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The efficiency of the electromagnetic lifting system is ensured by the well-coordinated work of all its parts and 
elements, namely those providing the strictly vertical movement of the skip. The deviation of the skip movement 
from the vertical axis can lead to a stop and damage of both the skip and the unit. Therefore, the air gap adjustment 
and skip protection system of the electromagnetic lifting system, which includes determining the size of the air gap 
between the electromagnet of the skip and the electromagnet of the aligning device, and the development of a stabili-
zation system to ensure a constant air gap and regulate the current in the electromagnet winding, provide both a 
strictly vertical movement skip, and its protection. 

 The article is devoted to the theoretical determination of the air gap between the electromagnets of the aligning 
device and the skip using the Biot – Savar – Laplace law. 
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The electromagnetic lifting system consists of a lifting vessel (skip), electric magnets (or perma-

nent magnets) and aligning conductors. By the force of electromagnetic interaction, the vessel is set in 
motion. Since there is a gap between the skip and the aligning devices, friction is eliminated, and the 
only braking force is the aerodynamic drag. Previously the magnetic levitation for the transportation 
of rock mass has never been used anywhere in the world and the creation of this unit entails the intro-
duction of a new innovative technology for transporting rock mass in the mining industry and con-
struction. 

Unlike the existing lifting machines, the unit has a greater load capacity with less consumption of 
electricity and other energy resources, so this transportation technology can be considered as energy-
saving. 

Electric magnets with high lifting force are used in engineering for various purposes. For exam-
ple, an electromagnetic lifting crane is used in metallurgical and metal processing plants, in ports for 
carrying iron scrap and finished products. Metal processing plants use machines with magnetic tables, 
on which the processed metal product is fixed by the force of strong electromagnets [4, 7]. 

Let us consider the electric magnet with an axial direction of magnetization (Fig.1), the mag-
netizing current I flows along the winding of this magnet. 

The magnetic moment of the electric magnet P can be calculated using the following formula 
,jhSP   

where hIj /  – linear density of the magnetizing current, which 
can be expressed by the approximate formula 

,/ 0mBj r  

Br – residual magnetic induction; m0 = 4·10–7 H/m – magnetic 
constant.  

The magnitude and direction of the magnetic induction vec-
tor dB  at an arbitrary point of the magnetic field, created by the 

element of the conductor dl with current I, can be found using the 
Biot – Savart – Laplace law [18]: 
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Fig.1. Electromagnet with axial  
direction of magnetization 
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where dl  is the modulus of a vector equal to the length of dl element of the conductor and matching 
the direction of current flow; r is the radius vector drawn from the conductor element dl  to the 
considered point of the field. 

The modulus of vector dB  is defined by the formula  

,sin
4 2

0 a
r
IdlB




  

where  – angle between vectors dl and r . 
For the magnetic field, the principle of superposition is valid: the vector of magnetic induc-

tion of the resultant field created by several currents or moving charges is equal to the vector sum 
of the magnetic inductions of the fields created by each current or moving charge separately [14]: 
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The total magnetic field created by this conductor with current at point А, can be calculated as 
the vector sum of the fields created by all individual elements of dl  at the same point. This 
summation in the limit becomes the integration action: 
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Let us define the expression for the magnetic induction in the center of one winding turn with the 
coil current (Fig.2). The distance r from any element of dl  to the center О is the same, that is equal 
to the winding turn radius R. All elements are perpendicular to radius vector that is why 
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If the medium around the conductor is nonmagnetic,  = 1. Then 

R
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2
0 . 

If there are N winding turns in the coil of the electromagnet, then 

R
IN

B
2
0

 . 

Now we define the induction of the magnetic field of the winding turn with the current at an 
arbitrary point A on its axis. The axis of the turn z is a straight line, which passes through the center 
of the turn and is perpendicular to the plane of the cross section [16]. 

 

Fig.2. Induction of the magnetic field 
in the center of the winding turn of 

the electromagnet coil with the axial 
direction of magnetization 
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Fig.3. Induction of the magnetic field on the axis of the circular 
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Figure 3 shows circular turn of radius R, which plane is perpendicular to the plane of the draw-
ing. The element distance dl  to point A will be denoted as r . The angle between dl  and r  is equal 
to /2 (as the angle between cone generator and element of the circle of its base). 

At point A on axis z the vectors of induction of fields created by different small elements of a 
winding turn with current, do not coincide in direction. The magnetic field of a winding turn with 
current has rotational symmetry, that is why vectors 1dB  and 2dB  for fields of two diametrically 
opposite elements of winding turn dl1 and dl2, having the same length (dl1 = dl2 = dl), are equal in 
absolute value  

2
0

21 4 r
IdldBdB



 . 

The resulting vector 21 dBdBdB  in point A is directed along axis z and is equal in abso-

lute value to  sin1dBdB , where rR /sin  . 

Substituting the value sin , we have 
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The induction of the magnetic field created by the whole winding turn has the same direction, 
and its modulus is [12] 
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From Figure 3 it is seen that 222 zRr  , where z is a distance from the center of section 0 to 
point A. Then  
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Substituting this value from the previous formula, we can calculate the induction of the 
field along the axis of the winding turn with current: 
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If the number of winding turns in the electromagnet coil is N, then the resulting expression 
must be multiplied by N. 

To theoretically calculate the resultant interaction field of elec-
tromagnets, we place the origin of coordinates at a point lying on a 
line connecting their centers at the same distance and use the formula 
for calculating the magnetic induction B


 for one electromagnet [13]. 

It is obvious that the induction  B


 of the magnetic field at a 
point on the axis of two identical electromagnets (Fig.4) at a dis-
tance А1 and А2 from them is equal to 
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 ; a – distance between electric magnets. 

 

Fig.4. Interaction  
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With z = 0 and a ˂ R the induction of magnetic field has maximum value, if a ˃ R, then it has 
minimum value. If a = R, then the field is almost homogeneous within the range – R ˂ z ˂ + R. 
Then 
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For the calculation of the system «electric magnet of the skip – electric magnet of aligning de-
vice» of the electric magnetic lifting unit it is recommended to use the system of cylindrical coordi-
nates. The center of the coordinate system in this case is better to place at the axis of electric mag-
netic system in the middle between electric magnets, that is at the distance s/2 from upper base of 
the electric magnet 1, and from the lower one (Fig.5) [8].  

Since the magnetic system consists of two electric magnets, in accordance with the superposi-
tion principle its magnetic field is equal to the sum of the magnetic fields of electric magnets. Let us 
introduce the following notations. The magnetic induction of electric magnet 1 has radial B1x(X, 0, Z) 
and axial B1z(X, 0, Z) components (it was calculated according to the Biot – Savart – Laplace law in 
relation to the center of electric magnet 1 with residual induction Br1). The magnetic induction of 
electric magnet 2 has radial B2x(X, 0, Z) and axial B2z(X, 0, Z) components (it was calculated ac-
cording to the Biot – Savart – Laplace law in relation to the center of electric magnet 2 with residual 
induction Br2). The magnetic induction B12(X, 0, Z) of the electric magnetic system has radial 
B12x(X, 0, Z) and axial B12z(X, 0, Z) components calculated in relation to the center of the base tak-
ing into account that the electric magnets are placed at a distance s from each other [10, 11, 15]: 
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The modulus of magnetic induction of the systems B12(X, 0, Z) is 

   22 ),0,(12),0,(12),0,(12 ZXBZXBZXB zx  . 

To calculate the interacting force (attraction or repulsion) of magnets we indicate that magnetic 
field of the electric magnet 1 with radial B1x(X, 0, Z) and axial B1z(X, 0, Z) components of the mag-
netic induction (it was calculated according to the Biot – Savart – Laplace law in relation to the cen-
ter of electric magnet 1) is acting on the other same magnet with linear density of the current 

0
2

2
m
Bj r  and creates the Ampere force (the Ampere force is a force acting from the magnetic 

field on the conductor with current). The Ampere force dF, acting on the small element dl of the 
conductor length with current I, equals to  
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where dl  – vector numerically equal to 
the length of dl conductor element and 
having the same direction as the vector j


 

of current density of this conductor ele-
ment [9]. 

If vectors dl  and B


 are mutually per-
pendicular, then the direction of the force 
dF  can be found according to the Flem-
ing's Left Hand Rule: if the palm of the 
left hand is placed so that the vector of a 
magnetic induction enters the palm, and 
four extended fingers point to the direction 
of the electric current flow, then the ex-
tended thumb points in the direction of the 
force exerted from the field upon the con-
ductor [19]. 

The interacting force arising due to 
the axial component of the magnetic in-
duction of the magnet field, has only ra-
dial component. Its impact on the solenoid 

is reduced to its radial contraction (extension). Thus, the desired force is determined only be radial 
component of B1x induction of magnetic field of electric magnet 1. The radial component of the 
magnetic field induction of the electromagnet 1 and and the vector of linear density of current 2j


 in 

electric magnet 2 are mutually perpendicular. 
The linear density of current in electric magnet 2 for the internal diameter D21 of electric magnet is 
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Then for the elementary Ampere force is 
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where dfD
2
22  and dfD
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 are elements of the conductor length of electromagnet winding in the 

cylindrical coordinate system [5]. 
Taking into account the axial symmetry of the system  
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Taking into account the position of the coordinate system the limits of integration along Z will 

be from 
2
s  to 22

hs
 , and the radial component of magnetic induction of electric magnet 1 B1x 

 

Fig.5. Scheme of a magnetic system of two electromagnets  
(the center of coordinates is on the axis of the system in the middle  

between the electromagnets); X is the radial coordinate; Z – axial coordinate 
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should be calculated at points 
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Substituting the expressed values of magnetic induction, we obtain an expression for determin-
ing the interacting force of electromagnets [1]: 
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Having simplified the obtained values, we get the resulting expression: 
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According to Newton's third law, the lifting of the skip of the electromagnetic lifting system 
will be carried out under the condition that the interacting force between the electromagnets and the 
force of gravity of the skip is equal. Then the maximum carrying capacity is 
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where ms – weight of the skip; g – free fall acceleration. 
The calculations were carried out to determine the interacting force of two identical electro-

magnets with an amount of winding turns N equal to 500, 1000, 1500 and 2000, and with a core di-
ameter of 0.016 m, spaced from 0 to 3 cm apart. Each solenoid was supplied with a constant voltage 
of 30 V. The core material was steel, the winding material was copper wire 0.5 mm in diameter. 
The width of each electromagnet is 0.035 m. 

The interacting force calculations for each pair of tested electromagnets were carried out in the 
MathCad 15 program. Based on the calculation results, plots of the interacting force of the two elec-
tromagnets versus the air gap were plotted. The graph shows curves with extrema of the continuous 
function Fi(s), which have local character. This means that the function compiled for each electro-
magnet has one largest value of the function as compared to nearby values (Fig.6). The point at 
which the extremum of the interacting force function is determined defines the size of the air gap 
for the investigated electromagnet [1-3, 6, 8]. 
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The gaps for electromagnets with the number of winding turns 500, 1000, 1500 and 2000 are 
set in accordance with Fig.7. 

Thus, based on the results of the studies, the size of the air gap of the investigated electromag-
nets was determined, as well as the maximum load capacity of the electromagnets for certain gaps. 
The diagram of air gap size dependence on the possible load capacity is shown in Fig.8.  

 
Conclusions 

 
1. A system for regulating the air gap and protecting the skip of the electromagnetic lifting sys-

tem has been developed. According to the Biot – Savart – Laplace law, an expression is obtained 
for determining the magnetic induction for the interaction of two identical electric magnets, the vec-
tor analysis and calculation of the resultant field were carried out.  

2. Using the method of cylindrical coordinates, an expression is obtained for determining the inter-
acting force between the electromagnet of the skip and the electromagnet of the aligning device. 

3. The size of the air gap for electromagnets with the number of winding turns 500, 1000, 
1500, 2000, depending on the interacting force of electromagnets is determined. 

4. The choice of the most effective electromagnet with the number of winding turns 1500 is 
substantiated and the optimal air gap size of 5 mm for this magnet is determined. 
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