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There are a list of complicated tasks need to be solved to increase the working productivity and decrease working cost 
in modern shipbuilding and ship repair. Good results in solving those problems are shown whether automation with 
varied robots implementation. The mobile robots able to move and perform given technological operations on different-
spaced ferromagnetic surfaces are equipped with own control systems, movers and clamping devices. Usually, reliabil-
ity and safety of such robots are in direct dependence on designers’ adequate representation of their behavior that is 
described by mathematical description of separate parts or the robot in the whole to correct control problem solving. 
The article amply considers the process of the climbing mobile robot clamping electromagnet simulation model build-
ing using the improved circle-field method on the example of BR-65/30 clamping electromagnet. The model is built on 
the basis of interpolated dependences of flux coupling and electromagnetic force on the magnetomotive force and the 
value of the air gap obtained by numerical calculations of the magnetic field. The dynamic properties of the electro-
magnet are investigated and a family of its traction characteristics is obtained by the developed model, which can be 
used for automatic control of the robot clamping device. References 25, figures 5, tables 3. 
Key words: clamping electromagnets, mobile robot, modeling, circle-field method, traction characteristics. 

 
Introduction. Increasing labor productivity and reducing the cost of finished products or services in 

modern conditions is achieved by increasing the level of automation of production, including by using ro-
botic systems and complexes that replace humans when performing time-consuming and dangerous to hu-
man life and health technological operations [1-3]. Particularly important role is played by flexible mobile 
robots, which are able to move the work tool on both flat and complex sloping surfaces [4, 5]. In particular, 
in shipbuilding and ship repair the use of mobile robots on ferromagnetic surfaces of ship hulls is promising 
for automation of multi-purpose technological operations and tasks: cleaning of large areas, painting, cutting, 
welding, inspection, diagnostics, rescue operations and fire safety, operating in aggressive and high-
temperature environments, hard-to-reach places, etc. [4-8]. 

Mobile robotic complexes are equipped with clamping permanent magnets or controlled electromag-
nets to ensure reliable retention and movement on the ferromagnetic surface [9]. The electromagnet as an 
element of the automatic control system of clamping force has better controllability than pneumatic and hy-
draulic clamping devices of mobile robots [10-11]. When designing robots with a fixed gap between the 
clamping magnet and the working ferromagnetic surface, there is a problem of choosing the optimal number 
of clamping magnets with a certain value of the nominal clamping force for reliable movement and adhesion 
to the surface without slipping [12, 13]. Therefore, the development and improvement of models and meth-
ods, that will take into account the electromagnetic and electromechanical processes of interaction of the 
clamping electromagnet and the ferromagnetic surface, is an urgent task to improve the efficiency and reli-
ability of advanced control systems of such mobile robots with working surfaces [3, 12, 14, 15]. 

Analysis of previous research. For joint simulation of electromagnetic, electromechanical and me-
chanical processes, it is advisable to use the circle-field method [16]. When applied to electromagnets it al-
lows to determine the instantaneous values of electromagnetic force and flux coupling depending on the val-
ue of the air gap and the voltage supplied to the winding [17]. The essence of the method is a numerical cal-
culation of the spatial magnetic field taking into account the nonlinearity of the magnetic circuit magnetiza-
tion characteristics for a fixed position of the electromagnet armature and a fixed value of direct current in 
the winding [18, 19]. Next, the amount of magnetic flux linkage is determined integrating the magnetic in-
duction by the area of the winding turns: 
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where jwS  is the area of the j-th turn of the winding; В is the vector of magnetic induction; nw j is the nor-

mal to the plane of the j-th turn of the winding. The vector of electromagnetic force eF  acting on the arma-
ture of the electromagnet is determined according to Maxwell's formula [20]: 
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where S is the surface of the anchor; n is the normal vector to the anchor surface. If the vector eF  is directed 

along the tracking direction of the armature then eeF F . 

Similarly, the values of flux linkage and electromagnetic force are determined for a number of com-
binations of the air gap values and direct current in the winding. The results of the calculations are entered in 
two tables showing the dependences of the flux linkage  and the electromagnetic force eF  on the value of 
the air gap δ and the magnetomotive force of the winding IW. As a result of tabular dependences approxima-
tion, continuous functions ),(  IW  and ),( IWFe  are obtained, which are then used in solving the equa-
tions of the electromagnet winding electric circuit combined with the equations of mechanics. 

In the articles [21, 22] an improved circle-field method is used. It includes the transformation of the 
direct dependences (IW) to inverse dependences IW() for a number of δ values. This eliminates the need 
for flux linkage differentiation in the numerical equation solution, and thus increases the accuracy of the 
simulation. Therefore, this modification of the method is most suitable for modelling clamping electromag-
nets of mobile robots. 

The aim of this research was to develop a simulation model of electromagnetic and electromechani-
cal processes in the clamping electromagnets of mobile robots using the circle-field method. 

Designing a model of the mobile robot clamping magnet in Ansoft Maxwell. It is advisable to use 
clamping electromagnets BR-65/30 (Fig. 1, a) in the considered mobile robots. The main characteristics of 
the electromagnet [23] are: rated voltage 12 V; rated current 1.08 A; rated power 13 W; rated clamping force 
800 N; winding inductance 75 mH (according to the measurement results). 

A specialized program Ansoft Maxwell was used for numerical calculations of electromagnetic force 
and magnetic flux linkage of electromagnets when varying the values of the magnetomotive force and air 
gap [19, 24]. The three-dimensional model of the electromagnet is built in the graphic editor of the Ansoft 
Maxwell and presented in Fig. 1, b, where 1 − electromagnet core; 2 − winding; 3 − ferromagnetic disk to 
which the electromagnet is attracted. The diameter of the disk is chosen to be twice the diameter of the elec-
tromagnet to eliminate the influence of the edge effect. Then a number of magnetomotive force values are 
programmatically set. Two tables of magnetic flux linkage values (Table 1) and electromagnetic force values 
(Table 2) are obtained as a result of computer simulation. 
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Fig. 1 
 

Since in the future the magnetic flux linkage function will be approximated by the least squares 
method, and the electromagnetic force function will be interpolated by cubic splines, it requires a larger 
number of calculation points (Table 2). 
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Table 1 
IW, kA 

0.1 0.25 0.5 1 1.5 2 3 4 6 8 10 12 
 

δ, 
mm , mWb 
0.05 0.430 0.730 0.837 0.885 0.925 0.955 1.013 1.068 1.174 1.277 1.376 1.468 
0.1 0.298 0.647 0.812 0.875 0.915 0.948 1.007 1.063 1.170 1.272 1.372 1.465 

0.175 0.204 0.498 0.762 0.863 0.902 0.941 0.996 1.054 1.163 1.265 1.364 1.458 
0.25 0.158 0.393 0.697 0.853 0.891 0.929 0.987 1.045 1.155 1.259 1.358 1.453 
0.35 0.125 0.312 0.597 0.834 0.877 0.916 0.979 1.035 1.144 1.251 1.350 1.445 
0.5 0.096 0.241 0.475 0.786 0.859 0.895 0.965 1.016 1.131 1.237 1.339 1.435 

0.75 0.072 0.181 0.360 0.681 0.827 0.868 0.938 1.002 1.107 1.217 1.319 1.416 
1 0.059 0.147 0.294 0.577 0.776 0.842 0.910 0.981 1.088 1.196 1.298 1.399 

1.5 0.045 0.113 0.226 0.449 0.657 0.789 0.874 0.936 1.060 1.159 1.263 1.362 
2 0.038 0.094 0.188 0.375 0.559 0.715 0.841 0.904 1.022 1.132 1.229 1.328 
3 0.029 0.073 0.147 0.295 0.440 0.581 0.780 0.851 0.968 1.070 1.181 1.271 
4 0.025 0.063 0.126 0.253 0.379 0.503 0.719 0.813 0.925 1.033 1.136 1.235 
5 0.023 0.057 0.114 0.227 0.342 0.454 0.663 0.778 0.898 1.002 1.089 1.199 

 
Table 2 

IW, kA 
0.1 0.25 0.35 0.5 0.75 1 1.25 1.5 2 2.5 3 4 6 8 10 12 

 
δ, 

mm Fe, N 
0.05 212 613 717 801 860 899 938 977 1030 1077 1123 1210 1382 1551 1707 1828
0.1 94.1 489 590 701 783 823 859 894 953 1000 1042 1127 1290 1453 1603 1736

0.175 41.1 243 412 570 692 735 770 803 866 913 955 1036 1191 1345 1487 1626
0.25 23 141 266 445 599 663 697 730 790 842 883 961 1110 1256 1397 1526
0.35 12.9 80.5 156 300 490 584 621 651 708 762 807 882 1025 1164 1298 1426
0.5 6.94 43.3 84.4 170 343 465 529 560 614 664 712 787 923 1056 1183 1307

0.75 3.37 21.1 41.3 83.9 185 303 393 448 500 546 590 668 796 920 1041 1158
1 2.01 12.6 24.6 50.2 112 194 281 349 418 460 499 575 698 814 930 1042

1.5 0.97 6.06 11.9 24.3 54.5 96.3 148 205 299 343 376 441 557 659 761 865 
2 0.578 3.61 7.08 14.4 32.5 57.5 89.6 127 208 265 297 351 455 548 638 730 
3 0.277 1.73 3.39 6.92 15.5 27.6 43.1 61.9 108 158 195 239 318 395 468 541 
4 0.162 1.01 1.99 4.05 9.13 16.2 25.3 36.4 64.2 97.7 131 171 234 295 355 414 
5 0.106 0.663 1.3 2.65 5.96 10.6 16.6 23.8 42.2 65 90.1 127 177 226 275 323 

 
Approximation of the magnetic field calculation results. The dependences j(IW) can be ap-

proximated by hyperbolic functions [25]: 
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where j is the row number of Table 1; (xc, yc) are the coordinates of the center of the hyperbola; b is the value 
that sets the focal length; kr is the coefficient of rotation. 

All 4 coefficients of the approximating function are determined by the method of least squares by 
searching in 4 nested loops for one of the dependences (j = 6, δ = 0.5 mm), so the slope of the upper asymp-
tote, which is the same for all hyperbolas уj(х), is found as: 

   6 6 6 6 6
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      Wb/А. 

When approximating other dependencies a search of values хс, ус and b is performed in 3 nested 
loops determining the value of kr by the formula: 
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The resulting vectors of the hyperbola coefficients: 

 T3278301226442100176213481103810621482354232133cx  (А); 

  T752.0774.00.7960.8220.8360.850.8560.8620.8640.8640.8660.8660.867cy  (mWb); 



ISSN 1607-7970. Техн. електродинаміка. 2021. № 3                                                                                   61 

  T462516530518480434373324262222198150121b  (А); 

  T0.140.1540.1750.2190.2590.3340.4040.5390.6940.881.1681.7322.802rk  (mWb/kА). 

The graphs of the dependencies j(IW) are shown in Fig. 2. 
Then we set a range of flux linkage values: 

 kk , 

where k = 0, 1, ... 15;  = 0.1 mWb. For each value 
we make the equation: 

kj IW  )( . 

A number of magnetomotive force values 
IWj,k, corresponding to the specified values of flux 
linkage Ψk at air gap values δj, is determined numeri-
cally solving these equations by the method of half 
division. The results are summarized in Table 3. By 
interpolating the table dependence we obtain the func-
tion of two variables IW(,δ). This function will be 
used in the equations of the electric circuit of the elec-
tromagnet winding. 

Table 3 
, mWb 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 
 

δ, 
mm IW, kА 
0.1 0.032 0.065 0.099 0.136 0.176 0.224 0.293 0.453 1.24 2.95 4.83 6.73 8.65 10.6 12.5 

0.25 0.062 0.124 0.188 0.254 0.325 0.404 0.506 0.706 1.54 3.24 5.11 7.01 8.93 10.8 12.8 
0.5 0.101 0.204 0.308 0.415 0.527 0.651 0.802 1.07 1.96 3.64 5.5 7.39 9.3 11.2 13.1 
1 0.166 0.334 0.504 0.676 0.855 1.05 1.27 1.64 2.69 4.41 6.27 8.17 10.1 11 13.9 

1.5 0.218 0.437 0.658 0.883 1.11 1.36 1.64 2.09 3.29 5.06 6.94 8.84 10.8 12.7 14.6 
2 0.263 0.526 0.792 1.06 1.34 1.62 1.95 2.5 3.85 5.66 7.55 9.46 11.4 13.3 15.2 
3 0.338 0.677 1.02 1.36 1.71 2.07 2.49 3.22 4.8 6.67 8.57 10.5 12.4 14.3 16.3 
4 0.394 0.789 1.19 1.58 1.99 2.41 2.88 3.81 5.54 7.43 9.33 11.3 13.2 15.1 17 
5 0.439 0.880 1.32 1.76 2.21 2.67 3.2 4.36 6.19 8.1 10 11.9 13.9 15.8 17.7 

 
Electromagnet equivalent circuit and process equations. Taking into account the influence of 

eddy currents on the nature of transients, we make an equivalent circuit of the electromagnet winding 
(Fig. 3). The circuit shows: R is the active resistance of the winding; values reduced to the winding: 

Wii cece /.
*
.  ; 2

.
*
. WRR cece  ; іе.с is the magnetomotive force generated by eddy currents; W is the number of 

the winding turns; Rе.с is the resistance to eddy currents; и, і, і is 
the instantaneous values of winding voltage, winding current and 
magnetizing current, respectively. 

Since the number of the winding turns is not given in the 
documentation of the electromagnet, it can be determined through 
the measured inductance L = 75 mH and calculated in the program 
Ansoft Maxwell magnetic conductivity in the open state Λopen = 
0,144 mkH: 

722/  openLW . 

The complex magnetic resistance has been calculated as Zm = Rm + jXm = 2.2ꞏ106 + jꞏ9.5ꞏ103 (H-1) to 
determine the value of Rе.с. Wherein it was set low-frequency alternating current (ω = 1 rad/s) in the model to 
eliminate current displacement effect. The resistance to eddy currents is determined using the imaginary part 
of the complex magnetic resistance: Rе.с = ω/Xm = 10-4 Ohm. 

The resistance reduced to the winding: 

 522
.

*
.  WRR cece  Ohm. 

The equations of the electric circuit processes: 
 



62                                                                                   ISSN 1607-7970. Техн. електродинаміка. 2021. № 3 

      )(tRitu
dt

d



;   )()()( * tititi e.c  ;    )(),(

1
ttIW

W
i  ;    )()(

1
)(

*
* tRitu

R
ti

e.c
e.c  . (1)−(4) 

The equations (1) − (4) can be solved numerically using Rungk-Kutta method. 
Development of the simulation model and calculation of electromagnet characteristics. A simu-

lation model of the electromagnet in the Simulink environment is created based on equations (1) − (4) and 
Tables 1, 3 (Fig. 4). The calculation of the resulting magnetomotive force is occurred in the block "IW" by 
interpolating the data of Table 3 and the calculation of electromagnetic force ‒ in the block "Magnetic force" 
by interpolating the data in Table 1. 

The input val-
ues of the electromag-
net simulation model 
are the instantaneous 
values of voltage and 
air gap, and the output 
values are the instanta-
neous values of the 
electromagnetic force 
and current. The elec-
tromagnet characteris-
tics (Fig. 5) are ob-
tained as a result of 
modelling. 

A family of 
static traction charac-
teristics is given in Fig. 

5, a. They are the dependences of the electromagnetic force on the value of the air gap at different values of 
the winding current. At the rated current Іп and close to zero values of the air gap electromagnetic force is 
close to 800 N, which corresponds to the nominal clamping force given in the datasheet [23]. 

If the nominal value of the air gap between the mobile robot’s clamping electromagnets and the fer-
romagnetic surface is 2 mm, then, according to the characteristics (Fig. 5, a), at rated current each electro-
magnet will provide a clamping force of 35 N, and double current increase will give an opportunity to briefly 
increase the force to 140 N to prevent detachment from the surface in case of danger. Similarly, at the begin-
ning of the detachment (this situation can be detected by slip displacement sensors [13]), when the gap in-
creases to 2.5 mm, a short-term increase in current to twice the nominal value will increase the force to 91 N 
and return the robot to the working surface. 

The dynamic properties of clamping electromagnets have essential value at automatic control. Fig. 5 
shows graphs of growth of electromagnetic force (Fig. 5, b) and winding current (Fig. 5, c) when the elec-
tromagnet is turned on at rated voltage for different values of the air gap. The following patterns can be ob-
served according to the obtained graphs. As the air gap value decreases, the time of the electromagnetic force 
increase first increases (at the gap values less than 0.3 mm), and then decreases again. This is due to the elec-
tromagnet inductance increase by the air gap magnetic conductivity increase, and then − the inductance de-
crease by the steel saturation. The dynamics of the winding current change is characterized by a stepwise 
increase to 0.2 A due to eddy currents, and then ‒ by a gradual increase to the nominal value. The rate of cur-
rent growth also depends on the conductivity of the gap and the saturation of the magnetic circuit. 

Conclusions. The use of the circle-field method for modeling clamping electromagnets of mobile 
robots makes it possible to create a model of electromagnetic and electromechanical processes, that takes 
into account the spatial distribution of the magnetic field, nonlinearity of steel magnetization characteristics 
and eddy currents, adding new knowledge to [12, 15, 19, 25]. The model is based on the numerically calcu-
lated dependences of flux linkage and electromagnetic force on the magnetomotive force and the value of the 
air gap, which were approximated and included in the equations of the electromagnet winding electric cir-
cuit. At the same time mathematical methods of approximation of dependences of flux linkage on magneto-
motive force by hyperbolic functions and transition to inverse dependences were applied. The simulation 
model of the clamping electromagnet in the Simulink program is designed on the basis of the received equa-
tions and the calculated tabular values. The family of the traction characteristics for different winding cur-

Fig. 4 
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rents, as well as the characteristics of the electromagnet at different values of the air gap are calculated. They 
determine the electromagnet dynamic properties as an actuator of the clamping force automatic control sys-
tem. The developed simulation model of the clamping electromagnet will be used as a subsystem included as 
a part in the model of motion control systems for mobile robots able to move on inclined and vertical ferro-
magnetic surfaces. 

 

 
Fig. 5 
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У сучасному суднобудуванні та судноремонті існує перелік складних завдань, які потрібно вирішити для підвищення проду-
ктивності праці та зменшення основних витрат. Хороші результати у вирішенні цих завдань показує автоматизація із 
впровадженням різнотипних роботів. Мобільні роботи, здатні переміщуватися та виконувати задані технологічні опера-
ції на феромагнітних поверхнях різного просторового розташування, обладнують власними системами керування, рушіями 
та притискними пристроями. Зазвичай надійність магніта та безпека таких роботів знаходяться в прямій залежності 
від належного уявлення розробників щодо їхньої поведінки, яка описується математично для окремих частин або робота в 
цілому з метою коректного вирішення проблем керування. В статті розглянуто процес побудови імітаційних моделей при-
тискних електромагнітів мобільних роботів з використанням покращеного коло-польового методу на прикладі електрома-
гніта BR-65/30. Модель побудовано на основі інтерпольованих залежностей потокозчеплення та електромагнітної сили 
від магніторушійної сили та величини повітряного зазору, отриманих шляхом числових розрахунків магнітного поля. За 
допомогою розробленої моделі досліджено динамічні властивості електромагніту та отримано сімейство його тягових 
характеристик, що можуть бути використані для автоматичного керування притискним пристроєм. Бібл. 25, рис. 5, 
табл. 3. 
Ключові слова: затискні електромагніти, мобільний робот, моделювання, метод кругового поля, тягові характеристики. 
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