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Abstract: This paper presents an algorithm for calculating the static characteristics 

of a multi-coordinate electromagnetic mechatronic module. The proposed module 

features compact weight and dimensional parameters, enabling both linear and step 

movements in spatial coordinates with high accuracy and speed. A constructive 

calculation scheme is developed to investigate factors such as magnetic 

permeability along the conductivity coordinate under constant voltage supply, its 

rate of change, and the variation of electromagnetic force depending on the anchor 

displacement. For the holonomic module, which consists of electric, magnetic, and 

mechanical parts, the anchor is divided into non-magnetized sections to prevent 

flux branching in unexcited phases. The method employs a step-by-step approach 

for an inhomogeneous electromagnetic core, introducing a division of conductivity 

into central, external, and internal parts, which improves accuracy and efficiency. 

The developed mathematical models and algorithms allow the determination of 

boundary conditions, evaluation of elementary flux tubes, and validation through 

analytical and experimental comparison. 

Keywords: Multi-coordinate electromagnetic mechatronic module, Static 

characteristics, Calculation algorithm, Constructive calculation scheme, 

Reciprocating movement. 

1. Introduction 

When designing multi-coordinate electromagnetic mechatronic modules based on a 

linear electromagnetic motor, it is important to calculate their static characteristics 

in advance [1]. Methods based on solving magnetic field equations can be used to 

calculate the magnetic system and windings of multi-coordinate electromagnetic 

mechatronic modules, such as those based on linear electromagnetic motors, in 

various shapes. However, these methods are time-consuming in the calculation 

process, and the analysis of the results is complicated. Analytical methods are 

employed to calculate the electrical and magnetic components of multi-coordinate 
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electromagnetic mechatronic modules, determine the conductance of magnetic flux 

paths, and assess the impact of various parameters on the attractive force. Also, 

these methods are effective, simple, and can be used by specialists in various fields 

in optimal calculation processes. These methods are effective for electromagnetic 

mechanisms and relays [2, 3], induction sensors, reciprocating motors [4], and 

stepper motors [5]. However, the existing analytical methods cannot be directly 

applied to multi-coordinate electromagnetic mechatronic modules based on linear 

electromagnetic motors, especially those with non-uniform anchor structures [6]. 

This is because this process is explained by the specific design features of linear 

electromagnetic motors [7, 8]. 

In related works, attention has also been paid to the improvement of control 

strategies under parameter variations [9] and the development of modular cyber-

physical robotic systems with robust digital control to enhance operational 

flexibility and reduce technological cycle times [10]. 

For this reason, it is proposed to use the principle of superposition in the 

calculation of the gravitational force of the spherical electromagnetic core in the 

calculation of the static characteristics of the multi-coordinate electromagnetic 

mechatronic module [11]. In this method, a stepwise approach is applied to a single 

inhomogeneous electromagnetic core, where dividing the conductance between 

surfaces enhances both the efficiency and accuracy of the separation and calculation 

processes [12]. 

2. Research methodology 

First, we consider the proposed design of the Multi-coordinate Electromagnetic 

Mechatronic Module (MEMM) [11]. The multi-coordinate electromagnetic 

mechatronic module design (Fig. 1) includes the following [1, 14, 15] parts: two 

symmetrical magnetic conductors 1, 2, and 3, a magnetic coil, a common anchor 4 

made of ferromagnet, external pole parts with a conical ring 5, a rod 6, and an 

electromagnet firmly attached to it consists of 7 basic handle elements. The 

designations given in the design scheme of the multi-coordinate electromagnetic 

mechatronic module are: a – the current flow width; b – the length of the conical 

section of the anchor; c – the width of the stator pole section; d – the width of the 

stator pole section;   – the length of the cylindrical part of the anchor;   – the 

narrowed angle of current flow;   – the conical angle of the anchor. The values of 

  and   given here are used to calculate the structural parameters of the 

electromagnetic mechatronic module. The principle of operation of the structure is 

described as follows. When a control signal is given to the coil 3 and the 

electromagnetic base lever 7, the magnetic flux is induced, and the anchor 4 moves 

toward the stator pole 1, closing the magnetic circuit through its cylindrical and 

conical sections [16]. Under the influence of the electromagnetic force, the anchor 

tends to take a position corresponding to the minimum energy and moves to the 

right [2, 17]. Also, the grip element ensures the interaction of the executive body 

with the object in robotic systems. After that, the control signal is given to the reel 

3, and the electromagnetic handle 7 is turned off, and by giving the control signal to 
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the reel 2 and the electromagnetic handle 7, it ensures the return movement of the 

pole part of the anchor 1 to the side of the reel 3 and the return movement of the 

executive body [18]. 

 
Fig. 1. Structural scheme of the multi-coordinate electromagnetic mechatronic module 

 

Continuous operation of the anchor is maintained by modulating the 

conductance of the magnetic circuit within the mechatronic module. When the 

magnetic flux reaches its saturation point, the ring-shaped magnetic cone wave 

becomes saturated, causing a sharp reduction in its magnetic permeability  

[1, 14, 19]. The ring magnetic fluxes of the cone and their installation on the outer 

poles of the stator increase the performance of the holding element by increasing 

the traction characteristics at the end and beginning of the anchor step.  

By calculating the static characteristics of the MEMM, it is possible to 

determine key parameters such as critical performance indicators, the boundary 

conductance between surfaces, and the spatial relationships among elementary flux 

tubes, the anchor, and the stator surfaces.  

In reciprocating electromagnetic motors [16, 20], which are the basis of a 

multi-coordinate mechatronic module, the flux is evenly distributed along the 

magnetic circuit; therefore, in the critical area of the anchor movement, the 

electromagnetic force is generated by the interaction of magnetization through the 

flux. In cylindrical linear electromagnetic motors, which are the basis of MEMM, 

the structure of the electromagnetic core, the length of the coil corresponds to its 

thickness, and the pulling force in such a structure is mainly related to the pulling of 

the ferromagnetic element of the anchor, and the influence of the forces generated 

by the network currents on the poles of the exciting phase and its length is 

insignificant. Therefore, in devices with a heterogeneous structure [3, 21], the 

anchor is not separated by a magnet, the magnetic flux from the exciting phase is 

divided into adjacent (fixed) branches, and the interaction of the anchor with several 

poles is taken into account when calculating the pulling force.  

In reciprocating electromagnetic motors, the movement of the anchor relative 

to the poles of the excited phase simultaneously causes a change in the magnetic  

[7, 11, 21] conductance in the two spaces between the surfaces of the ferromagnetic 

outer casing through the magnetic driving force (Fig. 2). The designations in the 
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design calculation scheme of the multi-coordinate electromagnetic mechatronic 

module are as follows (Table 1).  

 
Table 1. Used designations and their classifications 

Designations Classifications 
Unit of 

measurement 

A1 
Intermediate surface of 1-pole magnetic 

flux (surface area) 
m2  

A2 1 inner surface of the pole (surface area) m2  

A3 
1 is the outer surface of the pole  

(surface area) 
m2  

B1 
Intermediate surface of 2-pole magnetic 

flux (surface area) 
m2  

B2 Inner surface of 2 poles (surface area) m2  

B3 2 outer surface of the pole (surface area) m2  

C1, C2, C3, C4 Anchor faces/sections - 

  
The technical gap between the anchor and 

the stator 
m 

  The distance between the poles m 

  The angle between the surfaces Radian (angle) 

  
Is the effective length in the direction 

normal to the lines of force? 
m 

G 
Magnetic Conductance between the anchor 

and stator surfaces 
H (Henry) 

r 
The current radius of the arc of the circle of 

the elementary pipes 
m 

Ф Magnetic flux  Wb 

  Magnetic permeability H/m 

x1 and x2 Motion coordinates m 

R Magnetic resistance 1/H 

   Magnetic driving force A (A·turn) 

    Electromagnetic force N 

 

To calculate the static characteristics of the MEMM, the magnetic conductance 

(G) and its derivative are determined, followed by the electromagnetic force 

variation depending on displacement [1, 3, 22]. In addition, since in the considered 

multi-coordinate electromagnetic mechatronic module, the anchor is divided by 

non-magnetized connections, and the current from the excited phase does not 

branch to the neighboring non-excited ones, the calculation of the attraction force of 

the electromagnetic core is carried out by the superposition method [7, 10, 23]. 

Magnetic conduction lines can be calculated analytically using the method of 

circular arcs. Circular arcs form elementary tubes of magnetic conductance. The 

marginal conductivity between the corresponding surfaces is determined by 

generalizing the elementary tubes within the limits determined by the mutual 

location of the anchor and stator surfaces and some additional rational assumptions 

[14, 25]. Calculation of the static characteristics of the proposed multi-coordinate 

electromagnetic mechatronic module is performed step by step for one 

electromagnetic core. There are two methods of calculating the static characteristics 
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of the electromagnetic mechatronic module: the first is the method based on 

dividing the anchor movement into a series of consecutive intervals [26], and the 

second is the method of calculating the characteristics through general 

mathematical expressions based on the simplification of the real process. 

Essentially, by employing the second calculation method, it is possible to determine 

the static characteristics of the MEMM and perform an initial estimation of the 

magnetic driving force. For this, the following stages of the sequence of calculating 

the static properties of MEMM can be formed: 

At the 1st stage, for the parts of the anchor (C1, C2, C3, C4) of the multi-

coordinate mechatronic module, a magnetic chain and taking into account the 

effective length of these parts according to l1, l2, l3, l4, according to the specified 

1x  conditions of the electromagnetic core, corresponding faces A1 and C1, 

determination of the magnetic [27] conductance between A1 and C1 is 

(1)          
     

 

  

 
    

 
 

       

  

       

  
, 

where: r is the flow radius of the circular arc of elementary pipes passing from the 

surface of the anchor C1 to the surface of the stator A1;   is the technical distance 

between the anchor and the stator; 0r  is the radius of the technological hole in the 

anchor; 1r  is the anchor radius; l is the effective length in the direction normal to 

the lines of force [28]. 
 

 
Fig. 2. Constructive calculation scheme of the multi-coordinate electromagnetic mechatronic module 

The effective length can be calculated as the geometric distance between 1x  

and 1
r  , the radius of the average field line is equal to the radius of the circle 

minus 1
r   [1, 8, 29], it can be calculated as follows:  

1 1 12 ( ) .l r x r      
 

 

Thus, the magnetic conductance between the faces A1 and C1 is determined by 

the expression 

(2)                              
       

  
, 
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and conductance between faces    and    is 

(3)            
     

  

   

  

 
   

 
  

   

  
, 

where: r is the current radius of the arc of the circle of elementary pipes going from 

the surface A2 to the surface C2 of the anchor; μ is the magnetic permeability of the 

material; b is the distance between the surfaces of the fields;  is the angle between 

the surfaces [6, 26]. 

In this case, the effective length can be considered equal to 1

1
2

2

x b
l r

 
  

  
. 

Then, the magnetic conductance between the surfaces A2 and C2 [1, 3, 22] is  

(4)         
         

   

 

 
   

   

  
  

To simplify the calculation, the conductance between surfaces    and    can 

be divided into three parts: 

 conductance of the central part 

(5)                 
    

  
     

 

 
 , 

 conductance of the outer part 

(6)                    
  

 
 , 

 conductance of the interior  

(7)                       
  

 
   

In the interval 1x , the conductance between the corresponding faces of the 

pole [5, 29] is determined by the following formulas: 

(8)  
         

     
 

  

       

 

 
    

 
   

       

 
  

                  

 

(9)                              
       

 
 , 

(10) 
         

     

  
 

   

 

   

 
  

   

 
 

               

 

(11)         
        

  

 
 

 
  

   

 
  

(12)                 
    

 
     

 

 
   

(13)                             
 

 
   

From the relations obtained for the condition of the first stage, we find the 

inductance created at the first pole of the stator:  
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According to the condition of the first stage, the terminal conductances at the 

pole of the second stator are determined as follows: 

(14)          
     

  

   

 

 
   

 
  

   

 
  

The formula determines the effective length for this conductance.  

         
  

 
   and taking into account it, the conductivity between faces B2 and 

C2 for this effective length is determined from the following expression: 

(15)         
              

 
  

   

 
  

The conductance between faces B1 and C2 is constant for this range: 

(16)         
        

 

 
    

 
  

The conductance between surfaces B3 and C2 is determined differently 

depending on the value of x2. 

If       , the conductance between these surfaces is determined in the same 

way as the conductance between surfaces B2 and C2 (15). 

If, ;2/2 bx   the anchor deviates to the left, the number of field lines 

passing from the B3 surface to the C2 surface decreases due to the formation of 

conductance, and it is observed that a part of the pipes passes from the B3 surface to 

the C3 surface with the formation [27] of conductance G(B3C3). Therefore, we write 

the conductance G(B3C2) in the form: 

(17) 

2

0 0 2
3 2( ) ln .

x
ldr l x

G B C
r r



 

  
   

The effective length for this transmission is  1 2
2l r x   , and in this 

case the transmission G(B3C3) takes the following form: 

(18) 
 0 1 2

2
3 2

2
( ) ln ,

r x x
G B C

 

 


  

G(B3C2) conduction is not observed for 2x . 

For ;2/2 bx   G(B3C3) conductance is not observed, and in the interval 

2
/ 2x b    its deviation is observed when the anchor moves to the left: 

(19) 

2

/2 2

0 0
3 3

2 2 2

2
( ) ln .

( )
2 2 2

b

x

b x
ldr l

G B C

r x x x
r r


 

 

  
   

 
  

  
 

     
 

  

The effective length can be taken as approximately 12l r . Then the 

calculation of conductance for G(B3C3) takes the following form: 
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(20) 

2

1 0
3 3

2 2

2 2
( ) ln .

2 2

b x
r

G B C

x x


 

 

 
  

 
  

 
 

   
 

 

If ,2 x  the conductance G(B3C3) is determined using the formula (19), and 

in this case   is put instead of .2 x  

In the case of concentric circles with the centers of the field lines at a point   

and the radius of the largest concentric circle is equal to  , the conductance Gd is 

constant and is determined by the following formula [28]: 

(21)              
 

 
   

The conductance of 
e

G  located at point e is determined in the same way: 

(22)              
 

 
   

From the relations obtained for the conductance between the surfaces, the total 

conductance for the first range and pole 2 of the stator can be found as follows: 

2 2 2 1 2 3 2 3 3 d e( ) ( ) ( ) ( ) .G G B C G B C G B C G B C C C       

The synchronizing force is determined in the same way for other values of  , 

that is, the relationship          is formed. 

As an example, we consider the calculation of electromagnetic forces acting 

on the anchor of a cylindrical-symmetric engine. The initial data for calculation are 

selected according to the structural parameters of the engine used to obtain static 

characteristics [1, 23, 25]. 

At the 2nd stage, the conductances 1G  and 2G  and their derivatives dxdG /1  

and dxdG /2  for stator poles 1 and 2 are determined from the conductance of the 

parts separated from the results of the total conductance of the poles and stator for a 

given value of the   coordinate: 

(23) 

   

  
 

        

  
 

        

  
 

         

  
 

          

  
 

 
          

  
 

 

(24) 
   

  
 

        

  
 

        

  
  

The ElectroMagnetic Force     
  

 

 
 is calculated depending on the 

movement of the anchor in the given constructive calculation scheme, where F  is 

the magnetic driving force, depending on the anchor moving in the space between 

the magnetic conductance and saturation        , and the conductance G  – of 

the anchor-stator system is determined. 

When the anchor is moved, the conductance changes in poles 1 and 2. 

Therefore, the product of the electromagnetic force and the conductance caused by 

the change in the magnetic driving force in the cavities is found by the sum of the 

electromagnetic forces generated in the poles 1 and 2: 
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(25)                
Magnetic driving force in voids is calculated taking into account the 

magnetization curve of steel parts [3, 2, 28]. The magnetic circuit of the 

electromagnetic motor, which is the basis of the multi-coordinate mechatronic 

module, is divided into four parts: anchor, 1 pole, stator housing, 2 pole. Magnetic 

driving force is defined separately for individual parts of the magnetic circuit and 

air gaps. The magnetic permeability μ of each steel part is considered in the 

calculation of magnetic resistance. 
It is also required to determine the resistance of the air gaps in poles 1 and 2, 

taking into account the magnetization curve of the magnetic driving force steel parts 

in the gaps. 

In Step 3, the resistance of the air spaces in poles 1 and 2          and 

         is determined; 

The total electromagnetic force can be calculated by determining the 

magnetization curve of the magnetic driving force steel parts in the gaps and the 

resistance of the air gaps in poles 1 and 2: 
(26)                                      , 

where H1, H2, H3, H4 are the field strengths of the poles and the stator housing, and 

l1, l2, l3, l4 – the lengths of the anchor corresponding to it;   is the number of 

windings in the coil, and   is the current of the coil; 1R  and 2R  are the 

resistances of the air gap at the poles. 

At the 4th stage, the magnetic flux is determined based on the relationship (7) 

according to the magnetic driving force given to the coil for individual parts of the 

magnetic circuit and air gaps. In this case, the calculation of the flow for the given 

magnetic driving force is carried out by the method of successive approximation. 

The first value of the magnetic flux      in pole 1 is determined without taking into 

account the magnetic resistance of the steel. Based on the known current value,      

is determined in individual parts of the induction magnetic circuit, and based on the 

induction, using the magnetization curve of the electric steel [23-30], the voltages 

H1, H2, H3, H4 – on the surfaces A1, A2, A3, B1, B2, B3 – is determined the same for 

parts, and then magnetic driving force    
   

 for 1 pole is determined using  

the expression (26). Also, by setting the new value of the current      in 2 poles,  

the magnetic driving force    
   

 for 2 poles is determined. If the condition  

        
   

    is fulfilled, the iterative process ends, where the specified small 

value of EMF  with respect to error   – is usually 0.5-1%. According to the found 

value of the magnetic flux, the magnetic driving force of the first and second pole 

gaps is determined: 

(27) 1 1,F R   
2 2.F R   

In the 5th step, the magnetic driving force of spaces in poles 1 and 2 is 

determined based on the relation (27), where the force generated at poles 1 and 2 is 

determined by the following formulas, respectively: 

(28)      
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when the anchor of the MEMM moves to the left, it is negative, so the anchor 

movement is braked by the force created by the magnetic flux in the 2nd pole. The 

synchronizing force can be determined by taking into account the given value of the 

x-coordinate for the motion of the electromagnetic core and anchor of the 1 and 2 

poles, and the magnetic driving force of the coil (25) and the forces generated in the 

1 and 2 poles (28). 

Determining the edge conductance of the matching boundary conditions for 

the deviation of the anchor from the average position for the case,      for the 

case 1x  and for the case         the change of boundary conditions 

depending on the value of conductance    between the surfaces    and   ,  
         then, the anchor deviation to the left represents the change of field 

lines passing from face B3 to face C2. The matching of these boundary conditions, 

the marginal conductance between the surfaces, the calculation of elementary tubes 

within the limits determined by the mutual location of the anchor and stator surfaces 

and some additional rational assumptions, and taking into account the comparison 

of experimental results and the development of an algorithm for calculating the 

static characteristics of a multi-coordinate electromagnetic mechatron module based 

on the presented mathematical models possible (Fig. 3). Based on the developed 

mathematical models, this algorithm calculates the structural static characteristics of 

the non-homogeneous multi-coordinate electromagnetic mechatronic module for 

one electromagnetic core in stages, and assumes the compliance of the entire multi-

part structure with state changes and boundary conditions at the beginning and end 

of the working body.  

In the main conditions of the calculation algorithm, the following is 

performed: 

 in the first condition of the algorithm, the magnetic conductance poles of 

the stator are selected; 

 in the second condition of the algorithm, the magnetic conductance is 

calculated for the initial position of the anchor for the selected poles or the space 

between the anchor and the stator; 

 based on the determined results, the sum of the total conductance for each 

pole is calculated; 

 based on the results of the conductance summation, conductances G1 and 

G2, and their derivatives        and        are determined for stator poles 1 and 

2 for a given value of the x-coordinate of the anchor position; 

 when the anchor moves, the electromagnetic force generated as a result of 

the change of the magnetic driving force in poles 1 and 2 is determined; 

 the resistance of the air gaps in poles 1 and 2 is determined, taking into 

account the magnetization curve of the magnetic driving force steel parts in the 

gaps; 

 calculating the current for a given magnetic driving force, the total 

electromagnetic force is calculated by determining the magnetization curve of steel 

parts and the resistance of the air spaces in poles 1 and 2 by the method of 

successive approximation; 
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 according to the found value of the magnetic flux, the magnetic driving 

force of the 1st and 2nd pole spaces is determined. 

 

 
Fig. 3. Algorithm for the calculation of static characteristics of a multi-coordinate 

electromagnetic mechatronic module 

On the basis of the mentioned formulas and equations, the initial data 

for calculating the static characteristics of the electromagnetic core of the 

linear electromagnetic motor, which is the basis of the multi-coordinate 

mechatronic module, l=0.06 m; r2=0.07 m; r3=0.075 m; bp1=0.034 m;  
            ; bp2=0.026; b=0.038 m; W=1290 wrap values are 

obtained. Calculate the effective length of the stator for a cylindrical  

anchor, ls=0.066 m, and the radius size of the technological hole in the 

anchor r1=0.02 m, and for a conical anchor lanch=0.138 m; ls=0.066 m; 

banch=0.026 m; It is done at values of              
In Fig. 4, for the cylindrical anchor, the continuous lines in green (1), red (2), 

and blue (3) represent the experimentally obtained static characteristics, while the 

black dashed lines correspond to the calculated results. The corresponding current 

values are 2 A, 4 A, and 3 A, respectively. In Fig. 5, for the conical anchor, the 

continuous lines in green (1) and purple (2) represent the experimentally obtained 

static characteristics, while the black dashed lines correspond to the calculated 

results. Here, the current values in the stator winding are 3 A and 4 A, respectively. 

From the characteristics of the static force curve, it should be noted that with large 

gaps 
1 p1

x b , the conductance of the main gap is small, and in the latter, the drop in 

X×10–3m 
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magnetic driving force (almost equal to the magnetic driving force of the coil) is 

calculated almost depending on the anchor condition [1, 32, 33]. The characteristic 

of the conductance in this part of the anchor movement increases in the first gap, 

and in the second, it is almost zero, so the electromagnetic force increases. As the 

gap decreases, when the anchor is inserted into the pole gap, the conductance of the 

main gap increases, and its characteristic remains almost constant. 

Comparison of the calculated and experimental results shows good qualitative 

agreement, with quantitative deviations within the engineering tolerance. 

 
 

 

Fig. 4. Static characteristics of cylindrical 

anchor: Bold lines are experimentally 

obtained results. 

Results of the calculation of ring lines 

Fig. 5. Static characteristics of the conical 

anchor: bold lines are experimentally 

obtained results. Results of the calculation of 

ring lines 
 

This, because the conductance of the main gap increases, and the magnetic 

driving force decreases when the anchor moves, which leads to a decrease in the 

constant      power. The transition from the increasing part to the decreasing part 

of the magnetic driving force forms a maximum, the abscissa of which lies in the 

area where these parts are separated. 

3. Limitations 

The MEMM belongs to systems operating based on electromagnetic actuators and 

can be used in the fields of mechatronics and robotics, in automatic control systems, 

as well as in mechanisms that provide linear-rotational motion of the actuator. 

4. Conclusion 

In the article, the construction of a multi-coordinate electromagnetic mechatronic 

module with high weight-gauge indicators, simplification of structural schemes, 

linear and step movements in space coordinates with high accuracy and speed, is 

proposed, and an algorithm for calculating its static characteristics is developed. 

The static characteristics of the device were analyzed depending on some factors, 

such as the magnetic permeability according to the conductance coordinate, its rate 

FEM, N FEM, N 

X×10–3m 
X×10–3m 
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of change, and the change of the electromagnetic force depending on the anchor 

movement when the electromagnetic motor, which is the basis of the multi-

coordinate mechatron module, is connected to a constant voltage. Based on these 

factors, a constructive calculation scheme of an electromagnetic mechatron module 

with a heterogeneous structure was developed, and it was proposed to use the 

principle of superposition in calculating the attraction force of an electromagnetic 

core due to the fact that the anchor is divided into non-magnetized parts and the 

magnetic flux is not branched into the non-excited ones in the excited phase. The 

calculation of the static characteristics of the multi-coordinate electromagnetic 

mechatronic module is carried out step by step for one inhomogeneous 

electromagnetic core, and it is proposed to divide the conduction between the 

surfaces into central, external, and internal parts, which serves to increase the 

efficiency of the calculation process. The developed algorithm calculates the 

external conductance between the surfaces, elemental tubes within the limits 

determined by the mutual location of the anchor and stator surfaces, and allows for 

comparing the experimental results, summarizing the analytical and experimental 

static results. 
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