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Abstract – A new design of synchronous reluctance motor with 

segment-shaped outer rotor is presented and investigated in this 
paper. In order to obtain correct recommendations for optimal 
design of the studied synchronous reluctance motor, analytical 
relations of motor electromagnetic parameters and geometrical 
dimensions (also known as metamodels) have been synthesized. 
Electromagnetic parameters, which have been used for 
metamodels synthesis, are obtained by means of magnetostatic 
field numerical calculations with finite element method using 
software QuickField. 

The paper includes the analysis of the studied synchronous 
reluctance motor geometrical parameters (stator outer diameter, 
height and overlap angle of rotor’s segment-shaped packages) 
influence on the electromagnetic torque per unit volume. Testing 
of synthesized metamodels shows that relative difference between 
the results obtained by numerical calculations and those obtained 
with the help of synthesized metamodels does not exceed eight 
percent at experimental points and intermediate points as well.   

The proposed optimal design of the segment-shaped outer-
rotor synchronous reluctance motor obtained with the help of 
synthesized metamodels has been compared with a salient-pole 
outer-rotor synchronous reluctance motor having ferromagnetic 
yoke with the same value of the electromagnetic torque.  

The comparison results of both motors show that the highest 
value of electromagnetic torque per unit volume can be achieved 
with the proposed new design of the synchronous reluctance 
motor with segment-shaped outer rotor. 

 
Keywords – AC motors; Design optimization; Magnetostatics; 
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I. INTRODUCTION 

The development of new materials and new manufacturing 
technologies has accelerated over the last several years. It is 
leading to the increase of requirements to electric motors 
being basic elements in the electric drives and mechanical 
systems.  

The high reliability, durability in difficult operating 
conditions, low energy consumption and low production cost 
are the main requirements to the electric motors.  

In this connection brushless synchronous electric motors, 
especially synchronous reluctance motors (SynRM) with 
electronic commutation are attracting more and more attention 
with application in low power electric tools. 

In SynRM permanent magnets and a special excitation 
winding does not exist. Thus, they are more reliable and their 
production is cheaper than other types of electric motor. The 
SynRM is an electric motor in which electromagnetic torque is 

produced by the magnetic asymmetry along direct axis (d-
axis) and quadrature axis (q-axis) of the motor [1, 2]. 

However, mostly applied SynRM constructions do not 
provide high value of electromagnetic torque per unit volume. 
If it were possible to get rid of this disadvantage, the SynRM 
would be the most reliable for the use in the modern low 
power electric tools.  

In this connection, it is important to find a new optimal 
design of SynRM that can provide relatively high value of 
electromagnetic torque per unit volume of the motor and, at 
the same time, low cost and simple technology of its 
production. 

The SynRM is a type of brushless motors that can be 
designed in different variations. Depending on the 
requirements to the motors application, it can be built with an 
inner rotor and an outer rotor as well [3].  

The outer-rotor design of electric motors makes it possible 
to use them for direct integration into an operating element of 
the high-torque electric device without transmission gears. It 
can significantly increase service life and energy performance 
of a device in general. 

Outer-rotor motors can be applied, for instance, as an 
electric drive in electric vehicles, in the drives of ventilators, 
and other electric tools [4, 5]. 

The aim of this research is to synthesize the metamodels for 
analyzing and optimization of the new design of SynRM with 
segment-shaped outer rotor. 

II. DESIGNS OF THE OUTER-ROTOR SYNRM 

A salient-pole rotor is the simplest rotor construction 
applied for the outer-rotor SynRM. Typical two-pole SynRM 
with salient-pole outer rotor is presented in Fig.1. It has inner 
stator 1 with three phase windings in its slots, outer rotor with 
two salient poles 2, and ferromagnetic yoke 3 as well.  

However salient-pole SynRM has one significant 
disadvantage: relatively low torque per unit volume. 

Thus, it has been decided to design new SynRM (Fig.2.). 
New design of the SynRM has inner stator 1 with three phase 
windings in its slots and outer rotor, which is designed as two 
segment-shaped ferromagnetic packages 2. Segment-shaped 
ferromagnetic packages are magnetically isolated from each 
other with non-magnetic spaces [6].  

It is important to mention that the main magnetic flux Φd is 
directed along d-axis of the motors as it is shown in Fig.1 and 
Fig 2. 
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Fig. 1. Construction scheme of SynRM with salient-pole outer rotor and 
ferromagnetic yoke. 

 
Fig. 2. Construction scheme of new design SynRM with segment-shaped outer 
rotor. 

III. PARAMETERS OF NEW DESIGN SYNRM WITH SEGMENT-
SHAPED OUTER ROTOR 

In order to obtain recommendations concerning the optimal 
design of the new SynRM with segment – shaped outer rotor 
for the maximum value of electromagnetic torque per unit 
volume it is necessary to analyze how the motor 
electromagnetic parameters depend on motor dimensions and 
segment-shaped packages form variations.  

Thus, three independent factors that mostly influence the 
value of electromagnetic torque per unit volume are 
considered: 

 outer diameter of the stator Ds; 
 height of rotor’s segments shaped packages hs; 
 overlap angle of segments shaped packages αs. 

The main dimensions of the motor are shown in Fig.3. 
Varying boundaries for selected impact factors are 

presented in Table I. 
For the analysis of the electromagnetic torque dependence 

on selected impact factors the motor shaft diameter and value 
of air-gap are assumed to be fixed according to the mechanical 
and constructive properties of the low power motor (up to 1 
kW) with high rotating speed (over 10000 rpm).  

 

 
Fig. 3. Geometry of  new design SynRM with segment-shaped outer rotor. 

TABLE I 

IMPACT FACTORS FOR NUMERICAL EXPERIMENTS 

Impact Factors Labels 
Boundary 

Min Max 

Rotor’s segment overlap angle, (deg) αs 117 171 

Rotor’s segment height, (mm) hs 4.5 8.4 

Outer diameter of the stator, (mm) Ds 40 46 

 
The shaft diameter is assumed as Dsh=14(mm), and the 

value of the air gap as δ=0.5 (mm). The maximum value of 
total current in the stator slot is Im=200A.  

The values of stator tooth width bt and stator yoke height hsy 
depend on the stator outer diameter at constant surface of the 
stator slot.  Inner diameter of the rotor Dri also depends on the 
outer stator diameter at constant value of the air-gap. 

Seven evenly arranged values have been selected for each 
factor from the given examined range.  

In order to evaluate the influence of all impact factor 
combinations in the investigated motor, the following number 
of numerical experiments is necessary to implement: 

 34373  npk  (1) 

where k is the number of numerical experiments; 
p is the number of values selected from the range of the 
impact factor; 
n is the number of impact factor. 

In practice, it is quite complicated to examine all 
combinations of the impact factors due to large number of 
experiments.  

Therefore, according to the method of the rational design of 
the experiments [7, 8] 49 combinations of impact factors have 
been selected, such as they evenly cover all the examined 
range.  

IV. NUMERICAL CALCULATION OF THE ELECTROMAGNETIC 

TORQUE 

The analysis of the influence of selected impact factors on 
the value of electromagnetic torque per unit volume can be 
realized with numerical calculation by finite element method 
using different software that are provided for magnetic field 
simulations. 
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QuickField is widely applied software for the two-
dimensional magnetic field simulation by finite element 
method with consideration of magnetic saturation [9]. 

Results, reported in paper [10], show that software 
QuickField can provide the correct results of the electric motor 
magnetic field simulation and electromagnetic parameters 
calculations. 

Electromagnetic torque of the motor with software 
QuickField is calculated with Maxfell’s stress method. 

According to the Maxfell’s stress method the 
electromagnetic torque is calculated with integral (1) along a 
line in the middle of the air gap of the motor; then multiplying 
the result by the active length of the motor [9, 11].  

For the construction of the electromagnetic torque-angle 
curve, the torque is necessary to calculate at different values of 
the angle between magnetomotive force (MMF) vector and d-
axis of the motor. 

        
s

dsHnBrBnHrT
2

1
, (2) 

where r is the radius vector of the point of integration; 
n is the vector of the outward unit normal; 
B is the vector of the magnetic flux density; 
H is the vector of magnetic field intensity and is equal to 
H = μ-1B, where μ is the magnetic permeability tensor. 

V. METHOD FOR METAMODEL SYNTHESIS 

The method based on the regression model has been used in 
this paper for the metamodel synthesis on the basis of results 
of numerical calculations of the studied motor electromagnetic 
torque.  

The method that is presented in the paper [12] is widely 
used for the metamodel synthesis. This method is 
simultaneously meeting two mutually exclusive requirements 
– the accuracy and the efficiency. It has been successfully 
applied for solution of the electric machine optimization 
problems in different papers, for instance [13, 14].   

According to the method that is described in paper [12] the 
metamodel is synthesized as a sum of elementary functions 
from the functions’ bank, and the obtained relation has the 
following description: 
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where X is the value of the variable factor; 
( )ig X

i

is the i-th elementary function selected from the bank; 
A is the coefficient obtained by means of the method of the 
least squares; 
m is the number of the elementary functions selected from the 
bank. 

The elementary functions in the bank have the following 
description: 
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where aij is the index of each the j-th variable factor in the i-th 
function (can be a positive or negative number). 

The synthesis of metamodel has two stages.  
In the first stage, the sufficient number of perspective 

elementary functions is selected and the preliminary sum of 
them as a metamodel (3) is obtained.  

Each elementary function is selected for the minimum 
difference Δ: 
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The preliminary obtained metamodel is more complicated 
than necessary. Thus, the second stage is the optimization of 
the metamodel complexity.  

The optimization of the obtained metamodel complexity is 
made by cutting down the elementary functions that have less 
influence on the inside criteria σ:  
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The accuracy of the synthesized metamodel is defined by a 
correlation coefficient, which is the relative average squared 
deviation: 

 %,1001
0













C  (7) 

where  

 
.

1

1

1

2

1
0 














 
 

k

Y
k

Y
k

i

k

i
ii


 (8) 

To define the metamodel with the optimal relationship 
between accuracy and complexity, the elimination diagram is 
constructed. The example of elimination diagram is presented 
in Fig. 4.  

The breaking point on elimination diagram (Fig.4.) 
determines the metamodel with optimal complexity and 
accuracy. 

 
Fig. 4. Elimination curve of outside criterion. 

VI. METAMODELS FOR NEW DESIGN SYNRM 

According to the mentioned above method of numerical 
calculations of electromagnetic torque and method of 
metamodel synthesis, the following analytical relation 
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between maximum value of electromagnetic torque per unit 
volume and selected variable factors is synthesized:  
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where   01852.0667.1*
s , hhs  01787.04196.0* , 

ss DD  167.0167.6* . 

When the SynRM operates as a motor with electronic 
commutation, depending on the applied control scheme of 
switches, it is possible to set different operating modes. One of 
them is when at changing the motor load and rotating 
frequency the angle ε between the vector of MMF and d- axis 
of the rotor remains constant [15, 16].  

Therefore, it is also necessary to find the optimal operating 
angle ε that provides maximum value of the torque.  

The angle between a vector of magnetomotive force and d-
axis of the motor for the maximum value of electromagnetic 
torque can be calculated with the following synthesized 
metamodel:  

 (deg),4.275.24 **
sos D   (11) 

In order to consider the magnetic saturation for the motor 
design optimization, the metamodels for maximum values of 
magnetic flux density in the rotor segment-shaped packages 
Br, stator yoke Bsy and stator teeth Bst have been synthesized in 
the similar way: 
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The testing of synthesized metamodels shows that the 
relative difference of the results obtained with metamodels 
and by means of the finite element method does not exceed 
eight percent at calculated points as well as at intermediate 
points. 

 
Fig. 5. Maximum value of electromagnetic torque per unit volume according 
to overlap angle of rotor’s segment. 

 
Fig. 6. Maximum value of electromagnetic torque per unit volume according 
to thickness of rotor’s segment. 

 
Fig. 7. Maximum value of electromagnetic torque per unit volume according 
to outer diameter of the stator. 

As an example, Fig. 5 shows how the electromagnetic 
torque per unit volume of the new design SynRM is changing 
at variable overlap angle of rotor’s segments at three different 
combinations of other impact factors.   

Fig. 6 and Fig. 7 show the dependence of the 
electromagnetic torque per unit volume on rotor’s segment 
thickness and outer diameter of the stator respectively.  

VII. METAMODEL BASED OPTIMIZATION OF THE OUTER-
ROTOR SYNCHRONOUS RELUCTANCE MOTOR 

Optimization task in this paper is to obtain the optimal 
combination of the selected impact factors for the segment-
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shaped outer-rotor SynRM for providing of the maximum 
value of electromagnetic torque per unit volume at a given 
value of the total current (Im=200A) in the stator slot and 
active length of the motor (l=0.1 m).  

 The values of magnetic flux density 2 T in stator teeth, 1.65 
T in rotor and the same 1.65 T in stator yoke are considered as 
restrictions for maximum values of flux density in magnetic 
circuit of the motor. 

In order to maximize optimization function (10) the 
Microsoft Excel Solver [17] has been applied.  

The picture of magnetic field and torque-angle 
characteristic for the optimized SynRM obtained with the help 
of software QuickField are presented in Fig. 8 and Fig. 9 
respectively.  

Values of magnetic flux density in the magnetic circuit of 
the optimized motor do not exceed preliminary assumed 
restrictions. 

In order to evaluate obtained optimal design of the motor 
with outer rotor having segment-shaped packages, it is 
compared with the simplest, often used design one of the 
outer-rotor SynRM that has salient poles on the rotor and 
typical ferromagnetic yoke (Fig. 1.). 

Geometry of compared SynRM with two salient poles is 
shown in Fig. 10. Value of the air gap, shaft diameter, motor 
active length, surface of the stator slots and value of the total 
current in the stator slots for the motor with salient poles are 
the same as for optimized SynRM with segment-shaped 
packages on the rotor.  

 

 

Fig. 9. Picture of magnetic field of the new design SynRM with segment-
shaped outer rotor at ε=54 deg.  

 

Fig. 10. Electromagnetic torque of the new design SynRM with segment-
shaped outer rotor according to the angle between MMF vector and d-axis of 
the motor. 

TABLE II 

COMPARISON DATA  

Value Labels 
SynRM with 

segment-shaped 
outer rotor 

SynRM with 
salient-pole 
outer rotor 

Maximum value of the 
torque, (Nm) 

T 0.7 0.7 

Angle between a 
vector of 
magnetomotive force 
and d-axis, (deg) 

ε 54 56 

Stator outer diameter, 
[m] 

Ds 0.040 0.045 

Stator yoke height, [m] hsy 0.0047 0.0072 

Stator tooth width, [m] bt 0.0025 0.0038 

Package overlap angle, 
[deg] 

αs 145 - 

Pole overlap angle, 
[deg] 

αs - 90 

Thickness of a 
package, [m] 

hs 0.0046 - 

Thickness of a pole, 
[m] 

hp - 0.008 

Rotor inner diameter, 
[m] 

Dri 0.041 0.046 

Rotor outer diameter, 
[m] 

Dro 0.050 0.084 

Rotor yoke height, [m] hry - 0.011 

Motor volume, (m3) V 0.000196 0.000554 

Maximum value of 
the electromagnetic 
torque per unit 
volume (Nm/m3)·103 

T/V 3.571 1.264 

 

 

Fig. 11.Geometry of the salient pole SynRM with outer rotor. 
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Other geometrical parameters have been found for the same 
value of maximum electromagnetic torque of the optimized 
SynRM considering preliminary assumed restrictions for 
magnetic flux values in the magnetic main elements of motor 
magnetic circuit. Comparison data between two motors are 
presented in Tab. II. 

Analysis of presented results of comparison analysis (Table 
II) shows that the new segment-shaped design of outer rotor 
for SynRM can significantly minimize motor dimensions in 
comparison with the salient-pole rotor with ferromagnetic 
yoke at the same value of electromagnetic torque. At the same 
time, first motor can provide almost three time higher value of 
electromagnetic torque per unit volume than salient-pole 
SynRM. 

VIII. CONCLUSIONS 

Based on the results obtained in this research, the following 
conclusions can be drawn: 

1. Results obtained by means of numerical calculations can 
be useful for synthesis of the metamodels, which characterize 
dependence of maximum value of electromagnetic torque per 
unit volume and other motor parameters on the impact factors.  

2. The accuracy of the synthesized metamodels is 
acceptable for analysis and optimization of new design 
SynRM with segment-shaped outer rotor. 

3. Optimal design of new SynRM with segment-shaped 
outer rotor allows achievement of the following advantages of 
the motor:  relatively high value of the electromagnetic torque 
per unit volume, simple motor production, low cost and high 
durability in difficult operating conditions. 

4. Comparison analysis between the studied motors shows 
that SynRM segment-shaped outer rotor has almost three 
times higher value of electromagnetic torque per unit volume 
than the motor with salient-pole rotor at the same value of the 
maximum electromagnetic torque and value of the total 
current in the stator slots. 
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