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Graphical Abstract 

In this study, an air core spherical motor which has rotor and stator winding arrangement is described.  

 

 

 

 

 

 

 

Figure. Winding inductance relationship and equivalent circuit model 

 

Aim 

Mutual inductance and self-inductance change were examined according to r=4, 20, 40 and 60 mm radius and the 

change in the number of stator winding for the spherical motor.  

 Design & Methodology 

Stator poles on the stator were placed at specified angles. Stator poles were placed with an angle of 45° to x axis and 

with an angle of 120° to z axis.  

Originality 

It has never worked in the literature with a spherical motor of this size before. 

 Findings 

This study examined mutual inductance and self-inductance change according to r=4, 20, 40 and 60 mm radius and 

the change in the number of coils for a spherical motor. Changes in inductance were found through curve fitting 

method with the coefficients of cubic equations. 

Conclusion  

With the change of size (scale change) in the analyzed spherical motor, the torque increases, but the torque density 

decreases. 
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ABSTRACT 

Today, many applications requiring mass manufacturing are shifting to robotic applications through automation 

systems. The actuators used in these robotic systems should be designed according to needs. In this study, an air core 

spherical motor which has rotor and stator winding arrangement is described. The spherical motor’s windings are 

optimally positioned on the stator made of delrin. Mutual inductance and self-inductance change were examined 

according to r=4, 20, 40 and 60 mm radius and the change in the number of stator winding for the spherical motor. 

Changes in inductance were found through curve fitting method with the coefficients of cubic equations. Equivalent 

circuit with winding inductance model is also given. Torque change according to magnet change was also investigated. 

Magnetic flux density change of N52 M magnet 3 winding 2-pole model was examined and the effect of the increase 

in overall size on torque was evaluated. 

Anahtar Kelimeler: Spherical motor, curve fitting, permanent magnet, torque.

1. INTRODUCTION 

In industrial and robotic applications, multi-free 

rotational motion is very important. While normal 

electrical motors can rotate around a fixed axis, spherical 

motor can rotate every direction around a specific point. 

This way, it has an important advantage over electric 

motors which can rotate. A spherical actuator has a 

compact structure, high energy density, low moment of 

inertia and rapid response[1]. The spherical motors are 

used in security and personal cameras, articulation points 

of robots, laser cutters, telescopes, solar panels, 

exoskeletons and applications which require multi-axis 

motion. It has even been considered to be used as energy 

harvester [2] and generator [3] recently. 

As is known, the first examples of application on 

spherical machines are induction motor simulations in 

terms of working principles. Diversification of magnet 

materials over time has led to the development of 

permanent magnet spherical motors. Magnet array of 

other permanent motors (Halbach array [4,5], surface 

magnet radial array [6-10] and axial array [11-13]) can 

also be adapted to these motors. Rotors of permanent  

magnet spherical motors are also spherical. When the 

spherical motors’ degree of freedom of movement is 

considered, 3D analysis method is required instead of 2D 

numerical analysis method. In particular, 2D analysis can 

be performed with the spherical motor simulation of rotor 

surface radial flux motor [9-10]. Xia et al. proposed the 

torque calculation method based on the 2-D conversion 

model in order to avoid the complicated torque 

calculation process under 3-D magnetic field and thus 

reduce the computational burden and it was found that 

the torque values of the model proposed which was 

transformed to 2D from 3D were very close to each other 

[14]. Magnet can be combined in different ways to 

acquire the shape of sphere. Air gap flux density, size and 

wave form can vary.  According to obtaining a spherical 

rotor by increasing the number of magnets in the form of 

pieces rotor position change, magnetic flux can 

approache sinusoidal wave [15]. However, due to high 

magnet costs, application of special magnet shapes can 

increase production costs [15]. Considering torque 

equality [16]; the amount and change of flux density in 

air gap is important according to position change of the 

motors. In addition, the type of magnet on the rotor 

affects torque size of the motor significantly [17]. Zhang 

[8] analyzed the air core 24/8 spherical motor using the 

finite element method. By using the finite element 

method, the magnet thickness and air gap change of 

spherical motor torque [18]. Qian et al. [19] showed that 

axial magnet array showed higher flux density than radial 

array. Using iron core can produce about 4.9 times more 

torque when compared with air core. The increase in the 

air gap between stator and rotor linearly decreases the 

produced torque significantly. In addition, they showed 

that maximum torque was close to each other in the same 

ampere winding and volume between cylindrical magnet 

and conic magnet (with cylindrical magnets of different 

diameters in a row) of rotor magnet geometry [19]. For 

this reason, studies on spherical motors with cylindrical 

magnets on rotor surfaces have increased recently in 

terms of ease of production.  
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With each current pulse of the spherical motor, the shaft 

of the motor moves by an angle. The current pulses sent 

to the motor must be in a certain order considering the 

rotation axis. As is known, each motor winding has a 

certain inductance and resistance value. Since the stator 

windings contain inductance and resistance, the Is current 

echospotically increases with the L / R time constant of 

the winding. In general, smaller motors rotate faster due 

to low inductance and low rotor inertia. At higher 

rotational speeds, torque drop may occur because the 

winding inductance limits the rate of change of the 

current, so that the current cannot reach its full value at 

each step. Most of the studies in literature have focused 

on magnetic flux density, torque change and control in 

addition to traditional and new spherical motor studies.  

It is very important to determine the parameters of 

permanent magnet motors. Especially motor parameter 

changes can cause incorrect determination of rotor and 

speed position in sensorless control methods and 

incorrect determination of motor flux in direct moment 

control [20]. For parameter estimation of permanent 

magnet motors, extended kalman filter [21], recursive 

least squares method [22], model reference adaptive 

system [23], finite elements method, artificial neural 

networks [24] and adaptive prediction methods [25] have 

been proposed.  

Since magnetic flux primariy flows through the iron core 

with high permeability, a core-type spherical motor 

shows the advantage of low-leakage magnetic flux. On 

the contrary, because of not having an iron core within 

the winding, this slotless spherical motor has the 

disadvantage of a high leakage of magnetic flux. 

However, considering the absence of a reluctance 

difference between the stator and rotor, this motor has the 

advantage of position control [26]. 

Akkaya proposed a slotless spherical motor model with a 

two-pole permanent magnet rotor of 8 mm diameter and 

a stator consisting of 3 independent windings [16,27]. By 

examining the results of analytical and numerical 

analysis on the engine, he stated in the experimental 

study that 360 ° rotation freedom was obtained in the z 

axis and 44 ° rotation freedom was obtained upward-

downward. In another study [27], she compared the 

torque size analytical and simulation results of a three-

coil spherical motor. This study examined mutual 

inductance and self-inductance change according to r=4, 

20, 40 and 60 mm radius and the change in the number 

of coils for a spherical motor. Changes in inductance 

were found through curve fitting method with the 

coefficients of cubic equations. In this context, first the 

structure of the spherical motor was introduced, and then 

numerical analysis was performed with Ansys Maxwell 

3D software. Magnetic flux and torque changes were 

investigated. Basic equations were given for inductance 

calculations. Inductance change was examined in section 

3. Finally, the results were evaluated in the last section. 

 

2. DESIGN AND MATERIALS 

Stator poles on the stator were placed at specified angles. 

Stator poles were placed with an angle of 45° to x axis 

and with an angle of 120° to z axis. Figure 1 shows the 

windings at the designed stator. 

    
(a) 

 
(b)                                                                            

Figure 1. a) Designed stator, windings and general appearance of the 
spherical motor, b)Prototype motor 

 

By designing stator windings spherically, the aim was to 

use the structure of the spherical actuator in the most 

effective way. 

 

Table 1. The properties of this model 

Properties Value 

The number of stator windings 3  

The number of rotor poles  2  

Stator radius  5.7 (mm)  

Rotor radius  4 (mm)  

Figure 2 shows the air core winding used in spherical 

actuator/motor. R0 is the radius of rotor, R1 is the 

distance of the inner surface of winding to the centre, R2 

is the distance of the outer surface of winding to the 

centre, ζ0 is the angular diameter of air core, and ζ1 is the 

angular diameter of winding [28,29]. 

 
Figure 2. Winding with air core winding. 
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Stator winding lenght; 
 

𝐿𝑐 = 𝑅2 − 𝑅1          (1) 

                                                                                          

According to the winding parameters given in Figure 2, 

since the amount of amperage increases in constant 

current as small  angle of the   angle enlarges, torque 

will increase. Similarly, with the outer diameter 

increasing as the inner diameter remains constant, the 

torque size will increase. However, decreasing flux 

amount as it moves away from the rotor limits the length 

of the outer diameter of the winding. Similarly, 

increasing the inner angle by considering the outer angle 

of the winding constant decreases the torque magnitude 

[17]. 

Eq. 2 was used to find out the physical rotation capacity 

of the rotor based on the stator winding numbers of stator. 

This rotation capacity expresses the angle of rotor shaft 

touching the windings. Here, θ=135°. 

        (2)   

                                                                                                                      

Table 2. Changes in winding outer angle and movement angle 
according to the number of windings 

Number of 

windings 

Winding outer angle Movement angle 

6 20,7 114,3 

5 24,55 110,45 

4 30 105 

3 37,76 97,24 

2 45 90 

3. FINITE ELEMENTS MODEL 

With the complexity of the spherical motor structure and 

the difficulty of analytical calculation, in order to obtain 

more accurate results, the finite element method (FEM) 

is widely used in the analysis of the electromagnetic 

characteristics of the motor.   

In Ansys Maxwell, which is widely preferred in the 

literature, first the dimension to be designed for machine 

geometry is selected. Machine geometry is created 

according to the calculated geometry data. Magnetostatic 

analysis is selected for the drawn model. As model 

parameters; the boundary conditions are given in 

AmperTurn (Figure 3). The designed machine is made 

ready for analysis. Although it may seem small in the 

program algorithm, Mesh identification is very important 

for the machine to provide sufficient solution. Unknown 

magnitudes (potential, electric field,…) in each network 

region are represented by scalar or vectorial partial 

differential equations. Therefore, increasing the number 

of networks increases the accuracy of the obtained sizes. 

According to the analysis algorithm, first the system to 

be modeled is divided into four-sided elements and a 

finite element network is formed (Figure 3). During the 

solution process, networks are improved through 

iterations and errors are reduced. Before starting the field 

solution, the conduction current in the conductors is 

simulated and the field solution starts. The magnetic field 

strength (H) at the midpoints of the edges of each four-

sided element in the finite element network is calculated 

by using the current density. In case of the magnetic core 

material not being linear, the Newton-Raphson method 

uses magnetic field strength. In addition, the B-H curve 

of the material is used to solve a nonlinear problem with 

a linear approach. With this approach, close results are 

obtained for the nonlinear solution of H. The solver 

writes down the completed solution in a file and performs 

error analysis. With adaptive analysis, the solver 

minimizes the faultiest quadratic elements and continues 

the solution until the specified error criterion is met. As a 

result, inductance values are calculated, current density, 

magnetic field strength, magnetic flux density and forces 

are obtained [30]. Since the spherical motor has three-

dimensional geometry, 3D simulations require a large 

amount of computing time [31]. 

 

 

Figure 3. Mesh structure and excitation current 

 

Total number of elements is 168131. Winding excitation 

currents are shown. The finite element analysis software 

is used to calculate the magnetic field and torque of the 

motor. Under the condition of steady magnetic field, the 

Maxwell equation is: 

 

              (3)                                                                                                

 

        (4)                                                                                                                      

 

In order to obtain the value of flux density components 

in the spherical coordinate system, conversion is made 

from the cartesian coordinate system (Equation 5). 

 

                   

 (5)                                                               

where r, θ, φ are the three components of the air-gap flux 

density in the spherical coordinate system. 
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Lorentz force law is very useful if there is a torque or 

force generated by a conductor carrying current in a 

magnetic field produced by a permanent magnet.  

 

     (6) 

                                                                                                                                                                                           

In Eq. 6, dl is the differential length of the part. A torque 

is generated on the rotor due to the interaction between 

the stator windings passing through it and the magnetic 

field of the rotor [32]. 

          (7)                                                                                                                 

                          Here; v is the volume of the conductor 

carrying the current. According to torque equation given 

in Eq. 8, torque size is influenced by the changes in size 

given in Figure 2. If integral is taken over the entire 

winding volume, the torque equation is written as in eq. 

5[16-17,27]. 

  (8) 

Here  is the magnetic flux density in 

spherical coordinates and J is the flux density. As shown 

in Equation 8; torque is influenced by current, magnetic 

flux density and winding dimensions. Although there is 

sufficient amperage to the windings, the characteristic of 

the magnet material changes the torque size. Using 

NdFeB35 or SmCo28 permanent magnets in rotor 

structure of spherical motor would increase torque and 

power density values up [33]. NdFeB52 magnet which 

have the best performance permanent magnets with 406 

kJ/m3 maximum energy multiply are made by 

Neodymium-Ferrite-Boron material [34]. For this reason, 

torque variation was investigated for NdFeB type 

materials.  

3.1. Torque Change of Magnet Change  

In Figures 4 and 5, torque was examined according to 

exchange of NdFeB type magnets and Ansys Maxwell 

3D model with continuous state analysis. 

 
Figure 4. Torque change in x component according to magnet types 

 

 
Figure 5. Torque change in y component according to magnet types 

 

As a result of the excitation current applied to the 

winding, x and y rotate in their axis.  The torque increased 

linearly as the magnet flux density increased. The 

Residual Flux Density (Br) of the N52M is 1.3063 T, 

while the N33M Br is 1.034 T. The Br value of N52M 

magnet is higher than other magnet types. As shown in 

Figures 4 and 5, the torque value increased by the amount 

of Br increase. 

 
(a) 

 
 

(b) 

 
(c) 

Figure 6. a) Model magnetic flux density distribution, b) Display of 
springs along the single winding of the model, c) Magnetic 

field change along the springs 
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As shown in Figure 6, the distribution of the area is 

uniform due to the air core. The area density in the 

winding surface region is about 0.8 T. The increase in the 

field distribution as the magnet approaches and the 

decrease in the points where the polarity changes are the 

expected results. Flux density decreased approximately 

twice as the polarity shift limit was approached. The 

torque change according to the increase in the size of the 

spherical motor is examined in Figure 7. Scale 1 here is 

the size of the model that is discussed and prototyped. 

Scale increase is in the form of dimension-fold.  

 

 
Figure 7. Torque change according to total size ratio change 

 

When the scale is 1, the outer radius is 5.7 mm and when 

the scale is 7, the outer radius is 39.9 mm. Since no 

change in flux density is observed as the scale increases, 

it was not given in a graph. However, according to the 

calculations, the torque per volume (Torque / Volume) 

decreases as the scale ratio increases. This has to be taken 

into consideration when designing permanent magnet 

spherical motors in large diameters. 

3.2. Analysis of Spherical Motor Inductance Changes 

Magnetostatic solver gives inductance and coupling 

values in matrix form. As is known, inductance is the 

difficulty of flux against the change of time. The 

inductance matrix shows the relationship between current 

and total flux for three independent current cycles. Let’s 

consider three windings placed on the sphere in Figure 

8a. The axes of the coils passing through the center of the 

sphere, the currents passing through winding 1, winding 

2 and winding 3 will affect each other. This interaction 

between coils is called mutual inductance. Figure 8b 

shows the inductance and mutual inductance of three 

winding with 120° difference between and equivalent 

circuit.  

 
Figure 8. Winding inductance relationship and equivalent circuit 

model 

 

The rate of change in the flux of circle per unit change in 

the current is called the inductance of winding [35]. We 

can show the inductance of first winding with L11, the 

mutual inductance of the first winding due to the flux 

generated by the second winding with M12 and the 

mutual inductance of the first winding due to the flux 

generated by the third winding with M13. Self inductance 

and mutual inductance values for rotor diameters of 

different values for two-winding, three-winding, four-

winding, five-winding and six-winding were found by 

using Ansoft (Ansys) Maxwell 3D. Self-inductance 

curve for r=4, 20, 40 and 60 mm radius in terms of the 

number of winding is shown in Figure 9.  

 

 
Figure 9. Self-inductance graph of the first winding for the number of 

winding 

 

As can be seen in Figure 9, as the radius length of the 

spherical motor increases, self inductance also increases. 

Each winding inductance change was examined to be 

able to estimate inductance values of different radius. 

According to this graph, separate curve fitting processes 

were conducted according to L11 self-inductance value 

found as a result of analysis. According to the result of 

this operation, inductance equation was written down by 

using f(x) function. These functions are given in Eq. 9.  

 

    (9) 

 

Here, p1, p2, p3 and p4 constants. x expresses r radius.  
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Table 3. Function coefficients according to the number of winding 

Number of 

winding 

F(x) 

 

Self-

inductance  

 

 

2 

                   

2p  

3p                              

4p   

 

 

11L
 
 

 

 

3 

1p                     

2p  

3p                               

4p  

 

 

11L  

 

 

4 

1p                    

2p  

3p                              

4p  

11L  

 

 

5 

1p                

2p  

3p                           

4p  

 

 

11L  

 

 

 

6 

1p                

2p  

3p                            

4p   

 

 

11L  

Figure 10-11 shows the mutual inductance curve 

according to two and three-winding and for r=4, 20, 40 

and 60 mm radius. 

  

 
Figure 10.  Mutual inductance graph of the first winding for two and 

three winding 

 

In Figure 10, the mutual inductance graph of the first 

winding from the flux generated by four, five and six 

winding M14 - M15 - M16 curve according to r values was 

drawn with Matlab. 

 

 
 
Figure 11. Mutual inductance graph of the first winding for four, five 

and six winding 
 

As can be seen in Figure 10 and 11, common inductance 

values also increase as the radius length of the spherical 

motor increases. Each winding inductance change was 

examined to be able to estimate inductance values of 

different radius. Equation 9 was used for the calculation 

of self inductance coefficients. Common inductance 

coefficients based on winding numbers are given in Table 

4.  
 

 

 

 

 

 

 

 

 

 

 

1p
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Table 4. Function coefficients according to the number of winding 

Number of 

winding 

F(x) 

 

Mutual 

inductance 

 

 

2 

1p               

2p  

3p                       

4p    

 

 

12M  

 

 

3 

1p                

2p

 

3p                      

4p  

 

 

13M  

 

 

4 

1p                

2p

 

3p                      

4p  

 

 

14M  

 

 

5 

1p             

2p  

3p                    

4p   

 

 

15M  

 

 

6 

1p               

2p

 

3p                      

4p   

16M  

 

4. CONCLUSION 

In this study, the numerical analysis of the 3-winding 2-

pole spherical motor was carried out with Ansys Maxwell 

using the finite element method. Spherical structure was 

determined for the effective location of the windings. In 

addition, to examine the control and reaction time, 

inductance changes according to the number of winding 

and winding radius of the spherical motor to be designed 

were calculated. Inductance value increased as the 

winding radius increased. According to these simulation 

results, and by considering the physical limitations of the 

motor and the radius of the magnet to be used as rotor, a 

spherical motor with three winding was applied. The 

stator windings were designed in a spherical manner, thus 

the rotor was surrounded and the existing space was used 

effectively. Static magnetic analysis of spherical motor 

with permanent magnet rotor was performed. It was 

found that torque increases as magnet flux increases. This 

increase is proportional to the increase in Br. The best 

performance for air core spherical motor model was seen 

in N52 magnet type. Choosing this magnet and 

characteristics with high Cuire temperature values (M, 

SH and UH) can increase production costs.  

With the change of size (scale change) in the analyzed 

spherical motor, the torque increases, but the torque 

density decreases. Future studies can focus on the open 

or close cycle dynamic control of the spherical actuator 

and numerical analysis of torque changes can be 

conducted by adding soft iron. 
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