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Abstract – Synchronous reluctance motors are becoming an 
interesting solution for drives applications requiring high 
efficiency. The design of those machines is normally based on the 
optimization of the motor performance at the rated working 
point in terms of torque production, torque ripple and efficiency, 
but in many applications the drive will operate for most of the 
time at partial load and frequent overload may be required, with 
a speed not necessarily equal to the rated value. In this work we 
propose an optimized machine design method to maximize the 
drive efficiency on the total operating cycle, considering a specific 
speed and torque profile. Four typical working points are 
selected, each of them maintained by the machine for a different 
time in the operating cycle. The obtained machine is compared 
with the one optimized based on the rated conditions only, 
showing slightly higher losses on a single working point but an 
improved efficiency on the global operating cycle. 
 

Index Terms—Synchronous reluctance motor, machine 
design, optimization, synchronous drives, operating cycle, 
performance maximization, industrial applications.  

I.   NOMENCLATURE 

 ௣௛ Phase current ܴ௜ Position of ݅ rotor barrierܫ

 ௌ஽ Inner stator diameter ܵு Slot heightܫ

 ௦ Current density ܵௐ Slot widthܬ

ௌܱ஽ Outer stator diameter ௔ܶ௩௚ Average torque 

ܱோ஽ Outer rotor diameter ௣ܸ௛ Phase voltage 

 Pole pairs ௜ܺ Width of ݅ rotor barrier ݌

II.   INTRODUCTION 

CCORDING to [1] the 35%-40% of the generated 
electrical energy worldwide is consumed by industrial 

electric motors such as blowers, fans, manufacturing 
machines, pumps turbines, etc. [2]. Approximately 70% of the 
industrial electricity is consumed by the electric motor 
systems, representing the most important type of load in 
industry. Therefore, the efficiency improvement of electric 
motors would strongly contribute to reduce the energy 
consumption and the environmental impact. As claimed by 
Ferreira in [3] more than 90% of the installed electric motors 
are three-phase squirrel-cage Induction Motors (IM), mostly 
because of their cost-effectiveness, robustness and the 
possibility to be directly fed by the grid. Alternatively, when 
the application requires a fixed speed a line-start synchronous 
machine can reach a higher efficiency exceeding the IE4 class 
[4]. 

Considering the low power size applications, the efficiency 
of IMs is typically lower than the one of Synchronous 
Reluctance motors (SynRel), mostly because of the Joule 
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losses in the rotor cage [5]. 
Nowadays electrical machines simulation software based 

on Finite Element Analysis (FEA) are able to accurately 
compute the machine losses and performances in terms of 
average torque and torque ripple for a given current vector and 
the required voltage. An accurate analysis of the machine may 
require a very fine mesh and a short simulation step-time. 
Moreover, a post-processing is often necessary for evaluating, 
as an example, the effect of mechanical tolerances, resulting 
in considerable computational time. Anyway, the optimization 
algorithms, simulation software and computational power are 
constantly improving, permitting a more and more 
sophisticated representation of the machine and so an optimal 
machine design in a reasonable simulation time. 

The typical motor design procedure requires a geometry 
optimization. If the motor is designed for a grid supplied 
application (line starter), the machine will likely work most of 
the time at its rated speed, correspondent to the grid frequency. 
In this case, the target of the optimization is normally to 
maximize the torque and the efficiency at the rated working 
point. Conversely, since synchronous machines are normally 
adopted in variable speed drives, a more complex operating 
cycle profile should be considered, including load and speed 
variation. This can be done by modifying the machine design 
algorithm in order to consider different working points within 
the optimization procedure [6]. In this case, the computational 
time for the performance evaluation depends on the number of 
considered working points. For this reason, when the 
application requires that the machine should work in a high 
number of different working points there are two possible 
strategies for the optimization algorithm: 

 evaluating the machine performances in a low 
number of working points (typically 4 or 5) identified 
to properly represent the working cycle; 

 developing an analytical model aided by the FEA to 
be used for the performance estimation. 

The first approach, that will be adopted in this work, is 
possible thanks to the constant increase of the computational 
power. In particular, the paper focuses on the optimization of 
a SynRel motor for an industrial application that works in the 
duty cycle type S8 (continuous-operation periodic duty with 
related load/speed). This duty cycle is defined as a repeated 
sequence of different working points in terms of torque and 
speed applied for a defined time. 

This paper is organized as follows. The machine 
specifications, the adopted model and variables, and the 
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results of the preliminary design of the SynRel motor are 
presented in Section III.  The proposed optimization procedure 
is discussed in Section IV.  Then, the results and the 
comparison of the optimizations are shown in Section V.  
Finally, a summary of the achieved conclusions is given in 
Section VI.    

III.   THE SYNCHRONOUS RELUCTANCE MOTOR 

The SynRel motor is often adopted because of its low-cost 
(thanks to the absence of magnets or rotor windings) and 
competitive performance in terms of efficiency and power 
density [7]. Anyway, it presents lower power factor and 
torque-to-current ratio [8] compared to other solutions 
(Permanent Magnet Synchronous Machines and IMs). The 
torque capability of the SynRel is strictly related to the rotor 
magnetic anisotropy, obtained by optimizing the rotor shape. 
A very high magnetic saliency can be achieved, obtaining 
performances compatible with wound field AC motors. 
Furthermore, the high rotor anisotropy facilitates the use of 
saliency based sensorless control algorithms [9] at zero and 
low speed, while flux observers are used in the medium and 
high speed ranges [10]. In most applications, the sensorless 
algorithms require the knowledge of machine parameters, and 
in particular the magnetic self- and cross-saturation 
characteristics. Such information is often retrieved by 
self-commissioning techniques [11][12].  

In this paper a SynRel motor with fluid shape has been 
analyzed and optimized for a particular duty cycle. Fig. 1 and 
Fig. 2 show the adopted design variables for the optimization 
at the machine design stage. 
 

 
Fig. 1.  Stator slot and design variables. 
 

 
Fig. 2.  Fluid-shaped rotor barriers (half pole) and design variables. 

In a SynRel, the rotor flux barriers can be designed 
according to different geometries in order to maximize the 

torque and minimize the torque ripple. In this work, it was 
chosen to adopt fluid-shape flux barriers, which guarantee 
optimal reduction of torque ripple [13]-[15]. The fluid barriers 
are defined by the following equations: 

ሻߠ௞ሺݎ ൌ ܴௌ
ඩ
ሺ௞ሻܥ ൅ ටܥሺ௞ሻ

ଶ ൅ 4 sinଶሺߠ݌ሻ

2 sinሺߠ݌ሻ

೛

 (1)

where ߠ is the mechanical angle with origin in the d axis 
and ܥሺ௞ሻ is a constant function of the design variables. For the 
lower line of the air barrier, ܥሺ௞ሻ is computed as: 
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and for the upper line of the air barrier: 
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The considered operating cycle for this study is shown in 
Fig. 3. From this duty cycle it is possible to define four 
working points: 

1. Torque=2.26Nm Speed=4000rpm Time 3.4 min 
2. Torque=1.60Nm Speed=6000rpm Time 13.8 min 
3. Torque=0.86Nm Speed=8000rpm Time 55.2 min 
4. Torque=0.22Nm Speed=8000rpm Time 27.6 min  

 
Fig. 3.  Duty cycle in terms of torque and speed. 

IV.   OPTIMIZATION METHOD 

In this work, the motor geometry has been optimized four 
times, namely PrD, OPT1, OPT2 and OPT3. In each 
optimization, the same geometric variables were adopted, but 
with different constraints and objective functions. Obviously, 
the common constraint for each optimization is the 
verification of the torque in each considered working point. 
The goal of each optimization is: 

 PrD: to maximize the machine efficiency at the rated 



 

torque and speed (using analytical expression); 
 OPT1: to maximize the global efficiency within the 

operating cycle; 
 OPT2: to maximize the efficiency at the rated point (P2); 
 OPT3: to maximize the efficiency at the most frequent 

working point (P3).  

There are many types of optimization algorithm which can 
require different number of iterations and they can reach 
different local minimums. The conjugate algorithms are 
simple in implementation, but they require analytical 
expression for the objective functions and constraints. The 
evolutionary algorithms, particle swarm optimization 
algorithms, estimation of distribution algorithms and genetic 
algorithm are typically used in the optimization of the 
electrical machine because they work well coupled with the 
Finite Element Analysis (FEA) [16]. The used algorithm for 
the optimization in the manuscript is the derivate free 
algorithm, considering that the FEA outputs do not include 
derivative information; it is described in [17]. The used 
variables for the optimization, their values in the preliminary 
design, the variability range used in the optimization, the 
constraints, and the objective functions are shown in Table I.  

 
TABLE I 

 DESIGN VARIABLES, CONSTRAINTS AND OBJECTIVE FUNCTIONS 
 

Variable Preliminary Minimum Maximum 
 ௌ஽ 77.2mm 68mm 88mmܫ
ܵௐ 5.2mm 4mm 7mm 
ܵு 12.5mm 9.5mm 15.5mm 

ଵܺ 5.5mm 2.5mm 8.5mm 
ܴଵ 13.9mm 10.9mm 16.9mm 
ܺଶ 4.8mm 1.8mm 7.8mm 
ܴଶ 23.6mm 20.6mm 26.6mm 
ܺଷ 3.5mm 0.5mm 6.5mm 
ܴଷ 29.7mm 26.7mm 32.7mm 
ܺସ 2.1mm 0.5mm 5.1mm 
ܴସ 33.9mm 30.9mm 36.9mm 
ܺହ 1mm 0.5mm 4mm 

 
Optimization Objective function Constraint1 Constraint2 

PrD Efficiency (rated) / 
Current density 

(rated) <4 

OPT2 Efficiency (P2) 
Torque Ripple 

(P2) <15% 
Current density 

(P2) <4 

OPT3 Efficiency (P3) 
Torque Ripple 

(P3) <15% 
Current density 

(P3) <2.6 

OPT1 Efficiency (cycle) 
Torque Ripple 

<15% 
Current density 

(cycle) <4 

 
The slot opening was not included among the optimization 

variables in order to minimize their number. Despite the slot 
opening deeply affects the performance of the machine, its 
minimum value is imposed by manufacturing constraints force 
its minimum value. Since the slot opening should be small for 
reducing the torque ripple, the value of the slot opening was 
chosen as small as possible according to the manufacturing 
constraints. The maximum current density has been used as 
constraint in order to obtain a maximum motor temperature 
compatible with the application. For this reason, the maximum 
current density in each working point has to be the same for 

the different optimizations. Therefore, the value of that 
constraint is different among the optimizations. 

The used electrical steel for the application is the 
commercial steel 470-50A. In the Fig. 4 the magnetization 
curve (B/H) is presented while Fig. 5 shown the specific losses 
curve in function of the flux density B at different value of 
frequency [18]. 

 

 
Fig. 4.  Characteristics B/H magnetization curve. 
 

 
Fig. 5.  Characteristics Ps/B specific loss curve. 
 

In the first optimization, a preliminary design (PrD) of the 
stator core has been conducted using the typical sizing 
procedure adopted for an induction machine, but considering 
a lower power factor [19], thus defining the inner stator 
diameter, the number of conductors in each slot, the rated 
phase current, and the width and the height of the slots. A 
similar methodology is used for the calculation of the 
preliminary design of the rotor core with fluid barriers. The 
preliminary design is optimized considering the motor torque 
and speed at rated conditions. 

The performance of the machine obtained with the 
preliminary design (PrD) for the different points of the 



 

operating cycle are indicated in Table II. 
 

TABLE II 
 PERFORMANCE OF THE PRELIMINARY DESIGN 

 
Working Point Current [Arms] Efficiency [%] Losses [J] 

1 50.9 87.06 416.5 
2 37.5 91.51 1177.8 
3 23.0 93.00 2783.9 
4 11.4 91.03 456.3 

Cycle 23.9 92.76 4834.5 
 
 

Fig. 6, Fig. 7 and Fig. 8 show the behavior of the objective 
functions in the three optimizations OPT1, OPT2 and OPT3. 
For those points that do not satisfy the constraints, the 
objective function (machine efficiency) has been forced to 0, 
thus excluding them for the final design. In the figures the blue 
dots are the points which satisfy the constraints while the red 
dots do not satisfy the constraints. 

It is worth noting that the optimization OPT1 requires a 
little bit more iterations to achieve convergence compared to 
the others and in the initial phase it starts from lower values of 
the objective function. This is due to the higher number of 
working points considered in the optimization. The behaviors 
of the objective functions of the optimizations OPT2 and 
OPT3 are quite similar because both the optimizations 
consider only one working point. OPT2 and OPT3 are able to 
reach a high value of efficiency satisfying all the constraints 
after only 1000 iterations, while OPT1 needs at least 3000 
iterations. The last iterations in all optimizations are necessary 
to refine the results and to reach the optimal design. 

V.   COMPARISON BETWEEN THE DIFFERENT OPTIMIZATION 

STRATEGIES 

This Section compares and discusses the results of the 
geometric optimizations. The four different optimization 
strategies have been compared in terms of final geometry, 
level of steel saturation in the machine, efficiency, RMS 
current, and losses for each working point and in the cycle. 
The geometry and the induction field are discussed to 
understand what is the difference between the results obtained 
from the optimization that considers a single working point 
and the one considering an operating cycle. 
Fig. 9 shows the stator and rotor geometries obtained from the 
preliminary design and from the other optimizations. Since the 
project OPT1 considers also the working point P1 (that is the 
overload of the motor in terms of torque), in order to minimize 
the losses, the width of the rotor yokes is greater compared to 
the other designs, thus reducing the saturation level, the phase 
current and the losses in overload conditions. The project 
OPT3 has the thinnest rotor yokes because it is optimized 
considering only the working point P2, characterized by a 
torque lower than the rated value. Therefore, the current and 
the losses in the working point P1 of the OPT2 and OPT3 will 
be much higher than the ones of the OPT1 design. All these 
considerations are confirmed by the figures of the magnetic 
flux density in the working points P1 (Fig. 10), P2 (Fig. 11) 
and P3 (Fig. 12). 

 
Fig. 6.  Behavior of the objective function in the optimization OPT1. 
 

 
Fig. 7.  Behavior of the objective function in the optimization OPT2. 
 

 
Fig. 8.  Behavior of the objective function in the optimization OPT3. 
 

Fig. 10 shows the magnetic flux density of each optimized 
geometry in the working point P1. OPT1 has the lowest 
saturation value in the stator yoke and teeth and in the rotor 
yokes. This results in the best performance in the working 
point P1 compared to the other projects. The preliminary 
design has the highest saturation value, while the project 



 

OPT2 presents a magnetic flux density a little bit lower than 
the one of project OPT3.  

Fig. 11 shows that the level of the magnetic flux density in 
the rotor yokes of the project OPT1 is very low, while the 
stator yoke and teeth of the project OPT 3 are saturated; these 
two aspects lead to a lower value of magnetic anisotropy, and 
thereby to a reduction of the motor torque capability.  

Fig. 12 shows the magnetic flux density of each designs for 
the working point 3. The project OPT3 has the thinnest rotor 
yokes, but with this current the saturation is not reached, so it 
presents the highest level of anisotropy. The projects OPT1 

 

 
Fig. 9.  Stator and rotor geometry of the Preliminary Design (PrD), of the 
optimization in the cycle (OPT1), in P2 (OPT2) and in P3 (OPT3). 
 
 
 

 
Fig. 10.  Magnetic flux density [T] of the Preliminary Design (PrD), of the 
optimization in the cycle (OPT1), in P2 (OPT2) and in P3 (OPT3) for the 
working point P1. 

and OPT2 have the lowest value of magnetic flux density and 
they have thinner rotor flux barriers, leading to a lower 
magnetic anisotropy of the machine. 

The results of the optimized designs considering the 
operating cycle are reported in Table III. The numerical results 
confirm the analytical considerations based on the study of the 
induction field and saturation levels.  

In particular, the project OPT1 has the lowest current and 
losses and the highest efficiency for the working point P1 as 
well as the projects OPT2 and OPT3 considering the working 
point  P2  and  P3  respectively.  As  expected, considering the 
 

 
Fig. 11.  Magnetic flux density [T] of the Preliminary Design (PrD), of the 
optimization in the cycle (OPT1), in P2 (OPT2) and in P3 (OPT3) for the 
working point 2. 

 
Fig. 12.  Magnetic flux density [T] of the Preliminary Design (PrD), of the 
optimization in the cycle (OPT1), in P2 (OPT2) and in P3 (OPT3) for the 
working point 3. 



 

operating duty cycle of the machine, the best project is OPT1 
that has the highest efficiency. Nevertheless, the design of this 
optimized geometry requires much more computational time. 
Alternatively, the results show that the computational time can 
be reduced, still guaranteeing a good efficiency, by optimizing 
the motor geometry only considering the most frequent 
working point instead of the rated one. 

 
TABLE III  

PERFORMANCE OF THE OPTIMIZED DESIGNS 

 
 Current [Arms] 

Working Point OPT1 OPT2 OPT3 
1 39.4 43.5 45.3 
2 32.6 31.2 32.3 
3 22.5 22.8 22.4 
4 11.3 11.4 11.3 

Cycle 21.38 21.52 21.48 
 Efficiency [%] 

Working Point OPT1 OPT2 OPT3 
1 90.83 89.76 89.37 
2 93.06 93.22 92.80 
3 93.47 93.26 93.60 
4 91.28 91.11 91.26 

Cycle 93.51 93.36 93.47 
 Losses [J] 

Working Point OPT1 OPT2 OPT3 
1 295.0 329.6 342.2 
2 962.8 940.6 998.9 
3 2597.0 2680.5 2545.3 
4 443.6 452.2 444.6 

Cycle 4298.4 4402.9 4331.0 

 
To confirm this assert, the optimization that considers all 

the working points (OPT1) was capable to reduce the losses 
of the cycle by only ൎ30J (increasing the efficiency of 
ൎ0.04%) compared with the project optimized using the most 
frequent working point (OPT3). Compared to optimized 
project that only uses the rated point there is a loss reduction 
of 100J (increasing the efficiency of about 0.15%). In other 
words, the project OPT1 obtained a loss reduction of 2.43% 
and 0.76% compared to the projects OPT2 and OPT3 
respectively. 

Another good feature of the OPT1 is that, since each 
working point of the duty cycle is considered, it is guaranteed 
that the value of the torque ripple is within the constraints for 
every working point. This is normally not automatically 
guaranteed by the optimizations based on a single working 
point.  
To prove this assert, Fig. 13, Fig. 14 and Fig. 15 show the 
behavior of the torque in relation to the mechanical angle for 
all the working points of the project OPT1, OPT2 and OPT3 
respectively compared with the torque ripple limits. The 
figures report all the working points from 1 to 4 from the top 
to the bottom, respectively. The torque ripple of the project 
OPT1 for all the working points is lower than the 15%, as 
imposed by the optimization constraints. When only one point 
is considered for the optimization (OPT2 and OPT3), the 
satisfaction of the torque ripple constraint is guaranteed only 
for the considered working point. Therefore, in the post-
processing stage it is necessary to make a further verification 
of the torque ripple for the other working points. In our case, 

the projects OPT2 and OPT3 satisfy the constraint of the 
torque ripple in the point P4, but not for P1. 

 
 

 
Fig. 13.  Behavior of the torque in relation to the mechanical angle for all the 
working points of the project OPT1. 

 
Fig. 14.  Behavior of the torque in relation to the mechanical angle for all the 
working points of the project OPT2. 
 

 
Fig. 15.  Behavior of the torque in relation to the mechanical angle for all the 
working points of the project OPT3. 
 



 

VI.   CONCLUSION 

The adoption of Synchronous Reluctance motors is pushed 
by the increasing efficiency requirements. For those machines, 
the typical design strategy assumes the optimization of the 
motor performance at the rated point, but in most application 
the motor operates in different torque and speed conditions. If 
the motor works in a defined operating cycle it is possible to 
evaluate and optimize the machine geometry in selected 
representative operative points. The aim of this paper is to 
optimize the machine considering the full operating cycle and 
comparing the results for different design optimization 
strategies. The results have proved that the optimization based 
on the full operating cycle has a better efficiency, lower losses 
and phase current, and it guarantees to fulfill the constraints 
on maximum torque ripple in each operating point, at the cost 
of a higher computational time. The performance 
improvement respect to the optimization based on the rated 
point is higher than the one based on the most frequent point. 
Future research could examine more complex operating cycle, 
e.g. typical driving cycle in automotive application, when the 
torque-speed working points are too numerous to be 
simulated. 
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