
 

 

Comprehensive Analysis of Key Parameters Influencing Permanent Magnet Synchronous Motor 
Performance 

  V.Nakhaei1, F.Zare*2 

1 
Department of Electrical and Computer Engineering, Isfahan University of Technology, Isfahan, Iran, postal code: 8415683111, 

mobile: 0989136085295, tell: 031 33912210, email address: v.nakhaee@ec.iut.ac.ir 

2 
Department of Electrical and Computer Engineering, Isfahan University of Technology, Isfahan, Iran, postal code: 8415683111, 

mobile: 0989103003865, tell: 031 33915025, email address: fzare@iut.ac.ir, (ORCID: 0000-0002-6215-3673) 

 

 

Abstract: 

Permanent Magnet Synchronous Motors (PMSMs) are extensively employed in 

various applications, including electric vehicles, industrial machinery, and precision 

motion control systems, owing to their high efficiency, power density, and excellent 

controllability. The performance of these motors is strongly influenced by several 

design parameters, notably the slots-per-pole-per-phase ratio, stator winding 

configuration, permanent magnet arrangement, and slot opening width. This study 

investigates the impact of each of these parameters on key motor performance 

metrics, such as output torque and torque ripple. In this study, the effects of each 

parameter on output torque and torque ripple are examined individually and in 

combination .Simulation results demonstrate that appropriate optimization of these 

factors can significantly enhance the motor's electromagnetic performance. Based 

on these findings, an improved motor structure is proposed, and its performance is 

compared to that of the initial design. 

Keywords: PMSM, number of slots per pole per phase, winding configuration, 

permanent magnet, slot opening, torque, torque ripple. 

 

1. Introduction  

With the rapid growth of industry, the demand for electric motors—one of the most 

critical components in industrial processes—is steadily increasing [1]. Various 

sectors, including automotive, aerospace, robotics, and energy production, rely 

heavily on electric motors for their operations. While electric motors come in a 

variety of types depending on the application, Permanent Magnet Synchronous 
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Motors (PMSMs) are among the most suitable choices when high speed and power 

are required [2]-[5]. 

These motors utilize permanent magnets in the rotor, eliminating the need for 

external excitation. Consequently, they offer higher power density, lower losses, and 

improved efficiency compared to conventional induction motors [6]-[9]. 

There are various types of permanent magnet motors, each designed and optimized 

to meet specific application requirements [8]. Among them, the Surface-Mounted 

Permanent Magnet Synchronous Motor (SPMSM), in which magnets are directly 

mounted on the rotor surface, is widely used in applications where low cost and 

simple design are priorities, due to its straightforward structure and reduced 

manufacturing expenses [10]. In contrast, the Interior Permanent Magnet 

Synchronous Motor (IPMSM), where magnets are placed inside the rotor, provides 

better performance at both low and high speeds and has higher starting torque. 

Furthermore, lower torque ripple in IPMSM usually leads to a smooth torque output 

[12]-[14].  

Optimizing and enhancing PMSM performance, as one of the key industrial motors, 

has a direct impact on industrial growth by improving motor efficiency, extending 

its lifespan, and reducing both weight and volume [15]-[16]. While all components 

of a motor contribute to its overall performance, their impact varies in significance. 

Optimizing and refining each of these components can collectively improve the 

motor’s performance. Moreover, these parameters significantly affect performance 

both individually and through their interactions. Analyzing their interactions can 

lead to more accurate and optimized results [17]-[19]. 

Motor winding is a critical design element that significantly influences a motor’s 

performance, efficiency, and operational lifespan [19]. It directly affects current 

distribution, torque generation, torque ripple, speed control, and energy loss. 

Moreover, selecting an appropriate winding configuration can help prevent issues 

such as excessive vibration, noise, and premature failures, thereby ensuring optimal 

motor performance [120]- [21]. One of the key challenges in motor design is the 

optimal selection of q (the number of slots per pole per phase). An appropriate choice 

of q can enhance magnetic field distribution, reduce cogging torque, improve the 

quality of the electromotive force (EMF), and mitigate harmonic distortion [22]. 

These improvements contribute to increased efficiency, reduced energy losses, and 

an extended motor lifespan [23]. 



 

 

 Studying the magnet, as one of the most critical components of a motor, can provide 

valuable insights into performance optimization [24]. Moreover, the material used 

for the magnet has a direct impact on the motor’s overall performance. The selection 

of magnetic material influences not only the motor's power density and efficiency 

but also affects key characteristics such as torque, performance stability under 

varying load and speed conditions, and overall operational efficiency [25]-[28]. 

In this paper, the impact of various factors such the number of slots per pole per 

phase, magnet arrangement, and the type of winding on the performance of SPMSM 

is examined. The primary goal is to optimize the motor design by analyzing and 

comparing these parameters to improve torque performance and reduce torque 

ripple. 

 

2. Structure of Studied PM Servo Motor 

The studied PMSM is illustrated in Fig. 1(a). As shown, the rotor is positioned 

inside the stator. The stator contains 36 slots, while the rotor has a simple structure 

with no windings, and the permanent magnets (PMs) are mounted on its outer 

surface. Samarium–Cobalt magnets (SmCo28) are used in the rotor, which are well 

known for their high thermal stability, excellent corrosion resistance, and strong 

magnetic performance. These properties make them a suitable choice for high-

temperature or harsh operating environments, contributing to the reliable 

performance of the motor under demanding conditions. The stator is equipped with 

a three-phase full-pitch winding, as depicted in Fig. 1(b) (with only two phases 

shown for clarity). The geometric dimensions of the proposed PMSM are provided 

in Table I. 

 

 

3.  Principle of Operation 

Mathematical models are essential for analyzing PMSM performance, providing 

valuable insights into motor operation and behavior, while also reducing the need 

for expensive experiments. These models, developed in the d-q reference frame, 

enable analysis of key factors such as winding type, slot-per-pole-per-phase (q), and 

winding distribution, and their impact on torque, voltage ripple, and dynamic 

response. 

The key equations governing the motor are as follows: 
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𝜆𝑞 = 𝐿𝑞𝑖𝑞 + 𝐿𝑚𝑝𝑖𝑘𝑞 (3) 

𝜆𝑑 = 𝐿𝑑𝑖𝑑 + 𝐿𝑚𝑑𝑖𝑘𝑞 + 𝐿𝑚𝑑𝑖𝑚 (4) 

  

 

Where 𝑣𝑞 and 𝑣𝑑  are the terminal voltages along the q and d axes, 𝑟𝑠 is the stator 

winding resistance, and 𝑖𝑞  and 𝑖𝑑 are the stator currents. 𝜆𝑞 and 𝜆𝑑 represent the flux 

linkages, and 𝜃𝑟  is the rotor angle. 

The electromagnetic torque, which is derived from the stored magnetic energy in the 

machine, is given by the following equation: 

𝑇 =  
𝜕𝜔𝑚

𝜕𝜃
 (5) 

 

Where 𝑇 is the electromagnetic torque, 𝜔𝑚 is the stored magnetic energy, and 𝜃𝑟   is 

the mechanical angle. 

The torque is calculated using the current components along the d- and q-axes, as 

shown in the equation: 

The torque is derived from the current components along the d- and q-axes, as 

outlined below: 

 

𝑇 =
3

2

𝑝

2
{(𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞   + (𝐿𝑚𝑑𝑖𝑘𝑑𝑖𝑞 − 𝐿𝑚𝑞𝑖𝑘𝑞𝑖𝑑) + 𝐿𝑚𝑖𝑚𝑖𝑞} (6) 

 



 

 

Where 𝐿𝑞 and 𝐿𝑑 are the inductances along the q- and d-axes, 𝐿𝑚𝑑, 𝐿𝑚𝑞, and 𝐿𝑚 are 

the inductance components, 𝑖𝑚 is the magnetizing current, and 𝑇 is the 

electromagnetic torque. 

This simplified model presents the key equations and parameters relevant to motor 

operation. The focus remains on the essential components—voltage, flux linkages, 

and torque calculations—without going into the full derivations and ancillary 

equations that are already well-known in the literature. 

 

 

4. Finite Element Analysis 

Finite element method is the most accurate method for study the performance of 

electrical machines. To study the performance of the proposed PMSSM, finite 

element analysis is employed.  Fig. 2 (a) shows the flux density, mesh, and flux lines 

of the proposed PMSSM.  

As shown in the figure, the core flux density is lower than the saturation level of 

stator core material. Additionally, the simulation meshing is clearly visible and 

provides high accuracy. Moreover, the magnetic field intensity is presented as one 

of the motor’s analytical characteristics. 

Fig. 3 shows the torque of the proposed PMSSM. As it can be seen, the average 

torque is 9.45 Nm . And the torque ripple is 0.38 Nm . 

As seen in the above figure, the proposed PMSSM exhibits high torque density and 

low torque ripple. However, to further enhance torque density and reduce torque 

ripple, design improvements have been made, and the physical parameters of the 

proposed PMSM will be optimized. 

5. Design improvement 

The performance of an electric motor is influenced by various factors, including 

geometric design, material properties, winding configuration, magnet type, and 

control strategy. One major challenge is minimizing torque ripple, which can lead to 

noise, vibrations, and efficiency loss. Torque ripple reduction can be achieved by 

optimizing slot design, adjusting magnet arrangement, employing advanced control 

methods, and selecting appropriate magnetic materials. Additionally, precise phase 



 

 

current regulation and the reduction of magnetic field harmonics significantly 

enhance motor performance. In this section, the effects of q, winding arrangement, 

slot opening, and magnet structure on the performance of the proposed PMSSM are 

studied. 

 

5.1. number of slots per pole per phase 

Increasing the value of q, which represents the number of slots per pole per phase, 

significantly impacts the performance of electric motors [20]. One of the key 

advantages of increasing q is the reduction of spatial harmonics in the magnetic field, 

which leads to lower torque ripple, improved power factor, and higher motor 

efficiency [21]. Additionally, better current distribution in the stator windings 

minimizes undesirable inductive effects. Furthermore, increasing q helps lower 

noise and mechanical vibrations by ensuring a more uniform winding distribution 

and a smoother magnetic field. However, a higher number of slots also increases 

manufacturing complexity and production costs, creating challenges in design and 

assembly. Therefore, selecting an optimal q value requires balancing motor 

performance improvements with production cost considerations.  The impact of q 

on torque and torque ripple is clearly evident in the results presented in Fig.4.  

As illustrated in the figure above, an increase in the number of slots per pole per 

phase (q) leads to a noticeable enhancement in torque output, while also reducing 

the torque ripple. This is due to the improved distribution of the magnetic field and 

more uniform current flow, which results in smoother and more consistent torque 

generation. However, increasing the value of q can introduce mechanical challenges, 

particularly due to the reduction in tooth width, which may lead to higher mechanical 

stresses and potential issues with the structural integrity of the stator. 

Taking these factors into consideration, the optimal value of q for the proposed 

Permanent Magnet Synchronous Motor (PMSM) is selected to be 3. This value 

strikes a balance between achieving a desirable reduction in torque ripple and 

maintaining the mechanical feasibility of the motor, ensuring both high performance 

and structural stability.  

 

5.2. Slot Opening 

 



 

 

Fig. 5 shows the proposed PMSSM with different slot opening values. As seen in 

this Figure, the slot opening is narrowed, reducing the feasibility of inserting the 

winding into the slot during manufacturing.  

The effect of slot opening on the value of torque and torque ripple is given in Fig.6.  

As seen in the figure above, the slot opening does not significantly affect the overall 

torque output, but it plays a crucial role in reducing torque ripple. Minimizing torque 

ripple leads to a more stable and consistent torque output, enhancing the motor's 

operational efficiency. 

Torque ripple is a common source of noise and vibration in motors, and reducing it 

is essential for applications requiring smooth motion. By optimizing the slot 

opening, these issues can be effectively mitigated, improving the motor's 

performance, particularly in applications where noise and vibration reduction are 

critical. 

5.3. Magnet structure 

The structure of permanent magnets has a significant impact on the performance of 

electric motors, affecting torque, efficiency, and controllability. It affects the 

distribution of the magnetic field in the air gap of the motor, thereby influencing 

parameters such as torque, torque ripple, efficiency, and controllability. The type and 

arrangement of magnets can determine axial inductances, the generation of 

unwanted harmonics, and even performance at high speeds. In surface-mounted 

permanent magnet synchronous motors (SPMSM), the magnetic flux density and the 

amount of torque depend on the design of the magnets. Proper magnet placement 

can prevent the generation of undesirable harmonics in the back electromotive force 

(EMF) and reduce losses. One advanced magnet design technique is the Halbach 

array, where the magnets are arranged in such a way that the magnetic field is 

enhanced on one side and reduced to zero on the other. This design increases the 

magnetic flux density, torque, and efficiency of the motor, while also reducing the 

motor's size and weight, improving performance at high speeds, and enhancing 

overall efficiency. In Halbach array design, three main structures exist: Continuous 

Halbach, Sinusoidal Halbach, and Ideal Halbach. Together with the simple magnet 

structure, these four different configurations can be simulated and tested to assess 

their impact on the motor's output. The four different configurations can be observed 

in the Fig.7.  



 

 

These four magnet structures affect torque and ripple differently due to variations in 

magnetic field lines. Another important factor in selecting the magnet type is the 

manufacturing and cutting challenges, which may make some structures 

inaccessible. The Parallel structure is a simple design that is easy to manufacture, 

but it does not offer optimal torque and ripple performance. On the other hand, the 

ideal pattern structure is highly efficient in terms of magnetic properties and 

significantly reduces torque ripple. However, its manufacturing challenges, 

including magnet orientation, make it difficult to produce. 

Fig. 8 shows the torque and torque ripple for these different magnet structures. 

As observed in the figure, the arrangement of permanent magnets significantly 

affects both torque and torque ripple. Different magnet configurations result in 

variations in magnetic field lines, which in turn influence the motor's performance. 

In addition to increasing torque, the proper magnet arrangement can reduce torque 

ripple and provide smoother operation. 

Among these configurations, the ideal Halbach array offers the lowest torque ripple 

and the highest torque. However, it presents significant manufacturing challenges, 

particularly in magnet orientation. On the other hand, the simple parallel structure is 

the easiest to manufacture but results in the highest torque ripple, with suboptimal 

torque performance. Therefore, the choice of magnet arrangement depends on 

application priorities, balancing between optimizing performance and 

manufacturing simplicity. 

.  

5.4.  winding arrangement  

Changing the stator windings directly affects axial inductances 𝐿𝑞, 𝐿𝑑, influencing 

motor performance by altering harmonic generation, torque ripple, and efficiency. 

Proper winding design can reduce magnetic field harmonics, minimize torque ripple, 

and improve overall efficiency. Additionally, distributed windings produce a more 

sinusoidal voltage waveform, optimizing high-speed operation by reducing losses 

and preventing core saturation. 

In this paper stator windings are classified based on three types pitch: full-pitch, 

fractional-pitch (one-third and one-fifth). In full-pitch winding, the distance between 

the two sides of a coil equals the distance between two magnetic poles (180 electrical 



 

 

degrees), resulting in higher induced voltage. This type of winding is commonly 

used in high-power motors due to its superior electromagnetic performance but 

requires more copper wire, increasing cost and motor size. 

In fractional-pitch winding, the coil span is smaller than the full pitch, which helps 

reduce certain harmonics. In one-third pitch (1/3) winding, the angle between the 

two sides of the coil is 60 electrical degrees. This method reduces higher-order 

harmonics, optimizes wire usage, and minimizes copper losses, but the induced 

voltage is lower compared to full-pitch winding. In one-fifth pitch (1/5) winding, the 

angle between the coil sides is 36 electrical degrees, primarily used to suppress fifth-

order harmonics. Although it reduces the induced voltage and torque, it is beneficial 

in synchronous motors and generators where harmonic reduction is crucial. Fig. 9 

shows the different winding arrangements for the proposed PMSSM. 

Various winding configurations were simulated to analyze their impact on output 

parameters. This simulation has been conducted for different values of q, the effect 

of winding arrangement on torque and torque ripple for different number of q is 

given in Fig.10. 

As shown in the figure above, the 1/5 winding exhibits the minimum torque ripple, 

while its torque is close to that of the full-pitch winding. Therefore, the mentioned 

winding can be employed for the proposed motor. Additionally, a plot of torque 

and torque ripple as a function of the value of q for various winding configurations 

is provided. 

As concluded in the previous section, increasing q improves both torque and torque 

ripple, provided mechanical considerations are taken into account. However, the 

impact of the q is also dependent on the winding type. The full-pitch winding 

provides the highest torque across all q values, but it comes with increased torque 

ripple. The combination of q value and winding type can lead to optimal 

performance in terms of both torque and ripple, depending on the specific 

application requirements. 

As shown in this section, various parameters of the PMSM can significantly affect 

its performance. In the following section, the optimized PMSM is presented and 

compared with the initial design. 

 



 

 

6. Optimized motor 

 

Considering manufacturing constraints and design requirements, the optimal value 

for the slot per pole per phase parameter (q) was determined to be 3. This choice 

leads to a stator configuration with 54 slots, which is favorable in terms of 

manufacturability and magnetic field distribution. 

Further analysis of the slot geometry revealed that a slot opening of 1 mm provides 

optimal performance in terms of magnetic flux penetration. 

In addition, a winding configuration designed to eliminate the 5th harmonic, 

combined with an ideal Halbach array magnet structure, places the motor at its 

optimal operating point. This combination results in high torque output with minimal 

torque ripple, which is particularly critical for applications sensitive to torque 

fluctuations, such as precision drives or high-speed propulsion systems. 

The results obtained from electromagnetic simulations confirm the effectiveness of 

this design. The average torque and torque ripple under nominal operating conditions 

are seen in Fig.11.   

As seen in this figure, the torque and torque ripple for the optimized design are 

14.652 Nm and 0.04 Nm, respectively, representing a 55.2% increase in torque and 

an 89.47% reduction in torque ripple compared to the initial design. 

 

7. Conclusion 

In this study, the impact of several key design parameters on the performance of a 

three-phase surface-mounted permanent magnet synchronous motor (SPMSM) was 

comprehensively analyzed. The results indicated that these parameters significantly 

influence both average torque and torque ripple, with optimizations leading to 

improved motor performance, particularly in high-precision servo drive 

applications. Specifically, applying the optimal parameter design to the proposed 

PMSM can increase torque by 55.2% and reduce torque ripple by 89.47%. 

This paper investigates the optimization of key parameters for a three-phase 

permanent magnet synchronous motor (PMSM), with the primary innovation lying 

in the introduction of a comprehensive approach to model the combined effects of 



 

 

different parameter combinations, not only individually but also in interaction with 

one another. Unlike previous studies that typically analyze the effects of each 

parameter separately, this research achieves more accurate results by analyzing the 

interactions between parameters, which can lead to enhanced electromagnetic 

performance. Additionally, the simultaneous optimization of magnet arrangement, 

winding configuration, and slot-to-pole ratio has resulted in increased torque and a 

significant reduction in torque ripple, which is crucial for high-precision applications 

such as servo drives. These innovations contribute to the development of motor 

designs with better efficiency, more stable performance, and reduced noise and 

vibration. 

One of the main limitations of this study is the exclusive reliance on finite element 

simulations as the tool for evaluating motor performance. While this method 

provides accurate insights into motor behavior, it may not fully capture all the 

complexities encountered in real-world operating conditions, such as thermal 

effects, material degradation, and non-ideal operating scenarios. Additionally, the 

study has focused primarily on specific parameters, such as the magnet arrangement 

and the winding configuration, potentially overlooking factors like electromagnetic 

interference or the influence of control strategies. 

Future research should include experimental validation of the simulation results 

under real operating conditions to confirm the accuracy of the predictions made in 

this study. Moreover, the impact of other factors such as thermal effects, mechanical 

wear, and varying load conditions should be investigated to gain a more 

comprehensive understanding of the motor's long-term performance. Advanced 

optimization algorithms that consider a broader range of parameters, including 

operational variability, could be useful in developing more efficient and robust motor 

designs. Furthermore, research into the potential integration of adaptive control 

strategies for real-time motor performance optimization could improve dynamic 

performance and transient conditions, ensuring more stable and reliable operation 

across various applications. 
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Fig.1: a) The structure of proposed PMSSM b) Stator winding arrangement 
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Table.I: physical dimension of proposed servo PMSM 

 

parameter value 

Stator / rotor outer diameter 118 / 60 mm 

Airgap length 4.5 mm 

Stator slot height 17 mm 

Stator tooth width 3 mm 

Slot opening 1.9 mm 

Magnet depth 7 mm 

Motor length 435mm 

Stator Material M250-25A 

Magnet Material SmCo28 

 

 

 

Fig.2:  mesh, flux density and flux lines of proposed PMSSM  

 



 

 

 

 

Fig.3: Torque versus time for the proposed PMSM 

 

 

 

Fig.4: torque and torque ripple for different number of q 

 

 

 



 

 

 

Fig.5: Proposed PMSM with different value of slot opening 

 

 

 

Fig. 6: The effect of slot opening on the torque and torque ripple of the proposed PMSSM 

 



 

 

 

Fig. 7: Different magnet structures 

 

 

Fig.8: Torque and torque ripple for different magnet structure 
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(c) 

Fig.9: winding arrangement for different types of pitch: 

a)full pitch b) fractional  (1/3) c) fractional (1/5) 
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Fig.10) the effect of winding arrangement on the performance of proposed PMSM 

a) torque b) torque ripple 

 

 

 



 

 

 

 

 

Fig. 11: Torque versus time for the optimized PMSSM 
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