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Abstract: The torque density and efficiency of synchronous reluctance machines (SynRMs) are 
greatly affected by the geometry of the rotor. Hence, an optimal design of the SynRM rotor geometry 
is highly recommended to achieve optimal performance (i.e., torque density, efficiency, and power 
factor). This paper studies the impact of considering the current angle as a variable during the opti-
mization process on the resulting optimal geometry of the SynRM rotor. Various cases are analyzed 
and compared for different ranges of current angles during the optimization process. The analysis 
is carried out using finite element magnetic simulation. The obtained optimal geometry is proto-
typed for validation purposes. It is observed that when considering the effect of the current angle 
during the optimization process, the output power of the optimal geometry is about 3.32% higher 
than that of a fixed current angle case. In addition, during the optimization process, the case which 
considers the current angle as a variable has reached the optimal rotor geometry faster than that of 
a fixed current angle case. Moreover, it is observed that for a fixed current angle case, the torque 
ripple is affected by the selected value of the current angle. The torque ripple is greatly decreased 
by about 34.20% with a current angle of 45° compared to a current angle of 56.50°, which was intro-
duced in previous literature.  

Keywords: current angle; design of electric motors; flux-barriers; optimization; synchronous reluc-
tance motor; torque ripple 
 

1. Introduction 
Recently, interest in synchronous reluctance machines (SynRMs) has increased re-

markably thanks to their advantages compared to other types of electrical machines [1–5]. 
They offer a good torque density, a high efficiency, and a wide range of operating speeds 
[6]. In addition to their simple and robust structure, they have no windings, cages, and 
permanent magnets in their rotor, resulting in very low rotor losses and hence good ther-
mal management [2]. These advantages make SynRMs a good competitor compared to 
the other electric machines in several electric drive systems in different industrial appli-
cations such as hospitals and aerospace [7]. It is evident through the literature that the 
performance of SynRMs (torque ripple, average torque, efficiency, and power factor) 
greatly depends on the saliency ratio (the ratio between the direct and quadrature axis 
inductances) [8]. This ratio is a function of several parameters of the machine design such 
as the winding, magnetic material, and rotor flux-barriers [9–11]. Starting from the stand-
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ard stator design of the induction machine, the rotor flux barrier parameters are key ele-
ments in the performance of the SynRM. There are several parameters in the rotor as 
sketched in Figure 1. Therefore, it is evident that an optimization process is necessary to 
optimally select the parameters of the SynRM rotor. 
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Figure 1. Rotor geometry of one pole of synchronous reluctance machines (SynRM). 

Through literature, several research papers about the optimization of SynRMs can be 
found [12–29]. Various optimization schemes have been reported and applied to SynRM 
design. For example, in [12], the rotor of the SynRM was optimized using a multi-objective 
differential evolution algorithm for high-speed applications focusing on selecting the bar-
rier angles and the magnetic insulation ratio. The other geometrical parameters of the ro-
tor were derived from these two parameters (the barrier angles and the magnetic insula-
tion ratio). In [13], the optimal number of flux barriers and rotor poles of the SynRM were 
optimally selected by applying a weighted-factor using a multi-objective optimization 
technique. A circular rotor shape was used in [14] to maximize the torque and to minimize 
the torque ripple of the SynRM using a multi-objective genetic algorithm. In this design, 
a circular rotor was adopted in order to minimize the number of parameters and to get a 
time-efficient optimization process. Three different geometries for rotor flux barriers (one 
rotor has a circular flux barrier and the other two rotors use a rectangular flux barrier) 
were studied and compared in [15]. The design process uses the same optimization algo-
rithm proposed in [14]. It was shown that the rectangular flux barrier has fewer structural 
challenges and lower inertia at high speed. In addition, it is preferred especially for ma-
chines with inserted permanent magnet (PM inside the flux-barriers. In [16], an alternative 
technique for the development of asymmetric flux barriers with rotor skewing is proposed 
in combination with design optimization to enhance average torque and reduce torque 
ripple. Although the torque ripple in this method is below 3%, the number of optimization 
variables in this method is relatively high between 29 and 37. This results in a slower and 
complicated optimization process. In [17], the rotor of the SynRM was optimized using 
three different popular optimization algorithms (simulated annealing, differential evolu-
tion, and genetic algorithm) to minimize the torque ripple and maximize the torque per 
Joule loss ratio. The differential evolution algorithm has shown the best result in terms of 
repeatability of the results and convergence time. It was demonstrated in [18–21] that the 
rotors with skewing techniques have reduced torque ripple significantly. In [22], the rotor 
of the SynRM was optimized to maximize the saliency ratio and minimize the thickness 
of the iron ribs. The rotor was made ribless in [23] to obtain an improved power factor, 
torque, and efficiency. 

In [24], a generalized formula was proposed to select the widths and angles of the 
flux-barriers considering additional factors such as stator and rotor slot opening and num-
ber of slots. However, the torque ripple is still high. Furthermore, a preliminary design 
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for the flux-barrier widths was introduced in [25] without considering the influence of the 
different number of stator slots. The effect of the number of stator slots was considered in 
[26] and the torque ripple was reduced from 23.38% to 12.3%. All the previous studies 
about the rotor design of the SynRM did not consider the current angle as a design varia-
ble during the design and optimization procedures. The current angle was fixed based on 
a rule of thumb or primary simulation i.e., in the range of 45° to 60° as in [26]. In [27], a 
simultaneous structural and magnetic topology optimization technique was developed 
for the rotor of the SynRM using solid isotropic with material penalization. The total struc-
tural compliance, torque ripple, and the average torque were simultaneously considered 
in this method. In [28], a new technique was proposed to design the rotor of the SynRM. 
A symmetrical rotor geometry with fluid shaped barriers was used in this optimization 
method. The optimal design in this method was chosen using the communication between 
MATLAB and Flux 2D. In [29], a line start SynRM was optimized using an optimization 
topology that uses the normalized Gaussian network. The computational time was re-
duced in this method as it separates out unpromising geometries. The effect of the current 
angle on the final optimal geometry of the SynRM has not been investigated before as far 
as we know. 

This paper studies the effect of considering the current angle during the optimization 
process on the final optimal geometry of the rotor of the SynRM. Different cases are ana-
lyzed and compared for different ranges of current angles during the optimization pro-
cess. This way, in some cases, the saturation level in the machine is enforced during the 
optimization process by varying the current angle range. Finite element magnetic simula-
tion is carried out and compared for the optimal geometries. Finally, experimental results 
are conducted to validate the simulation results. 

2. Design Optimization of SynRMs  
2.1. Hybrid PSOGWO Technique  

In this paper, the hybrid particle swarm optimizer and grey wolf optimizer 
(PSOGWO) algorithm was used to determine the best parameters in order to obtain the 
optimal rotor design of the SynRM. The following paragraphs briefly describe the core 
idea and the updating process of the PSO, GWO, and hybrid PSOGWO.  

PSO was originally proposed by Kennedy and Eberhart to simulate the social behav-
ior of a flock of birds [30,31]. In order to determine the best solution, every particle, rep-
resenting a candidate solution, updates continuously its position and velocity. The follow-
ing relation can be used to estimate the new step size of each particle.  
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where w is the inertia factor; C1 and C2 denote the cognitive and the social coefficients; r1 
and r2 denote random; t is the iteration number; i is the particle number; Pbest is the local 
best; Gbest is the global best.  

The first section of (1) provides the exploration capability of the PSO. Whereas, the 
second section moves the particle towards the best position ever achieved by itself. The 
last section of (1) moves the particle according to the best position achieved by all the 
particles in the population. The core idea of GWO is extracted from the behavior of grey 
wolves. GWO simulates the hunting process and the leadership hierarchy of grey wolves 
[32]. Grey wolves exist at the highest level of the food chain and are regarded as predators.  

The hunting mechanism contains two chief sections: tracking and catching the prey, 
then encircling and attacking the prey until movement stops. During the hunting process, 
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prey is encircled by the grey wolves. To simulate the encircling behavior, the next relations 
can be considered [32]:  

𝐷𝐷 = �𝐶𝐶 ∗ 𝑋𝑋𝑝𝑝(𝑡𝑡) − 𝑋𝑋(𝑡𝑡)� (3) 

𝑋𝑋(𝑡𝑡 + 1) = 𝑋𝑋𝑝𝑝(𝑡𝑡) − 𝐴𝐴 ∗ 𝐷𝐷 (4) 

where t is the current iteration; Xp and X denote the position of the prey and the location 
of grey wolves, respectively.  

A and C denote the coefficients vectors that are estimated using the following rela-
tions: 

𝐴𝐴 = 𝑎𝑎 ∗ (2 ∗ 𝑟𝑟1 − 1) (5) 

𝐶𝐶 = 2 ∗ 𝑟𝑟2 (6) 

r1 and r2 are random values; a is constant that reduces linearly from 2 to 0 over the 
optimization process. 

The process update of grey wolves is carried out based on the following relation;  

�
𝐷𝐷𝛼𝛼 = |𝐶𝐶1 ∗ 𝑋𝑋𝛼𝛼(𝑡𝑡) − 𝑋𝑋(𝑡𝑡)|
𝐷𝐷𝛽𝛽 = �𝐶𝐶2 ∗ 𝑋𝑋𝛽𝛽(𝑡𝑡) − 𝑋𝑋(𝑡𝑡)�
𝐷𝐷𝛿𝛿 = |𝐶𝐶3 ∗ 𝑋𝑋𝛿𝛿(𝑡𝑡) − 𝑋𝑋(𝑡𝑡)|

 (7) 

For every iteration, the best three wolves are represented by Xα, Xβ, and Xδ;  

�
𝑋𝑋1 = |𝑋𝑋𝛼𝛼 − 𝑎𝑎1 ∗ 𝐷𝐷𝛼𝛼|
𝑋𝑋2 = �𝑋𝑋𝛽𝛽 − 𝑎𝑎2 ∗ 𝐷𝐷𝛽𝛽�
𝑋𝑋3 = |𝑋𝑋𝛿𝛿 − 𝑎𝑎3 ∗ 𝐷𝐷𝛿𝛿|

 (8) 

Finally, the updated position of the prey is provided by the average of three values 
of positions assessed as the best solutions: 

𝑋𝑋𝑝𝑝(𝑡𝑡 + 1) =
𝑋𝑋1 + 𝑋𝑋2 + 𝑋𝑋3

3  (9) 

The fundamental idea of the hybrid PSOGWO is to integrate the capability of social 
thinking of the PSO with the local search ability of the GWO. A PSO suffers from short-
comings like catching the local minimum. Therefore, to avoid this disadvantage, the GWO 
was used to reduce the chance of trapping on the local minimum. Moreover, the GWO 
has the advantage of preserving a balance between exploitation and exploration during 
the optimizing procedure. More details about the mathematical modeling and physical 
meaning of the hybrid PSOGWO can be found in [33].  

2.2. Optimization Process 
In the optimization process, a stator of a standard induction machine of 5.5 kW with 

the parameters listed in Table 1 was employed. The stator geometry was kept fixed during 
the optimization process. Based on the number of stator slots and poles, the number of 
rotor flux-barriers could be identified which was selected to be three per pole [34,35]. 
Twelve rotor parameters, θb1, θb2, θb3, Wb1, Wb2, Wb3, Lb1, Lb2, Lb3, pb1, pb2, and pb3, sketched 
in Figure 1 were considered during the optimization process. To avoid the conflicts in the 
obtained geometry, some constraints were made as shown in Figure 1 and Table 2. As 
mentioned before, the main core of this paper is to study the influence of considering the 
current angle during the optimization process on the final optimal geometry of the 
SynRM. Therefore, in this research, different ranges of the current angle were considered 
(five cases) as in Table 3. The ranges of the current angles were selected based on the fact 
that the current angle of the maximum torque of the SynRMs equaled 45° (i.e., d-axis cur-
rent = q-axis current) when neglecting the saturation effect. Nevertheless, when consider-
ing the saturation effect, the current angle deviated from 45°. Therefore, in this paper, we 
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tried to enforce different ranges of the current angle to around 45° to determine the impact 
on the final optimal geometry; this will be shown in the next paragraphs. Although the 
range of case 5 locates within the case 4 range, there were different optimal geometries 
obtained based on the two cases. This was why we were trying to narrow the search region 
of the current angle as in case 5 and to increase this range as in case 4 and even to keep 
the current angle fixed as in case 3. 

Table 1. Parameters of the SynRM. 

Parameter Value Parameter Value 
Stator inner diameter 110 mm Air gap length 0.3 mm 
Stator outer diameter  180 mm Slots 36 
Rotor outer diameter  109.4 mm poles 4 

Shaft diameter 35 mm Rated frequency 100 Hz 
Axial length 140 mm Rated power 5.5 kW 

Rotor flux barriers per 
pole 3 Number of phases 3 

Stator/Rotor steel M270-50A/M330-50A  Rms rated current 12.3 A 

Table 2. Rotor variables upper and lower limits. 

Variable Lower Limit Upper Limit 
𝜃𝜃𝑏𝑏1 5° 9.3° 
𝜃𝜃𝑏𝑏2 15° 20° 
𝜃𝜃𝑏𝑏3 25° 30° 
Wb1 6 mm 8.3 mm 
Wb2 5 mm 6.5 mm 
Wb3 3 mm 4 mm 
Lb1 20 mm 30 mm 
Lb2 20 mm 25 mm 
Lb3 10 mm 16 mm 
pb1 20 mm 23 mm 
pb2 9 mm 13.6 mm 
pb3 8 mm 11.8 mm 

radius1,2,3 25% of Wb1,2,3 

Table 3. Range of current angle for different cases. 

Case Number Range of Current Angle 
Case 1 30°: 40° 
Case 2 40°: 45° 
Case 3 45° 
Case 4 45°: 65° 
Case 5 50°: 55° 

The hybrid PSOGWO algorithm presented before was implemented to obtain the op-
timal rotor geometrical parameters and the current angle of each case in order to maximize 
the output torque and minimize the torque ripple of the machine. The cost function of the 
optimization is given as follows: 

𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡 𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑡𝑡𝑓𝑓𝑐𝑐𝑓𝑓 =  𝑇𝑇𝑟𝑟2 +
1
𝑇𝑇𝑎𝑎𝑎𝑎

 (10) 

where, Tr and Tav are the torque ripple in percent and the average torque of the SynRM. 
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The flow chart of the optimization loop is described in Figure 2. The finite element 
model (FEM) of the machine, in which the equations that represent the machine were 
solved numerically, was coupled with the PSOGWO technique to obtain the optimal ge-
ometry [1]. The losses were determined as in [8]. Later on, FEM is used to evaluate the 
performance of the obtained optimal machine.  

FEM simulation of SynRM
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Figure 2. Flow chart of the optimization process. 

As mentioned before, five different ranges of the current angle were considered (see 
Table 3). For each case, the range of the current angle was set and the optimization process 
was completed. The number of designs for each case was 210. Figure 3 shows the variation 
of current angle versus iteration number during the optimization process for different 
cases. The cost function versus the iteration number is reported in Figure 4. Figure 5 shows 
some performance indicators of the SynRM for different cases. Notice that the results in 
this section were obtained at different current angles. Therefore, it was not possible to 
compare the performance indicators of the five cases. However, this will be done in the 
next section. Moreover, it was proved from Figure 5 that the average torque and the power 
factor were greatly affected by the value of the current angle in a specific case (between 
different designs), while the impact on the torque ripple was lower. Figure 6 and Table 4 
reveal that the iron volume of the obtained rotor geometry depended on the considered 
current angle during the optimization process. Figure 6 shows that the third case, which 
considered a fixed value for the current angle (45°), gave the largest rotor iron volume, 
while the fourth case, which considered sufficient range of current angle variation in 
which the current angle of maximum torque and minimum torque ripple of the SynRM 
existed, gave the lowest iron volume of the rotor. The rotor iron volume of the third case 
was about 11% higher than that of the fourth case. This meant that the inertia of the SynRM 
based on the fourth case was lower resulting in a fast-dynamic machine. 

Figures 3–6 show that the steady-state response of the optimization process was not 
delayed considering the current angle, while in some cases, the response became even 
faster. The optimization process of cases 1 and 4 reached its steady-state after about 80 
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and 60 iterations respectively compared to about 70 iterations for the third case. In con-
trast, the fifth case had a slower performance as shown in the zoomed view of Figure 4. 

Figures 7–10 and Table 4 show the final optimal geometry of the rotor flux-barrier 
angles, lengths, widths, and positions for different cases. In Figure 7, it is found that the 
flux-barrier angles were greatly varied when considering different ranges of current angle 
during the optimization process. For example, in the first case (with current angle range 
from 30°: 40°), the flux-barriers angles changed by about 2° to 6° compared to the optimal 
geometry proposed in [26] and by about 2° to 3.5° compared to the third case. However, 
when the current angle was kept fixed to 45° in the third case during the optimization 
process, the obtained optimal geometry for this case was different compared to the opti-
mal geometry presented in [26] which used a current angle equal to 56.50°. This proved 
that the optimized geometry was sensitive to the chosen value of the current angle for 
fixed current angle cases. 

In addition, the optimal dimensions of the flux-barriers widths were also varied with 
current angles as shown in Figure 8. The flux-barriers optimal widths, Wb1, Wb2, and Wb3 
were changed by about 1.54, 0.75, and 0.7 mm respectively for the first case compared to 
their values in the third case. In addition, the flux-barriers optimal lengths, Lb1, Lb2, and Lb3 
were changed by about 0.40, 1.82, and 0.88 mm respectively for the first case compared to 
their values in the third case as shown in Figure 9. Moreover, Figure 10 shows that the 
flux-barriers optimal positions, pb1, pb2, and pb3 were changed by about 0.65, 1.40, and 1.58 
mm respectively for the first case compared to their values in the third case. 

Table 4. Final optimal geometry for the SynRM for different case studies. 

 Case 1 Case 2 Case 3 Case 4 Case 5 
Current angle range 

[Deg.] 
30°: 40° 40°: 45° 45° 45°: 65° 50°: 55° 

Optimal angles [Deg.] 
𝜃𝜃𝑏𝑏1, 𝜃𝜃𝑏𝑏2,𝜃𝜃𝑏𝑏3 

9.3°, 16.27° and 27.65° 7.36°, 19.42° and 25.98° 
7.14°, 19.89° and 

26.39° 
8.82°, 16.3° and 

28.39° 
7.84°, 18.66° and 

25.69° 
Optimal widths [mm] 

Wb1, Wb2, Wb3 
8.3, 5.8 and  

3.425  
7.7, 6.49 and 3.44  6.76, 5.05 and 3.49 8.3, 5.8 and 4  6.71, 6.5 and 3  

Optimal lengths [mm] 
Lb1, Lb2, Lb3 

25.2, 24.52 and 12.38  30, 21.5 and 10.26  25.6, 22.7 and 11.5  30, 22.32 and 15.41  26.82, 21.5 and 16  

Optimal positions [mm]  
pb1, pb2, pb3 

22.06, 5.3 and 4.75 22.29, 3.13 and 3 22.71, 3.9 and 3.17 22.93, 3.74 and 3 20.95, 4.3 and 3.7 

Rotor iron volume [m3] 1.780 × 10−4 1.763 × 10−4  1.932 × 10−4  1.736 × 10−4  1.842 × 10−4  

 
Figure 3. Variation of current angle versus iteration number for different cases. 
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Figure 4. Cost function at different iteration number of the optimization technique. 
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Figure 5. (a) Average torque, (b) torque ripple, and (c) power factor versus iteration number for different cases. 
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Figure 6. Rotor iron volume versus iteration number for different cases. 
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Figure 7. Optimal geometry of flux barrier angles for different cases, (a) case 1, (b) case 2, (c) case 3, (d) case 4 and case 5. 
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Figure 8. Optimal geometry of flux barrier widths for different cases, (a) case 1, (b) case 2, (c) case 3, (d) case 4 and case 5. 
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Figure 9. Optimal geometry of flux barrier lengths for different cases, (a) case 1, (b) case 2, (c) case 3, (d) case 4 and case 5. 
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Figure 10. Optimal geometry of flux barrier positions for different cases, (a) case 1, (b) case 2, (c) case 3, (d) case 4 and case 5. 
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different case studies was studied and compared using finite element magnetic simula-
tions. The optimal geometry for each case is shown in Table 5. Figure 11a shows the output 
power of the three-phase SynRM for different cases at rated conditions (speed = 3000 rpm 
and RMS current = 12.23 A) and at different current angles. It was been found from Table 
5 and Figure 11a that the first case gave the highest output power and the second case 
gave the lowest output power at the rated condition and at the optimal current angle. The 
optimal current angle was the angle that maximized the output power. The optimal cur-
rent angle was 52.11° for both the first, the second, and the third case as shown in Figure 
11a and Table 5, while it was 56.8° for the other cases. The output power in the first case 
was 5.65% higher than the second case. Moreover, the first case had about 3.32% higher 
output power compared to the third case. Note that the current angle in the third case was 
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fixed during the optimization process while the effect of the current angle was considered 
in the first case as discussed in the previous section. 

Table 5. Performance of the optimal geometry for different case studies of the three-phase SynRM 
using finite element model (FEM) simulation. 

 Case 1 Case 2 Case 3 Case 4 Case 5 
Optimal current angle  52.11° 52.11° 52.11° 56.8° 56.8° 
Output power at opti-
mal current angle [W] 5385  5097  5212  5273 5221  

Torque ripple at opti-
mal current angle [%] 7.4 6.5 7.9 5.85 10.58 

Power factor at opti-
mal current angle 0.6297 0.6185 0.6182 0.6628 0.6555 

Saliency ratio at opti-
mal current angle [%] 5.36 4.84 4.8 5.25 5.06 

Figure 11b shows the torque ripple of the three-phase SynRM for different cases at 
the rated conditions and at different current angles. The torque ripple decreased with the 
increase in current angle till it reached its minimum value then it increased again. It was 
found that the torque ripple had the lowest value in the fourth case, about 5.85%, while 
the fifth case gave the maximum value of the torque ripple: about 10.58%. The torque 
ripple for the first case was 7.4%. However, the torque ripple in the third case which used 
a fixed current angle during the optimization process was about 7.9%. The chosen value 
of the current angle for the fixed current angle cases significantly affected the obtained 
torque ripple at the optimal current angle. This was highly obvious in [26], which used a 
current angle equal to 56.5° and the obtained torque ripple with the optimal angle in [26] 
was about 12%.  

To summarize, the much higher output power and lower torque ripple of our work 
compared to [26] justified research of the current angle in the geometrical optimization 
process, as was the goal of this paper. 
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Figure 11. (a) Motor output power and (b) torque ripple at different current angles and at rated conditions for the optimal 
geometry of different cases. 
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the second case gave the lowest saliency ratio. In addition, the saliency ratio of the first 
case was about 11.7% higher than its value in the third case. The distribution of flux den-
sity at the same instant of the optimal geometry is shown in Figure 13 for the various study 
cases. It was been found that the rotor geometry calculated from the first case had less 
saturated area compared to other studied cases. 

  
(a) (b) 

Figure 12. (a) Motor power factor and (b) saliency ratio at different current angles and at rated conditions for the optimal 
geometry of different cases. 

From the previous analysis and discussion, it was evident that considering the cur-
rent angle during the optimization process of SynRMs was beneficial. Besides, it also ob-
served that the range of the current angle played a role in the maximum output torque 
and torque ripple value.  

 
Figure 13. Flux density distribution of the optimal geometry for different cases. 
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implemented in this paper required a control system, as it had no rotor cage. Hence, the 
desired speed of the three-phase SynRM was achieved using an induction motor, as the 
three-phase SynRM worked in the mode of torque control. A three-phase inverter based 
on space vector modulation with a 6.6 kHz switching frequency and 600 V DC bus voltage 
was used to control the three-phase SynRM. A digital signal processing (DSP1103) was 
used to obtain the required switching pulses. Incremental encoder and torque sensor were 
used to measure the rotor speed and the average torque respectively. The input electrical 
power for the three-phase SynRM was computed using a power analyzer. 

To validate the implemented simulation model, various measurements were ob-
tained on the prototype. Figure 15 shows the simulated and measured value of the SynRM 
output torque at half the rated speed and current (speed = 1500 rpm and RMS current= 6.1 
A) at different current angles. There was good agreement between the simulated and av-
erage values. The average torque and power factor measured and simulated values at 
different line currents including overloading to double the rated current, at an optimal 
current angle, and at one-third the rated speed as shown in Figure 16a,b respectively. The 
torque was linearly varied with the current as shown in Figure 16a. Figure 16b shows that 
there was a step-change in the power factor. This was due to the change of optimal current 
angle with line current. 

Figure 17 shows the measured and simulated values for the efficiency and total losses 
of the SynRM at different line currents, at rated speed, and at an optimal current angle. 
There was a slight difference between the simulated and measured values of efficiency 
and losses. This was due to neglecting the effect of mechanical and switching losses and 
the inaccurate iron loss simulation model parameters. Figure 18 shows the efficiency map 
of the complete drive system at different rotor speeds and at optimal current angles in-
cluding the flux weakening region. 
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Figure 14. (a)The complete experimental setup and (b) three-phase SynRM stator and rotor. 

 
Figure 15. Simulated and measured output torque at different current angles at half the rated cur-
rent and half the rated speed. 
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Figure 16. (a) Average output torque and (b) power factor at different line currents, at an optimal 
current angle, and at 𝑁𝑁𝑟𝑟 = 1000 rpm. 

  
(a) (b) 

Figure 17. (a) Efficiency, (b) SynRM total losses at different line currents, optimal current angle, 
and at rated speed. 

 
Figure 18. Efficiency map of the complete drive system at optimal current angles. 
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angle cases has a significant influence on the torque ripple of the optimized rotor geome-
try. Further, it is also noticed that the range of the current angle plays a role in the maxi-
mum output torque and torque ripple value. Moreover, it is found that for a fixed current 
angle case (angle = 45°), the torque ripple of the optimal geometry is greatly decreased by 
34.20% compared to a case of current angle equal to 56.50°, which is the reference case in 
literature [26]. In the end, a test bench for a 5.5 kW three-phase SynRM has been carried 
out to validate the simulated results. 
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