 A and 6 A, the average torque is maximized at the current 

vector angle of 55o elec. The current vector angle θ is shifted by 

10o elec with current of 12A and the average torque is 
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maximized at 65o elec. The shift of current angle from 55o to 65o 

elec in the Novel SynRM and Standard SynRMs is mainly due 

to saturation of radial and tangential bridges.  

IV. PRACTICAL VALIDATION 

A. Experimental Set-up 

     The experimental setting mainly comprises of the Novel 

three-phase SynRM coupled to a Wirbelstrombremse Siemens 

Eddy Current brake. The shaft torque, speed and mechanical 

power are measured by the rotary Magtrol's Model 3410 torque 

transducer with range from 0 to 50 Nm and a maximum speed 

of 4000 r/min. The torque transducer powers the torque meter 

and utilizes high speed Digital Signal Processing (DSP) to 

display torque, speed and mechanical power. The Dranetz 

PowerVisa 4400 three-phase power analyzer, equipped with 

eight independent channels, is utilized for advanced power 

monitoring and storage. The Tektronix TPS 2024 four channels 

digital oscilloscope is used to analyse both electrical and 

mechanical parameters of interest. The SynRM is started by 

means of an industrial drive of ACS880 type. Fig.10 shows the 

experimental setup rig photo. 

 

 
 

Fig. 10: Experimental setup rig photo                                                 

B. Machines Parameters and Performance Indexes 

     Table 2 compares the Novel and standard SynRM1 d- and q-

axis magnetizing inductances and reactances, while table 3 

compares the FEA and measured results of the saliency ratios 

“ζ”, apparent maximum power factors “APFmax” as well as the 

airgap flux density angles “δ|maxAPF” and field weakening ratio 

“K|maxAPF” at maximum power factor with a current vector angle 

of 20o elec.  

     Observing from Table 3, it is evident that the Standard 

SynRM1 has a higher saliency ratio at rated current and 

achieved an apparent maximum power factor of 0.712, on other 

hand the Novel SynRM has a higher d-and q-axis inductances 

difference “ΔL” which provides a higher average torque with a 

current vector angle of 20o elec.  

     During the standstill dc test, the torque was recorded at nine 

different positions from 10o to 90o elec. The average torque 

profiles as function of current vector angle for different currents 

are shown in Fig. 11 (a) for the Novel SynRM and in Fig. 11 

(b) for Standard SynRM1, while Fig. 12 (a) compares the 

average torque as function of magnetizing current when the 

SynRMs operate with a current vector angle of 20o elec. Fig 12 

(b) illustrates the power factor and efficiency as function of load 

currents for both Novel SynRM and Standard SynRM1.    

 

 

 

 

 
            (a) 

 

  
                                                                (b) 

 
Fig. 11: Measured average torque as function of current angle, (a) Novel 

SynRM, (b) Standard SynRM1 
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TABLE II 
COMPARISON OF MAGNETIZING INDUCTANCE AND REACTANCE 

 Novel SynRM Standard SynRM1 

Description FEA Measured FEA Measured 

Lmd (mH) 57.85 46.56 38.92 34.30 

Lmq (mH) 11.35 9.60 6.78 6.10 

Xmd (Ω) 18.17 14.62 12.22 10.77 
Xmq (Ω) 3.56 3.01 3.83 1.91 

 

TABLE III 

COMPARISON OF INDEXES AT CURRENT ANGLE OF 20O
 ELEC 

 Novel SynRM Standard SynRM1 

Description FEA Measured FEA Measured 

ΔL (mH) 46.51 36.96 32.14 28.20 
ζ 5.10 4.85 5.74 5.62 

Tav (Nm) 10.46 9.80 8.75 7.30 

APFmax 0.672 0.658 0.703 0.698 
δ|maxAPF 4.3O elec 3.8O elec 3.6O elec 3.5O elec 

K|maxAPF 1.35 1.29 1.41 1.37 
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(a) 

 
(b) 

Fig. 12: Comparison between the Novel SynRM Standard SynRM1, (a) and  

Average as function of magnetizing current, (b) power factor and efficiency as 
a function of load currents 

     From observing Figs. 11 (a) and (b), it is noticed that for a 

current of 6 A, 7.2 A, 9.6 A and 10.8 A, the average torque is 

maximized at current angle of 55o elec for both Novel SynRM 

and Standard SynRM1. Once the maximum current of 12 A is 

applied, the current angle shifts for a value of 10o elec and the 

average torque is maximized at 65o elec. The FEA results 

discussed in section III have shown similar behaviors as the 

measured results illustrated in Fig. 11. The magnetic saturation 

of thin tangential and radial bridges in both Novel SynRM and 

Standard SynRM1 has caused the current to quickly shift from 

45o elec even when less current is applied. The thin radial ribs 

are heavily saturated by the q-axis MMF in the Novel machine 

than in the Standard SynRM1. For a small current angle of 20o 

elec, the Novel SynRM generates high torque density due to 

injection of the 3rd harmonics caused by saturation. 

     With the absence of rotor copper loss, the SynRM has a high 

efficiency compared to the induction motor. On the other hand, 

the power factor in the SynRMs depends on the saliency ratio. 

A greater saliency ratio will provide a good power factor. The 

measured power factor and efficiency shown in Fig. 12 (b) were 

obtained at rated speed and rated voltage. Observing from     

Fig. 12 (b), it is evident that the power factor is very low when 

both SynRMs run on light load. The power factor in both 

SynRMs reaches about 0.63 for a current of 9.6 A, which 

corresponds to 80 % of the rated condition.  It is also noted that 

between the load currents of 1 A and 4 A, the Novel SynRM 

has a higher power factor than the Standard SynRM1. This 

slight advantage is attributed to the fact the Novel SynRM has 

a high saliency ratio in the region that lies between 1 A and         

4 A. The measured results depicted in Fig.12 (b) also indicate 

that the efficiency of both SynRMs is good. The novel SynRM 

has better efficiency than the Standard SynRM1 at a bigger load 

current. The upper hand is attributed to the fact that the Novel 

SynRM has less iron on the rotor due to lamination cu-offs on 

the q-axis. The Novel SynRM has total iron loss of 618.32 W, 

while its counterpart, Standard SynRM1, is found to have 

733.22 W, when both motors are operating at 80 % of rated 

condition.  

V. CONCLUSION 

This paper has presented the evaluation of key performance 

indexes of the novel synchronous reluctance motor having a 

sinusoidal rotor lamination shape in the axial direction. In the 

FEA, the magnetic flux was not calculated for unit depth and 

multiply by the stack length to find the actual magnetic flux in 

the machine, as it always the case in electric machines with 

plane symmetry.  The actual magnetic flux was obtained by 

employing the superposition principle. Through FEA results, 

the Novel SynRM has proved to have the edge to produce high 

torque density with lesser ripple factor as compared to the 

Standard SynRM. The validation of FEA results has been 

carried out through practical measurements, and both methods 

have shown a good correlation. To conclude, the novel 

synchronous reluctance motor with sinusoidal anisotropic rotor 

is seen to be a strong contender in AC drives that require high 

torque density, lower ripple contents and high efficiency. The 

absence of a permanent magnet on the rotor makes the novel 

motor to be cheaper than the popular permanent magnet 

synchronous reluctance machine.  
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