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Abstract: The present study aims to design, analyze, and simulate the synchronous 
reluctance motor (SynRM) based on the IEC90L frame and IE4 efficiency class. 
Initially, the permissible losses are calculated for the SynRM considering the given 
efficiency class. The SynRM is then designed using the calculated losses to generate the 
highest possible output power. In order to achieve optimal performance in terms of 
output power and power factor (PF), a parametric per-unit system is utilized for SynRM 
analysis, and the dimensions of various parts of the motor are determined based on 
design inputs (copper losses and magnetic loading). Subsequently, given this parametric 
model and the changing range of per-unit parameters, the characteristics of the available 
motors are thoroughly monitored with respect to output parameters, and the motor model 
is selected. To validate the analytical model, the finite element analysis (FEA) is 
conducted for the selected model, and the simulation results are compared with those of 
the analysis method and design inputs. Ultimately, to enhance overall motor 
performance, an optimization process was conducted, followed by a comprehensive 
evaluation of the optimized model to assess efficiency and torque improvements. 
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1  Introduction 

HE increasing energy cost and a boost in 
environmental pollution have driven technology to 

detect ways of manufacturing products with lower 
energy consumption. Electric motors have gained 
tremendous attention due to consuming more than half 
of the electrical energy generated in the world and being 
utilized in various industries 0. Therefore, using motors 
with higher efficiency is of paramount importance to 
reduce energy consumption and the emission of 
polluting gases such as CO2. 

One of the effective measures taken to lessen energy 
consumption is the establishment of new standards and 
regulations on motor efficiency, which forces 
manufacturers and designers to augment the efficiency 
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of their products0. For instance, the definition of the 
Ultra-premium/IE5 efficiency class has been modified in 
the second edition of the IEC 60034-30 standard, the 
mandatory IE3 efficiency class in North America and 
some countries since 2015, and the IE4 efficiency class 
for motors with a power range of 75 to 200 kW has also 
been mandatory since July 2023 in the European Union. 

Synchronous reluctance motors (SynRMs) are one of 
the most promising options for meeting efficiency 
requirements owing to their high efficiency, low cost, 
and the absence of permanent magnets (PMs) on their 
rotors [3]-[7]. Compared to conventional induction 
motors (IMs), the SynRMs possess higher levels of 
efficiency class due to operating at synchronous speed 
and eliminating rotor induction losses 0. In general, 25% 
of losses in IMs are rotor ohmic losses [9]. Elimination 
of ohmic losses in SynRMs, they would have cooler 
rotors in comparison with IMs. Other advantages of 
these motors over conventional IMs include their 
robustness, lower manufacturing costs, and the absence 
of conductors on the rotor, which facilitates their easier 
maintenance. Despite the aforementioned advantage 
points, these motors, as compared to IMs, suffer from a 
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number of disadvantages, including lack of line-start 
capability, torque ripple, lower power factor (PF), and 
more complicated controllability, all of which have led 
to the slowdown in the industrial use of SynRMs[10]. In 
recent years, numerous efforts have been made to 
overcome the inherent challenges of these motors. In 
order to improve the performance of SynRMs, PMs, as 
PM assistance elevating the PF and torque, are 
incorporated into their structure [11]-[13]. The insertion 
of PMs in the rotor empowers SynRMs to operate at PF 
similar to those of other PM motors [14]. Another 
challenge is their design complexity compared to the 
other motors. Due to the specific geometry and 
numerous parameters of the rotor and the high sensitivity 
of torque and torque ripple to these parameters, it is 
difficult to devise a standard design method for these 
motors. However, in recent years artificial intelligence 
methods have been employed for the design and 
optimization of these motors, better performance in 
terms of torque and ripple [15]-[18].Despite the above-
mentioned issues, the policy of reducing energy 
consumption and the necessity of utilizing electric 
motors with higher efficiency classes have led to a boost 
in the production and supply of this type of motor in the 
electric motor market over the past few years. 
Accordingly, major manufacturers have introduced these 
motors with a wide range (0.55-350 kW)  of power to 
the market [19]-[20]. 

In this study, a SynRM is designed based on the IEC 
frame used for constructing IMs in the same power 
(output power) class. To this end, the initial design 
inputs are determined considering the IEC standard 
efficiency classes. The final model is then selected using 
parametric modeling in such a way that this model has 
the highest power output for a fixed amount of loss. 
Eventually, the finite element analysis is carried out 
based on the initial design parameters and the selected 
model. 

2 Design Equations 

The motor losses are calculated considering the IE4 
efficiency class. Based on this efficiency class, the 
minimum efficiency of a 1.1 kW motor is 87% [21]. 
Therefore, the minimum loss regardless of mechanical 
and rotational losses for this power class is 150 watts 0. 
The dimensions of the active areas of R and L are 
determined by the IEC90L standard frame. Other initial 
design parameters are listed in Table (1). The thermal 
loading of the motor is dependent on the amount of 
copper losses, and the type of cooling is influenced by 
the stator peripheral surface, as expressed in (1) [22]. 

23 .
2 2 2
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= =     (1) 

where Rs denotes the stator resistance and irated signifies 

Table 1. Parameters of design inputs. 

Parameter Value Units 
Output power 1.1 kW 

Speed (ωm) 1500 rpm 

Peak of iron flux density (BFe) 1.4 T 

Efficiency ≥ 87% - 

Pole pairs (p) 2 - 

Number of slots per pole per 
phase (q) 

3 - 

Airgap length (g) 0.3 mm 

Stack length (IEC-90L) 75 mm 

Stator outer radius (IEC-90L) 67 mm 

Sha� diameter 24 mm 

Slot filling factor (kfill) 0.4 - 

Input voltage  400 volt 

Number of rotor flux barriers 
(nbarrier) 

3 - 

Copper temperature 80 °C 
the thermal rated current. In this equation, R and L are 
the stator outer radius and the stator length, respectively. 
The values of kcool are 1.5 - 3 kW/m3 for natural 
ventilation, 5 - 12 kW/m3 for fan ventilation, and 12 - 20 
kW/m3 for the water-cooling system [22]. After selecting 
the values of initial copper losses and kcool and the 
computation of the stator resistance with respect to the 
dimensional parameters of the motor, the thermal rated 
current is determined by using (2). 
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where Ns signifies the number of winding turns per 
phase, kfill is the slot filling factor, ρ represents the 
specific copper resistivity, and Aslots is the total area 
allocated to the stator slots. The end-winding length is 
denoted by Lend, which is calculated through (3) for the 
distributed winding. 
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In this equation, p signifies the number of pole pairs, 
and lt is the stator tooth length. In order to evaluate the 
motor outputs in terms of design inputs and the motor 
geometric parameters (Fig. 1), two per-unit parameters 
are defined according to (4) and (5) [23]. 
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Fig 1. Motor geometric parameters. 
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In which r symbolizes the rotor radius and R is the stator 
outer radius. The peak flux density in the airgap and the 
stator iron (tooth or yoke) are denoted by Bg and BFE, 
respectively. 

2.1 Design of d-Axis 
Axis d in SynRMs possesses the highest permeance. 

The iron core in the stator and rotor is thus designed 
based on the d-axis equations. Assuming that the 
sinusoidal flux density (the fundamental component) in 
the airgap has a peak value of Bg and there is no 
magnetic saturation, the d-axis flux under the one pole in 
the airgap is expressed as: 

2 g
d

rLB
p

ϕ =      (6) 

By inserting (4) and (5) into (6), equation (7) is 
obtained. 

xb
p

rLBFe
d

2
=φ      (7) 

The thickness of the yoke (ly) is also calculated using 
(8), and the tooth width is achieved with respect to flux 
density in the airgap through (9). 

bx
p
Rly 2

π
=      (8) 

2
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In (9), q is the number of slots per pole per phase. 
Given the ideal magnetic material, the d-axis current 
required for creating flux density in the airgap is compu- 

 
Fig 2. Magnetizing inductance of d-axis in 

permissible ranges of x and b geometric 
parameters. 

-ted through (10). 

.
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where Kc and Kw signify Carter’s coefficient and the 
winding factor, respectively [24]. This current 
establishes flux linkage with respect to iron flux density, 
which can be calculated from (11). 

xbB
p
NkRL FE

sw
md .2=λ      (11) 

The value of λmd depends on both per-unit parameters x 
and b. The magnetizing inductance of this axis, Lmd, is 
also achieved from the ratio of the flux linkage to the d-
axis current. Variations in Lmd values for the permissible 
ranges of x and b parameters are depicted in Fig. 2. The 
Lmd value is raised with an increase in the values of b and 
x. 

2.2 Design of q-Axis 
The parameters of the q-axis are primarily specified 

based on rotor geometry and the design of flux barriers 
on this axis. The magnetizing inductance of this axis, 
Lmq, comprises two main components: the circulating 
term (Lcq) and the flow-through term (Lfq)[25]. In the 
first component (Lcq), the flux lines cross the air gap but 
are circulating in the tips of the rotor flux guides. 
However, in the second component (Lfq), the flux lines 
cross all the flux barriers along the q-axis. The per-unit 
value of the circulating term based on Lmd is computed 
through (12). 
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In this equation, nbarrier is the number of flux barriers,  
fk is the stator Magneto-Motor Force (MMF) of the kth 
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Fig 3. Parameters of rotor geometry. 

flux barrier, and αk is kth flux barrier position along the 
airgap. Fig. 3 illustrates different parameters of rotor 
geometry required for calculating these two flux terms. 
The value of Lcq is dependent on the number of flux 
barriers. With an increase in the number of flux barriers, 
the value of the inductance is reduced. When the number 
of flux barriers is more than three in each rotor pole, this 
value is less than 3% [26]. Equation (12) indicates that 
the thickness of flux barriers (hk) has no significant 
impact on this value. The angle of flux barriers is 
determined in such a way as to minimize torque ripples 
[27]. The selected values of parameters α1, α2, and α3 are 
17, 11.5, and 11.5 degrees, respectively. 

The other component is the flow-through term (Lfq), 
which is a major part of the q-axis inductance. The per-
unit value of this component is calculated using (13). 
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where Sk is the length of the flux barriers along the d-
axis, and hc signifies the thickness of the flux barriers 
along the q-axis. The thickness of the flux barriers exerts 
a substantial influence on this inductance component. An 
increase in the thickness of the flux barriers raises the 
value of Lfq. Excessive escalations in the thickness of the 
flux barriers reduce the overall thickness of the rotor 
iron, leading to saturation and an increase in 
magnetizing current. In order to prevent saturation, the 
overall thickness of rotor flux guides should be at least 
equal to the thickness of the stator yoke. In this way, the 
overall thickness of the rotor flux barriers is limited. As 
a result, considering Fig. 1, equation (14) can be 
expressed as follows: 

yshafttotal lrrh −−=      (14) 

The thickness of each flux barrier is also estimated 
using (15). 

 
Fig 4. Per-unit values of Lfq based on Lmd. 

3321
totalhhhh ===

     (15) 

Fig. 4 indicates variations of Lfq for the given values of 
rotor geometry. 

2.3 Effect of Ribs 
Ribs are mechanical connections that are magnetically 

short-circuited and provide a very low reluctance flux 
path. The low thickness of ribs in the rotor as well as 
their saturation restrict the flux linkage path. 
Nevertheless, in order to make a more accurate 
calculation of Lmq and decline output torque induced by 
the magnetic effects of these mechanical connections 
should be considered in the modeling. The flux passing 
through these connections is computed using the (16). 

LSB ribsribsrib 2=φ      (16) 

Bribs is flux density in ribs which corresponds to rotor 
saturated iron. This value for the iron used in this 
modeling (M310-50A) equals 1.8 Tesla. The flux 
linkage value of the ribs is calculated through (17). 

( )
4

rib w s rib total ribk N W L Bλ
π

=    (17) 

where Wrib(total) signifies the thickness of all ribs in the 
flux barriers. The thicknesses of ribs at the end of the 
flux barriers and of ribs inside the flux barriers were 
considered to 0.4 mm and 0.5 mm, respectively. 
Although these connections are not proportional to q-
axis current Iq, their impact on the torque and PF can be 
assessed by inserting one of the components of the q-
axis inductance, called Lrq, in the model. Fig. 5 depicts 
variations of this parameter (Lrq) for different values of x 
and b values. 

2.4 Leakage Inductance 
Leakage inductance affects the PF. Therefore, it is 

essential to consider this parameter in the design of the 
SynRM to achieve a precise estimation of its PF. 
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Fig 5. Per-unit values of Lrq based on Lmd. 

The leakage inductance can be measured through (18) 
[28]. 

s
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where Ps denotes the permeance of the stator slot, this 
value, determined by the geometry of the stator slot, is 
acquired by (19) [10].  
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In this equation, β is equal to c1/c2. The geometric 
parameters of the stator slots required for the 
computation of the permeance are presented in Fig. 6. In 
Fig. 7, the per-unit values of leakage inductance are 
provided based on the d-axis magnetizing inductance. 
The leakage inductance is augmented by a rise in 
magnetic loading. 

3 Output Equations 

The output power of the SynRM is obtained using the 
following: 

)(
2
3

dsqsqsdsmmeout iipTP λλωω −==    (20) 

where ωm is the motor speed. The flux linkages along 
the d-axis and q-axis are symbolized as λd and λq, 
respectively. These values are estimated from (21). 

ds ls ds md ds ds ds

qs ls qs mq qs qs qs

L i L i L i
L i L i L i

λ
λ

= + =
= + =

    (21) 

 

 
Fig 6. Geometric parameters of stator slots. 

 
Fig 7. Per-unit values of leakage inductance based 

on Lmd. 

In equation (21), Lls, Lmd, and Lmq signify the leakage 
inductance, d-axis magnetizing inductance, and q-axis 
magnetizing inductance, respectively. By inserting (21) 
into (20), the output power of the SynRM is achieved as 
follows: 
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As equation (22) indicates, the output power is directly 
associated with λmd and iq. In this equation, kdq is the 
magnetic anisotropy factor of the rotor, which is defined 
as: 

)1(
mq

md
dq L

Lk −=      (23) 

This factor (kdq) is highly dependent on the parameters 
of rotor geometry and the rotor flux barriers. The closer 
the rotor magnetic design is to the ideal rotor, the closer 
the kdq value is to one. Given (11), when the parameters 
of x and b are boosted, the value of λmd is raised, 
resulting in the in these two parameters brings about a 
reduction in the total area of slots in the motor. 
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Fig 8. Parametric design plane obtained with the 

analytical model: output power is functions of x 
and b. 

Based on (2), the nominal and q-axis currents are 
consequently declined ( 22

dratedq iii −≤ ). Therefore, to 
maximize output power, it is required to keep a tradeoff 
between λmd (magnetic loading) and currents (electrical 
loading). Considering this issue, the output power of the 
motor for all the permissible values of x and b is 
depicted in Fig. 8. The lines drawn on the bx plane are 
the constant output power contours. 

The PF of the motor is also regarded as a crucial 
performance parameter in SynRMs. Irrespective of the 
stator resistance, the PF can be written as: 

)sin(cos δγϕ −=      (24) 

where ẟ and γ denote the angles of the flux linkage and 
the current with respect to the d-axis, respectively. The 
maximum possible value of the PF in this motor can be 
measured by equation (25) [29]. 

max

2 2

d q

d q

md mq dq

md mq
dq

md

L L
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L L
L L k

LL L L k
L

σσ

−
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+

−
=

+ − − −

   (25) 

The first influential element in the PF is the kdq 
coefficient, which reflects the magnetic characteristics of 
the rotor. With small values of kdq, the PF is low even if 
the leakage inductance is zero. Another effective 
parameter is the leakage inductance, which, based on 
(18) and (19), is concerning the dimensions and shape of 
the stator slots. Fig. 9 illustrates variations in the PF of 
the SynRM for the feasible values of parameters x and b. 
The lines drawn on the bx plane show the constant PF 
contours. The stator slot opening value in the 
calculations and graphs is 25% of the slot pitch. 

 

 
Fig 9. Parametric design plane obtained with the 

analytical model: power factor is functions of x 
and b. 

3.1 Selection of Motor 
The constant contours of the output power and PF 

drawn on the bx plane (Fig.s 8 and 9) indicate that by 
changing the values of parameters b and x, it is not 
feasible to simultaneously achieve maximum values for 
both output power and PF in the SynRM. To select the 
final motor model for finite element analysis, it is 
required to make a tradeoff between the output power 
and PF. The red star point marked in Fig.s 8 and 9, in 
which parameters x and b equal 0.55 and 0.52, 
respectively, were selected as the candidate model finite 
element analysis validation. Based on these chosen 
values, the output torque and PF are equal to 6.8 N.m 
and 0.77, respectively. Other parameters and 
specifications of the motor based on these two selected 
parameters (b and x) are presented in Table 2. 

4 Evaluation of Selected Motor by Finite Element 

The motor simulation was performed with the finite 
element software at the rated current of the motor using 
the parameters provided in Table 2. Fig. 10 exhibits the 
magnetic flux density in various parts of the rotor and 
stator. The flux density amplitude in different parts of 
the motor strongly confirms the selected values for the 
final design model. Fig. 11 illustrates the distribution of 
flux density and its fundamental harmonic in the airgap. 
The graphs presented in this figure exhibit a strong 
correlation with the selected values for selected motor. 
Fig.12 illustrates the motor's torque output under 
Maximum Torque per Ampere (MTPA) strategy, as 
determined at both the rated current and 1.5 times the 
rated current. The finite element analysis (FEA) results 
indicate that the obtained torque values are lower than 
those predicted by the analytical model. This 
discrepancy may stem from not considering saturation in 
modeling process and the non-optimal selection of the   
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Table 2. Parameters of selected motor 

Parameter Value Units 
Number of turns in series per 

phase (Ns) 450 - 

 Peak of rated current (irated) 3.5 Amp 

Current density  4.4 Amp/mm2 

Stator resistance (Rs) 6.3 ῼ 

Yoke thickness (ly) 10.5 mm 

Tooth width (Wt) 3.2 mm 

Tooth length (lt) 18 mm 

Area of one slot 103 mm2 

Overall thickness of flux 
barriers (htotal) 

12 mm 

q-Axis inductance (Lq) 93 mH 

d-Axis inductance (Ld) 920 mH 

Leakage inductance (Lơ) 18 mH 

 

 
Fig 10. Magnetic flux density in selected motor . 

overall thickness of flux barriers. Furthermore, under 
rated operating conditions, the torque ripple exceeds 
30%. Although the simulation results for selected motor 
are consistent with the computational model, torque 
profiles in this figure suggest that further optimization-
particularly of the torque ripple-is necessary to enhance 
overall performance. 

 Considering the constant copper in motor design 
computations, to assess the selected motor in the 
intended efficiency class, the core losses were calculated 
in the rated conditions with the finite element software 
based on the loss characteristics of iron used. Fig. 13 
indicates the core losses and their types in different parts  

 
Fig 11. Airgap flux density distribution under one 

pole (Bg) for selected motor. 

 
Fig 12. Torque-position waveforms calculated with 

the respective MTPA current phase angles. 

 
Fig 13. Core losses of selected motor at rated 

conditions based on specifications of iron used in 
the design (M310-50A). 

of the selected motor. The total loss is computed to be 
15.6 watts. The sum of this value and the copper losses 
considered during the initial modeling phase is lower 
than the total allowable losses prescribed for this 
efficiency class. 

5 Performance Optimization 

Multi-objective differential evolution (MODE) 
optimization algorithm, integrated with magnetostatic 
finite element, is employed to enhance performance 
SynRM. MODE algorithm exhibits exceptional 
performance in the optimization of electrical machines,  

Density Plot: |B|, Tesla
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Table 3. Limits of the search space for optimization 

Parameter max min Units 

α1 13 21 Deg 

α2 7.5 15 Deg 

α3 7.5 15 Deg 

h1  3 5 mm 

h2 3 5 mm 

h3 3 5 mm 

γ 30 80 Deg 
 

 
Fig 14. Pareto front for average torque and torque 

ripple for 2400 calls. 

particularly in achieving rapid convergence and ensuring 
high repeatability of results[30]. The two optimization 
objectives are the maximization of the torque and 
minimizing the torque ripple. During the optimization 
process, motor performance is assessed at a constant 
current equal to the thermal rated current, as defined in 
equation (2). This approach reflects practical design 
limitations and ensures thermal feasibility. By 
maximizing the torque at this current level, the algorithm 
effectively enhances the output power-to-copper loss 
ratio, which is directly linked to the motor’s overall 
efficiency. 

To ensure the manufacturability of the rotors in the 
optimization process, a minimum radial steel thickness 
of 1.5 mm is considered between adjacent barriers, 
thereby limiting the maximum space available for the 
barriers. Throughout the optimization process, the 
thicknesses of both the central and tangential ribs were 
considered as fixed parameters. For each motor, a single 
current vector, expressed in dq coordinates, was 
simulated. The resulting output torque was then evaluat- 

 
Fig 15. Torque-position waveforms calculated with 

the respective MTPA current phase angles. 

 

Fig 16. Torque ripple surface over the id, iq plane, 
according to FEA. 

-ed at five distinct rotor positions distributed across one 
stator slot pitch [31]. 

Last but not least, γ, the phase angle current in the dq 
frame, is a key factor in achieving MTPA condition, 
denoted as γMTPA. Since γMTPA is highly dependent on 
motor geometry, it cannot be determined analytically for 
each new candidate and typically requires multiple finite 
element simulations to identify accurately. To reduce 
computational time, γ is treated as an additional design 
variable in the optimization process. Each motor 
candidate is evaluated at a single γ value, randomly 
selected by the optimization algorithm. As the algorithm 
seeks to maximize average torque, it naturally converges 
towards configurations where the chosen γ closely 
approximates γMTPA, thus achieving MTPA implicitly 
without requiring multiple simulations[18]. 

The set of search bounds used in the paper is reported 
in Table 3. The results Pareto front after 2400 motors 
(60 individuals are iterated over 40 generations) reported 
in Figs. 14. To achieve Pareto fronts with a great density 
of solutions, a penalty function was incorporated despite  
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Fig 17. Torque Vs current angle (γ) diagram at 

different currents. 

the limited population size. Specifically, candidate 
motors exhibiting a torque ripple exceeding 15% or an 
average torque below 5 Nm were penalized, as these 
values significantly deviated from the performance 
specifications. Consequently, the final Pareto front is 
concentrated within the region of interest in the torque–
torque ripple design space. The results of the 
optimization demonstrate a 15% enhancement in torque, 
accompanied by a reduction in torque ripple to below 
10%. This is confirmed by Fig15, which illustrates the 
torque waveforms at various current levels. 

A comparative assessment of Fig.15 indicates that the 
observed reduction in torque ripple is notably significant 
across both simulated current levels. Additionally, to 
more comprehensive evaluation of the motor's torque 
ripple across various operating points, Fig.16 presents a 
3D surface plot depicting torque ripple as a function of id 
and iq components, extending up to 1.5 times the rated 
current. This profile provides influence of current vector 
variations on torque ripple magnitude, thereby aiding in 
the refinement of motor control strategies. 

5.1 Optimal Model Evaluation 
MTPA is a fundamental performance metric in electric 

motor design, representing the operating condition in 
which maximum torque is produced for a given current, 
thereby optimizing efficiency. Fig. 17 presents the 
torque versus current angle (γ) graphs for currents at 
levels ranging from 0.25 to 1.5 times the rated value. 
The black curve is corresponding to the MTPA strategy 
in the motor. The graphs drawn in this Fig.17 clearly 
demonstrates that the optimal current phase angle for 
achieving maximum torque is not fixed and it varies as a 
function of the current amplitude. The range of variation 
for this angle, across the current levels considered in the 
simulation, is approximately 15 degrees. This variation  

 
Fig 18.  Power factor Vs current angle (γ) diagram 

at different currents. 

indicates that, under different loading conditions, the 
alignment of the current vector respect to the d-axis must 
be dynamically adjusted to sustain optimal torque 
production. Fig.18 presents the PF of the optimized 
motor as a function of different current levels. The 
depicted curves reveal that the maximum PF is achieved 
at a current phase angle of approximately 70°. In 
contrast, the condition for maximum torque occurs at a 
current phase angle that is lower than 70°. This 
observation clearly indicates that the optimal condition 
for torque production does not coincide with the optimal 
PF. Consequently, this divergence highlights an inherent 
trade-off in the design and operation of the motor, where 
MTPA and optimal PF require distinct current phase 
angle settings. 

The torque-efficiency map provides a critical tool for 
evaluating performance of motors. Its detailed depiction 
of efficiency as a function of both speed and torque not 
only clarifies the operational characteristics of the motor 
but also provides a strong framework for subsequent 
design refinements aimed at enhancing overall energy 
conversion efficiency. Fig. 19 illustrates efficiency map 
of optimized motor, highlighting the relationship 
between torque and rotor speed within the specified 
operational boundary. The graph indicates a progressive 
improvement in efficiency as the speed approaches 
1500 rpm from lower values, suggesting that losses such 
as copper, and iron losses are minimized at or near the 
rated speed. At the rated speed of 1500 rpm, the 
optimized motor operates near its optimal performance 
point. Efficiency and torque values in this region reveal 
that the motor attains high efficiency levels, with the 
contour lines or data points clustered around maximum 
efficiency near rated torque outputs. This operating 
condition arises from a deliberate design strategy in 
which the electromagnetic parameters are chosen to  
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Fig 19. Efficiency map of optimized motor under 

MTPA conditions. 

ensure that the motor operates within its optimal 
performance envelope within the operating range of 
1500 rpm. Fig. 20 provides a detailed comparison of 
core and copper losses between the optimized motor and 
a similar motor in the IE4 efficiency class. A 
comparative analysis of these two graphs indicates that 
the proposed motor exhibits an overall reduction of 9% 
in total losses relative to same power motor within the 
IE4 efficiency class. These improvements not only 
enhance efficiency under nominal operating conditions 
but also contribute to improved reliability and extended 
motor lifespan. Moreover, this effective loss 
minimization reduces energy consumption and 
environmental impact, aligning with contemporary 
sustainability objectives in industrial applications. 
Overall, the loss distribution diagram substantiates the 
efficacy of the design optimizations applied, thereby 
confirming the motor’s superior performance relative to 
IE4 class. 

6 Conclusion 

In the present study, a 1.1 kW and 1500 rpm SynRM 
was designed, and simulated. In the design method, an 
analytical model was utilized to determine the highest 
output power based on a constant loss. Through this 
analytical method, the output characteristics of the 
existing motors were extracted, and the model was 
selected based on the output performance parameters of 
the motor. The finite element simulation was conducted 
for the selected model. The results of the finite element 
simulation verify the accuracy and precision of the 
design method in terms of magnetic loading in various 
parts of the motor. In order to evaluate the design 
process with regard to the considered efficiency class, 
the core losses of the motor were computed at nominal 
conditions for selected motor. 

 
Fig 20. Comparison of losses in designed motor 

with losses in motors of IE4 efficiency class 
(irrespective of mechanical losses). 

Ultimately, A multi-objective optimization was 
performed on the selected motor. Evaluations of torque 
and efficiency across various operating points confirmed 
that the optimization effectively tuned on the selected 
motor to perform optimally around its rated speed and 
torque. The results of the simulation in terms of motor 
outputs and losses substantiated the accuracy and 
precision of the motor design process. 
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