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Abstract 

 
In this study, the design of a Double-Stator Single-Rotor Axial Flux Permanent Magnet Synchronous 

Motor (DS-AFSM) is discussed. The motor design is carried out using an analytical approach, 

followed by a 3D solid model of the motor. The performance of the motor is investigated in detail 

using the Finite Element Method (FEM), and based on the preliminary results, optimization studies 

are carried out to improve the torque ripple value. In the optimization process, parameters such as the 

embrace, the inner diameter, and the outer diameter of the magnet were optimized using the Multi-

Objective Genetic Algorithm (MOGA) method. In this way, a 67.42% decrease in the torque ripple 

value and a 5.15% increase in the average torque values were achieved, and the targeted values were 

obtained. Finally, the load characteristic of the designed motor is extracted with FEM, and the 

performance of the motor under real operating conditions is analyzed. At the rated load value of the 

motor, the efficiency is 92.41%, and the stator current RMS average value is 5.61 A. This study aims 

to contribute to the design and optimization processes of the Axial Flux Motor (AFM). 

. 

 

Keywords: AFM, FEM, MOGA. 

 

Çift Statorlu Eksenel Akılı Sürekli Mıknatıslı Senkron Motor Tasarımı 
 

Sümeyye SARIDAĞ, Mustafa EKER   
 

Özet 
Bu çalışmada, Çift Statorlu Tek Rotorlu Eksenel Akılı Sürekli Mıknatıslı Senkron Motor  tasarımı ele 

alınmıştır. Motor tasarımı analitik bir yaklaşımla gerçekleştirilmiş, ardından motorun 3B katı modeli 

oluşturulmuştur. Motorun performansı, Sonlu Elemanlar Yöntemi kullanılarak detaylı bir şekilde 

incelenmiş ve elde edilen ilk sonuçlar doğrultusunda, tork ripple değerinin iyileştirilmesine yönelik 

optimizasyon çalışmaları yapılmıştır. Optimizasyon sürecinde, MOGA (Çok Amaçlı Genetik 

Algoritma) yöntemi kullanılarak mıknatısın embrace, iç çapı ve dış çapı gibi parametreler optimize 

edilmiştir. Bu sayede, tork ripple değerinde %67.42 düşüş ve ortalama tork değerlerinde %5.15’lik bir 

artış sağlanmış ve hedeflenen değerler elde edilmiştir. Son olarak, tasarlanan motorun yük 

karakteristiği Sonlu Elemanlar Yöntemi ile çıkarılarak, motorun gerçek çalışma koşullarındaki 

performansı analiz edilmiştir. Motor nominal yük değerinde verim %92.41 ve stator akım rms ortalama 

değeri 5.61A olarak elde edilmiştir. Bu çalışma, eksenel akılı motor tasarımı ve optimizasyon 

süreçlerine katkı sağlamayı amaçlamaktadır. 

. 
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1. Introduction 
 

Since the invention of the first electric motor, electric motor technology has undergone a significant 

evolution through many different design stages. Technological advances and increasing energy 

demand require motors to be more efficient, economical, durable, and user-friendly. Today, electric 

motors are optimized in terms of key parameters such as efficiency, power, speed, and size. This 

optimization process is accelerated by the determination of design parameters, analytical calculations, 

the use of modeling techniques, and the integration of computer-aided simulation programs. While 

new motor designs provide improvements to existing motors, increased performance allows for more 

efficient and sustainable options to come to the forefront in production processes [1], [2], [3].  

Tausif et al. compared the torque density, power factor, and efficiency of different rotor and stator 

configurations in Axial Flux Permanent Magnet (AFPM) machines using the Finite Element Method 

(FEM). They concluded that double-sided structures achieve higher torque density than single-sided 

structures. They also investigated the torque-speed ranges of double-stator single-rotor machines with 

internal and surface magnet configurations. Comparison of double-stator single-rotor machines with 

internal and surface magnet configurations emphasized that internal magnets increase the saliency 

and improve the torque-speed range [4]. Mahmoudi et al. optimized motors with different numbers of 

slots to obtain maximum power density using a Genetic Algorithm (GA) based design equation and 

used FEM to perform electromagnetic field analysis on the resulting designs. They have studied in 

detail methods such as redesigning the winding structure and skewing the permanent magnets to 

achieve a more sinusoidal back EMF waveform and lower cogging torque. They tested the best 

configuration in production and obtained successful simulation and test results [5]. Pamuk created a 

mathematical model for the determination of critical values depending on five optimization variables 

for the optimal design of AFPM. The author calculated the losses of the motor designed by combining 

the optimization performed by the author using GA with the FEM [6].  

AFPMs have a history going back nearly two hundred years, with the foundations of these motors 

dating back to the discoveries made by Michael Faraday in 1831. Although Faraday patented the first 

Axial Flux Motors (AFM), the popularity of these motors was significantly contributed to the 

advancement of this motor technology by the discovery of rare earth magnets [7], [8]. Magnet-

containing motors use magnets rather than rotor windings to provide the field flux, in contrast to 

traditional rotor-wound motors. This design improves the motor's efficiency while reducing energy 

losses. In these motors, the absence of brushes and collectors in the rotor eliminates mechanical 

friction and wear problems that are frequently encountered in brush motors, reducing maintenance 

and repair costs[9]. In addition, the absence of copper losses improves the electrical efficiency of the 

motor and reduces overall energy consumption [10]. Furthermore, the absence of magnetizing current 

in the stator of the motor allows the power coefficient to be increased. This significantly improves the 

performance of the motor, because the magnetizing current is a factor that directly affects the 

operating efficiency of the motor [11], [12]. 

In AFMs, spreading the magnetic field parallel to the axis of rotation shortens the magnetic path and 

makes the motor more compact[13]. This design reduces the size of the motor while at the same time 

ensuring high power density and efficient torque production. This compact structure makes it possible 

for the motors to be lighter and have higher torque-to-weight ratios. Thus, AFPM motors offer a more 

efficient and advantageous alternative to conventional motors, especially in applications where high 

performance and low energy dissipation requirements exist [14], [15]. 

Double-Stator Single-Rotor Axial Flux Synchronous Motors (DS-AFPMs) are machines specifically 

developed to meet the requirements of high power density, efficiency, and torque generation. These 
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motors generate more magnetic field with the two-layer structure of the stator, which allows the motor 

to operate with higher performance and efficiency. The double-stator structure helps the motor to run 

more stably under load, while at the same time providing less heating and low energy loss. The axial 

flux structure provides a linear orientation of the magnetic field between the rotor and stator, allowing 

for high torque production. Such motors are mainly used in electric vehicles, renewable energy 

systems, and industrial applications. Advantages include high efficiency, compact design, and low-

cost production, while disadvantages include complexity and high engineering requirements. Double-

stator motors are ideal for industries looking for efficient and powerful solutions that increase power 

density with a smaller space footprint [14], [15], [16]. 

In this study, considering the advantages of a double-stator single-rotor structure, such as high torque, 

vibration, and a balanced structure, a DS-AFPM was designed by using the stator dimensions of a 

mass-produced single-sided AFM. It is aimed to create a motor structure operating with high 

efficiency. NN-type rotor structure was preferred in the design, and electromagnetic results of this 

structure were analyzed. In the results obtained, improvement studies were carried out on the average 

torque and torque oscillation values. The Multi-Objective Genetic Algorithm (MOGA) method was 

used to increase the average torque and reduce the torque oscillation. In this process, the magnet 

embrace, the magnet inner diameter, and the magnet outer diameter dimensions were optimized. After 

the mathematical modeling of the design process, analytical design and 3D solid modeling were 

analyzed with FEM.  

This study consists of 5 main chapters. The first section is the INTRODUCTION, where general 

information and the purpose of the study are given. The second chapter is Material and Method, where 

the structure of the DS-AFSM, analytical calculations, as well as the MOGA optimization method are 

given. Chapter 3 is Design and Result, where the design and optimization processes are described and 

the results obtained are presented. Section 4 is the RESULT section, where the electromagnetic results 

obtained by FEM of the 3D solid model are given. The last chapter is the CONCLUSION chapter, 

where the results of the study are evaluated. 

 

2. Material and Method 

2.1. DS-AFPM 

The DS-AFSM is mainly composed of three main components: double-stator, single-rotor, and 

permanent magnets. In the structural design of this motor, both stators are located around the rotor, 

and each is responsible for magnetic field generation. The stators are equipped with permanent 

magnets that direct the magnetic field, usually in a cylindrical structure. The rotor interacts with the 

magnetic field located in the axial direction and produces rotational motion [14]. The double-stator 

design optimizes the overall efficiency while increasing the torque production of the motor. 

Furthermore, the spreading of the magnetic flux in the axial direction allows the motor to be more 

compact and have high-power density, which offers a significant advantage, especially for electric 

vehicles and industrial applications. Figure 1 shows the visuals of AFM and Radial Flux Motor (RFM) 

structures. AFMs transmit magnetic flux in a direction parallel to the motor axis, while RFMs conduct 

magnetic flux in a direction perpendicular to the motor axis. In AFMs, the magnetic flux generally 

travels shorter paths, resulting in a more efficient and powerful magnetic field. In RFMs, on the other 

hand, the magnetic flux travels longer paths, leading to efficiency losses and a larger motor structure.  
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Figure 1. Axial Flux (a) and Radial Flux (b) motor representations [17] 

AFMs are a type of motor in which the magnetic field is directed parallel to the axis of the motor and are 

generally preferred to provide high torque and efficiency. These motors can be divided into different categories 

according to the number of stators and rotors. Stator and rotor numbers directly affect the structural 

characteristics and operating performance of the motor, creating variations in important parameters such as 

power output, efficiency, and torque generation. Thus, in the design of AFMs, these numbers play a decisive 

role in optimizing the motor for the application area. Figure 2 shows the combinations of AFMs according to 

the stator and rotor numbers. 

 

 

Figure 2. Prevalent AFPM Motor Topologies (a- Single-Stator Single-Rotor, b- Double-Stator Single-Rotor, 

c- Single-Stator Double-Rotor) [18] 

 

Single-Stator Single-Rotor (SSSR) AFPM topology is a type of AFMs consisting of a stator and a 

rotor with a single air gap.  Due to their simple structure, their cost is low. They are preferred for low 

torque requirements. The magnets in the rotor apply high attraction to the stator core. This irregular 

pulling force can cause mechanical distortions in the stator. This unbalanced force can cause vibration 

and noise in the motor. Torque capacities are low compared to double-sided topologies [19].  

 

Double-Stator Single-Rotor (DSSR) motors are also called internal rotor external stator. In this motor 

topology, unlike the SSDR machine, the rotor is clamped between two stators. In this structure, 

permanent magnets require more copper as they are balanced with two stators. Having a single-rotor 

reduces the amount of magnets used. Magnets can be mounted on the surface of the rotor or embedded 

in the rotor. Being embedded in the rotor protects the magnets better against impact and corrosion. 
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Since heat is generated in the stator windings, having the stator structure on the edge structures allows 

the motor to be cooled better. This increases the motor output power [20].  

 

Single-Stator Double-Rotor (SSDR) is a topology consisting of two rotors around the stator. They are 

also called TORUS type. The fact that the rotor is bilateral is effective in increasing the power density 

of the motor. Short stator windings reduce copper and iron losses. The presence of the rotors around 

the stator facilitates the cooling of the motor by showing the fan effect [21].  

 

 

Figure 3. DSSR motor topology a) slotless DSSR b) slotted DSSR c) DSSR motor showing three-dimensional 

flux paths [22] 

 

Stator structures can be slotted and slotless structures, as shown in the Figure 3. In slotless structures, 

the windings are wound around the stator core. Winding the windings around the stator causes the 

end windings to be long [15]. The paths of magnetic flux paths can be NN and NS. In the DSSR NN 

structure, the magnetic flux leaves the stator, moves circumferentially in the rotor, and returns to the 

stator. In the DSSR NS structure, the flux from one of the opposite stators passes through the rotor 

magnets and then to the other stator to complete the flux path. [16].  

 

2.2  Analytical Calculations 

AFPMs can be designed according to the requirements of the area of use, required power, and 

operating conditions. Analytical calculations are made by determining the predictive parameters of 

the motor to be designed based on efficiency and manufacturability. For the sizing equations, the 

geometric dimensions of the motor to be designed are determined by first finding the machine output 

power. 

The general sizing equations for AFPMs can be calculated as follows, neglecting leakage resistance 

and inductance. The output power equation can be found here with the number of phases, phase 

voltages, and phase currents at a given period with an estimated efficiency  [23].  

𝑃𝑜𝑢𝑡 = 𝜂
𝑚

𝑇
∫ 𝑒(𝑡). 𝑖(𝑡)𝑑𝑡

𝑇

0

= 𝑚𝐾𝑃𝜂𝐸𝑝𝑘𝐼𝑝𝑘 1 

The machine efficiency is denoted by 𝜂 in the above output power 𝑃𝑜𝑢𝑡 formula. 𝑒(𝑡) is the phase air-

gap EMF, 𝑖(𝑡) is the phase current, 𝑚 is the number of machine phases, and 𝑇 is the period of a single 
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EMF cycle. Phase air-gap EMF peak value is denoted by 𝐸𝑝𝑘, phase current peak value by 𝐼𝑝𝑘, 

electrical power wave factor by 𝐾𝑃, and current wave factor by 𝐾𝑖,. These are described as follows: 

𝐾𝑃 =
1

𝑇
∫

𝑒(𝑡). 𝑖(𝑡)

𝐸𝑝𝑘. 𝐼𝑝𝑘

𝑇

0

𝑑𝑡 =  
1

𝑇
∫ 𝑓𝑒(𝑡). 𝑓𝑖(𝑡)

𝑇

0

𝑑𝑡             2 

𝐾𝑖 =  
𝐼𝑝𝑘

𝐼𝑟𝑚𝑠
 =  

1

√1
𝑇 ∫ (

𝑖(𝑡)
𝐼𝑝𝑘

)
2

 𝑑𝑡
𝑇

0

 3
 

Where the normalized EMF and current waveform expressions are denoted by 𝑓𝑒(𝑡) =
𝑒(𝑡)

𝐸𝑝𝑘
 and 

𝑓𝑖(𝑡) =
𝑖(𝑡)

𝐼𝑝𝑘
. The phase-current rms value is denoted by 𝐼𝑟𝑚𝑠. The waveform's peak, 𝐸𝑝𝑘, is computed 

as follows: 

𝐸𝑝𝑘  =  𝐾𝑒𝑁𝑝ℎ𝐵𝑔

𝑓

𝑝
(1 − 𝜆2)𝐷0

2   𝜆 =  
𝐷𝑖

𝐷𝑜
4 

𝐾𝑒 is the EMF component that includes the winding distribution factor (𝐾𝑤) and the area of the air 

gap per unit that is covered by the machine's salient poles, if any; 𝑓 is the converter frequency; 𝑝 is 

the machine pole pairs; 𝐵𝑔 is the flux density in the air gap; 𝑁𝑝ℎ is the number of turns per phase; and 

𝜆 diameter ratio is the ratio of the inner surface (𝐷𝑖) to the outer surface (𝐷𝑜). The peak phase current 

is: 

𝐼𝑝𝑘 =  𝐴𝜋𝐾𝑖

1 +  𝜆

2
 

𝐷0

2𝑚1𝑁𝑝ℎ
5 

where 𝐴 is the electrical load and 𝑚1 is the number of phases in each stator. The general output 

formula can be identified in the following equation when the 𝑃𝑜𝑢𝑡 formula from Equation 1 is written 

to the ones from the Equation 4 and Equation 5. 

𝑃𝑜𝑢𝑡  =  
𝑚

𝑚1

𝜋

2
𝐾𝑒𝐾𝑖𝐾𝑝𝜂𝐵𝑔𝐴

𝑓

𝑝
(1 − 𝜆2) (

1+𝜆

2
) 𝐷0

3       6 

 

2.3 Multi-Objective Optimization Genetic Algorithm (MOGA) 
 

Optimization in electrical machine design is an important tool for improving performance, efficiency, 

cost, and other technical requirements. Different optimization methods are used for this purpose. 

Nonlinear Programming (NLP) offers a suitable approach for design problems with nonlinear costs 

and constraints [24]. In addition, GA is a method inspired by biological evolutionary processes and is 

especially preferred for multi-objective optimization problems [25]. Particle Swarm Optimization 

(PSO), a technique based on ensemble intelligence, achieves efficient results in high-dimensional 

problem spaces [26]. Response Surface Methodology (RSM) contributes to the design process based 

on mathematical modeling of design parameters, while machine learning-based methods are 

increasingly used in modern data-driven design processes [27]. These optimization techniques aim to 

improve the magnetic, thermal, and mechanical performance of electrical machines while reducing 

design time and costs. 
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MOGA, the multi-objective optimization version of GA, offers significant advantages in the design 

process. Gas were developed as a population-based optimization technique similar to the biological 

evolution process [28]. Figure 4 shows the flow diagram of MOGA. In this study, magnet optimization 

is carried out by using FEM in the design of electric motors with simulations made through the 

ANSYS program. One of the factors that directly affects the performance of electric motors, such as 

Permanent Magnet Synchronous Motors (PMSM) is the geometrical properties and volumetric 

parameters of the magnet. [29]. In particular, the effect of the magnet on the torque ripple and average 

torque value is critical for the efficiency and operability of the motor [30]. In this context, in this 

study, it is aimed to keep the torque ripple value below 10% and the average torque value above 21 

Nm. The MOGA technique was used to optimize the geometrical parameters of the magnet. This 

optimization method balances multiple objectives, aiming both to minimize the torque ripple and to 

increase the average torque value to the desired level. As a result, the targeted performance criteria 

were achieved by optimizing the parameters of the magnet, such as inner diameter, outer diameter, 

and embrace values.  

 

 
 

Figure 4. Flow chart of motor design [31] 

 

The optimization process of the study was done by considering the interaction of parameters such as 

torque ripple and average torque value in motor design. MOGA was used as a powerful method to 

effectively analyze the effects of design parameters and determine the optimal values of different 

parameters. In this optimization process, 3 parameters were optimized for 2 target values. For MOGA, 

the initial sample size, sample size per iteration and maximum iteration size are defined as 100, 50 

and 20 respectively. This algorithm was able to optimize both objectives at the same time and increase 

the average torque value by reducing the torque ripple below the desired limits. As a result, the 

optimization data obtained allowed the accurate determination of the design parameters required for 

more efficient and reliable operation of electric motors. Table 1 shows the optimization parameters 

and their target values. 
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Table 1. Optimization parameter and target value 

 
Parameter Calculation range Condition Goal 

Average torque 0.06s:0.1s >= 21 Nm 

Torque ripple 0.06s:0.1s <= 0.10 

 

3. Design and Result 

 

3.1 Analytical Design Result 
 

The double-stator single-rotor AFPM motor is particularly notable for its high torque capacity and 

efficiency advantages. This motor construction provides a more balanced magnetic field thanks to the 

stators on both sides of the rotor, thus improving the motor's performance. Furthermore, the axial flux 

structure of the rotor ensures that the magnetic flux is directed parallel to the axis of the motor, 

resulting in efficient torque generation. 

 

In this study, a 4-pole DS-AFPMSM motor with a shaft power of 3.3 kW was designed. In particular, 

the advantages of symmetrical torque distribution and high-power density provided by the double-

stator structure were taken into account in the motor design. The double-stator structure allows the 

motor to produce higher torque, while the heating and mechanical loads are more evenly distributed. 

 

The design of the motor was carried out analytically according to the targeted performance 

parameters. Due to the double-stator construction, the efficiency and torque capacity of the motor are 

significantly increased compared to single-stator models. This design is optimized to meet particularly 

high dynamic performance requirements. The analytical calculations of the motor and the obtained 

performance values are presented in Table 2. 

 
Table 2. Some of the calculated values 

Motor Parameters Value Unit 

   

Stator outer diameter 150 mm 

Stator inner diameter 80 m 

Stator current 5.56 A 

Stator’s winding number per phase 26 turns 

Back EMF 198 V 

Magnet thickness 3 mm 

Air gap 0.75 mm 

Stator’s winding resistance per phase 2.12 Ω 

Output power 3312 W 

Input power 3561 W 

Efficiency 93 % 

Electromagnetic torque 21.09 Nm 

 

 

3.2. Torque Ripple Optimization with MOGA 

 

In this study, the MOGA optimization method is used to minimize the torque ripple value. ANSYS 

provides significant convenience to the users in performing the optimization process with the toolkit 

developed for such applications. In ANSYS software, the optimization process was carried out by 

making the necessary definitions through the relevant interface. The main objective of this study is to 

keep the average torque value above 21 Nm and, at the same time, to reduce the torque ripple value 

to a level below 10%. The optimization process was carried out over three parameters. These 
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parameters are the embrace value of the magnet and the inner and outer diameter values of the magnet, 

each of which is defined within certain limits. The limits defined in the study are presented in Table 

3. 

 
Table 3. Limit values in magnet optimization 

 
Parametre Min Value Max Value 

Magnet embrace 0.7 0.99 

Magnet inner diameter 80 (mm) 95 (mm) 

Magnet outer diameter 125 (mm) 150 (mm) 

 

3.3. Magnetic Design 

 

The magnetic design of the AFPM was performed using ANSYS 2023 R2 software. The advanced 

simulation capabilities offered by ANSYS provide significant advantages, especially in the analysis 

of complex magnetic fields and dynamic behavior. However, the 3D modeling of the double-stator 

AFPM was performed using FEM, which required the implementation of high-resolution mesh 

structures and took a considerable amount of time. Therefore, in order to save time and computational 

resources, a one-sided quarter model approach is used, which accurately reflects the behavior of the 

motor but with a lower resolution. This quadrant model provided the required accuracy in simulating 

the motor and significantly reduced the solution time. The full magnetic model is presented in Figure 

5, and the quarter model is shown in Figure 6. This method provided an efficient balance in the design 

process and allowed the magnetic properties of the motor to be accurately simulated. The enlarged 

motor sections shown in Figure 5, where part 1 is the stator and part 2 shows the stator windings. Parts 

3 and 4 are magnets and rotor parts, respectively. Table 4 shows the material types used in the analysis 

of the motor parts. 

.  

 

 

Figure 5. DS-AFPM Motor Full Model  ( 1 Stator core 2 Windings 3 Magnets 4 Rotor core ) 

 



Journal of New Results in Engineering and Natural Science, No:21 (2024) 30-46 

https://dergipark.org.tr/tr/pub/jrens 
 

39 

 

 

Figure 5 ¼ Model used for FEM 

 

Table 4 Materials used in motor parts 

Motor Part Material 

Stator JFE_Steel_35JN250 

Rotor JFE_Steel_35JN250 

Magnet Arnold_3DSF1000 

Windings copper 

 

 

During the motor analysis performed in the ANSYS program, the quality of the mesh structure created 

is of major importance in order to obtain an accurate solution. In this context, the TAU method was 

preferred as the mesh method. The TAU method is a technique preferred to provide high accuracy, 

especially in problems with complex geometry. The most important advantage of this method is that 

it can precisely capture all physical changes in the solution domain. The mesh structure used in the 

analysis varies with the point densities determined in different regions of the motor. In the stator 

region, 26684 nodes allow accurate modeling of the detailed flow and magnetic fields in the stator 

region, while the stator core, rotor core, and magnets have 4215, 4314, and 13047 nodes, respectively. 

Increasing the mesh density in the airgap region between the rotor and stator allows an accurate 

simulation of the operating efficiency and electromagnetic behavior of the motor. As a result, this 

mesh structure, which contains 77404 nodes in total with the nodes in other areas, allows the physical 

properties of each part of the motor to be modeled with high accuracy and increases the reliability of 

the solution. The resulting mesh structure is given in Figure 6. 
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Figure 6. Mesh structure 

 

4. Results 

The 3D FEM analysis performed for the DS-AFPM motor allows a detailed study of the dynamic 

performance of the motor. This analysis was performed over a period of 100 ms with an accuracy of 

0.0002 ms each. A 4-pole DS-AFPM with 4 poles and 3.3 kW shaft power was designed and operated 

under full load (21 Nm). The FEM analysis performed in accordance with the parameters aims to 

model the electromagnetic behavior, mechanical performance, and electrical efficiency of the motor 

in more detail. 

 

A 3D solid model of the analytically designed DS-AFPM motor was created, and necessary 

definitions were made. Although the results obtained from the model analyzed with FEM are 

generally close to the calculations, the torque ripple value was obtained above the target value. In 

order to reduce this value, the 3D model of the DS-AFPM motor was analyzed again with the 

definitions made in Table 5. The average torque and torque ripple values obtained as a result of 

optimization for different magnet embraces, magnet inner and outer diameters were obtained  

 

According to the results given in Table 5, 3D FEM analysis was performed by entering the motor 

embrace value 0.917235356, the magnet inner value 80.88125000 mm ; and the magnet outer 

diameter value 149.5324970 mm.  

 

The data obtained after the FEM analysis allows to examine the variations of various important 

parameters (three-phase stator current, torque, efficiency, power factor, etc.) that reflect the dynamic 

performance of the motor with respect to time. Each of these parameters exhibits a specific dynamic 

behavior depending on the operating conditions of the motor, and this data is critical for the 

optimization of the motor design. Figure 7 - Figure 9 shows the 3-phase current graphs, torque curve, 

and induced voltage graphs of the motor.  
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Table 5. Magnet optimization values 

 
Embrace Inner Diameter 

(mm) 

Outer Diameter 

(mm) 

Avg Torque  

(mm) 

Torque Ripple 

(%) 

0.700000000 94.25446038 140.0000000 18.35 0.1338 

0.700000000 95.00000000 140.0000000 17.92 0.1548 

0.710833333 80.62500000 140.4166667 20.40 0.1181 

0.723316876 93.15483210 142.8081334 19.62 0.1308 

0.724188271 91.47773544 145.1159546 20.17 0.0930 

0.732500000 88.12500000 143.7500000 19.98 0.1462 

0.743759605 83.79040737 141.8331089 20.56 0.1312 

0.754166667 84.37500000 147.0833333 21.27 0.1151 

0.755377233 89.53913032 142.0856957 19.83 0.2534 

0.775833333 91.87500000 141.5277778 19.03 0.1613 

0.792908842 91.07409955 143.8803423 20.59 0.2113 

0.797500000 82.50000000 144.8611111 21.26 0.1583 

0.810892356 90.58918279 140.3563652 19.34 0.1528 

0.819166667 90.00000000 148.1944444 21.35 0.1462 

0.837636737 94.20003102 143.1906950 19.77 0.0837 

0.840833333 86.25000000 142.6388889 21.10 0.0772 

0.855444500 85.14016258 148.3983013 21.53 0.1550 

0.862500000 93.75000000 145.9722222 20.71 0.0598 

0.867119857 93.71658756 141.0521219 19.33 0.0851 

0.883326025 90.28344823 142.4692946 20.25 0.0694 

0.884166667 81.56250000 149.3055556 21.87 0.1368 

0.905833330 89.06250000 140.7870370 18.59 0.1429 

0.905833333 89.06250000 140.7870370 20.07 0.0257 

0.917235356 80.88125000 149.5324970 21.40 0.0738 

0.921055428 92.33201090 143.5786001 20.23 0.0776 

0.927500000 85.31250000 144.1203704 20.94 0.1377 

0.949166667 92.81250000 147.4537037 20.61 0.1631 

0.951021672 92.84639267 141.7366153 19.69 0.1112 

 
 

 
Figure 7. Stator currents at nominal load 
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Figure 8. Induced voltage at nominal load 

 
Figure 9. Torque at nominal load 

 

The data obtained for the dynamic performance of the DS-AFPM motor clearly shows that the motor 

operates in a balanced and efficient mode. As can be seen from the current graph in Figure 7, the 

three-phase stator currents (Phase A, B, C) exhibit a sinusoidal waveform with respect to time, and 

each phase matches each other with a phase difference of 120°. This indicates that the motor's supply 

source provides excellent phase balance and synchronous operation. The rms values of the currents 

are 5.6185 A (Phase A), 5.5711 A (Phase B), and 5.6462 A (Phase C) respectively. The small 

differences between these values indicate that the system maintains electrical symmetry and there is 

no abnormality in the magnetic circuit of the motor. This symmetry of the current waves proves that 

the motor generates a balanced magnetic field for torque production. 

 

When the induced voltage graph in Figure 8 is examined, it is seen that the voltages generated in each 

phase also show a sinusoidal structure depending on time. As can be seen from this graph, the RMS 

values of the induced voltages are 204.2664 V for Phase A, 204.3846 V for Phase B, and 203.4945 V 

for Phase C, respectively. The differences between these values are very small, which indicates the 

balance in the magnetic circuit of the motor and the accuracy of the rotor-stator interaction. It is clearly 

seen that the three-phase voltages vary regularly with a phase difference of 120° to each other. This 
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phase difference confirms the correct phase matching and synchronous operation of the motor, which 

is characteristic of synchronous motors. Moreover, this sinusoidal structure shows that the EMF of 

the motor is induced in an ideal form and the rotor speed is accurately controlled. 

 

The torque graph in Figure 9, which shows the variation of the torque produced by the motor over 

time, reveals in detail how the motor responds to dynamic load variations. The motor achieved a 

constant torque value of around 21.3985 Nm on average. It shows that the motor has reached a stable 

operating condition under load. Also, the small fluctuations observed in the graph show that the motor 

makes instantaneous corrections to load variations while trying to produce a constant torque. The 

small difference between peak torque and average torque proves that the dynamic response of the 

motor is high and the torque loss is minimal even under sudden load changes. 

 

The overall evaluation of these analyses reveals that the DS-AFPM motor operates in a stable and 

efficient mode, there is no instability in the three-phase currents and voltages, and the motor exhibits 

a stable performance in dynamic torque production. These data show that the motor is suitable for use 

in applications requiring high efficiency and is an ideal choice, especially in systems requiring precise 

control. The results obtained prove that the electromechanical performance of the motor meets the 

expectations, and the design has been done successfully. 

 

 

Figure 10. Magnetic flux distribution 

In Figure 10, the magnetic flux distribution obtained at the nominal operating conditions of the motor 

presents the general characteristics of the magnetic field structure of the motor. In the graphs, the 

maximum value of the magnetic flux density is measured as 2570 mTesla, while the average flux 

value is between 1500-1700 mTesla. These flux density values show that the densities obtained in 

various parts of the motor are generally within the reference ranges specified in the literature. 

Although maximum flux densities are observed at the base of the stator slots and at the end of the slot 

teeth, the flux densities in the motor are at the desired level.  

 

After obtaining the desired results under nominal operating conditions, the load performance of the 

designed motor was analyzed. The load analysis was re-analyzed under the same conditions in the 
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ANSYS program for each load value with 10% load increments from the no-load to 140% load 

condition of the motor. The results obtained are given in Table 6.  

 
Table 6. Operating values of DS-AFPM motor under different load conditions 

 
Load  

(%) 

Current 

(A) 

Torque 

(Nm) 

Input 

Power 

(kW) 

Output 

Power  

(kW) 

Efficiency 

(%) 

10 0.559 2.039 0.336 0.313458 83.11371 

20 1.119 4.204 0.678 0.653113 90.27785 

30 1.678 6.379 1.027 0.994934 92.45203 

40 2.237 8.540 1.381 1.334265 93.26413 

50 2.797 10.700 1.740 1.673455 93.53459 

60 3.356 12.842 2.104 2.010187 93.52673 

70 3.915 14.981 2.473 2.346348 93.36693 

80 4.475 17.107 2.847 2.680733 93.10950 

90 5.034 19.228 3.224 3.014308 92.78886 

100 5.593 21.325 3.605 3.344328 92.41848 

110 6.153 23.401 3.989 3.671178 92.01380 

120 6.712 25.467 4.377 3.996498 91.58851 

130 7.271 27.490 4.767 4.315471 91.13933 

140 7.831 29.495 5.159 4.631619 90.67681 

 

As can be seen in Table 6, in the load tests, the motor was loaded up to 40% more than the nominal 

load in 10 percent increments. In the results obtained, when the motor is operated at values close to 

the nominal load, it operates with an efficiency higher than 92%, while it operates with an efficiency 

of 92.41% at the nominal load. The power factor values in the motor operating conditions are 

generally close to 1. 
 

5. Conclusion 

In this paper, DS-AFPM motor design and optimization process is discussed. In the study, torque 

ripple minimization and average torque optimization were performed using the MOGA method in 

order to improve the efficiency and performance of the motor. During the design process, the 

electromagnetic and mechanical performance of the motor was evaluated using analytical calculations 

and FEM with ANSYS software. It was observed that the motor operates at a shaft power of 3.3 kW, 

with a torque ripple below 10% and an average torque value above 21 Nm. The results show that the 

motor provides high efficiency and stable operation. 

 

This study designed the DS-AFPM motor, which offers significant advantages in electric motor design 

due to its high efficiency and torque capacity. As a result of the optimization with MOGA, the torque 

ripple value of the motor was reduced by 67.42%, and the average torque value was increased by 

5.15% to 21.40. In the analysis results of this model, the average RMS value of DS-AFPM stator 

currents was obtained as 5.60 A, and the efficiency was 92.41%. FEM analysis shows that the dynamic 

performance of the motor meets the expectations, and electromechanical balance is achieved. As a 

result, the designed DS-AFPM motor is considered an ideal option for areas with high efficiency and 

low energy loss requirements, such as electric vehicles and industrial applications. 
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