
Computer Applications in Electrical Engineering

Electromagnetic friction clutch for fixing accurate position
of sliding elements

Ivo Dolezel 
Czech Technical University 

166 27 Praha 6, Technicka 2, e-mail: dolezel@fel.cvut.cz)

Vaclav Kotlan, Bohus Ulrych 
University of West Bohemia 

306 14 Plzen, Univerzitni 26, e-mail: vkotlan@kte.zcu.cz, ulrych@kte.zcu.cz)

A complete mathematical model of an electromagnetic friction clutch is presented, 
whose numerical solution provides its basic operation characteristics. The clutch represents 
a part of various devices working with the movable plunger and its purpose is to fix it in a 
prescribed accurate position. Its application is illustrated by a typical example.

1. Introduction

A lot of technical applications (linear motors, various actuators and other 
devices, see, for example [1-2]) requires fixing of their movable elements (for 
example, a plunger of a thermoelastic actuator) at a prescribed position x , see Fig.
1. This position of plunger 1 from a given interval (a , i s  controlled by s 
photoelectric sensor 4. A supplementary condition is that the axial pulse of force 
Fa during the process of fixing is as low as possible. On the other hand, the
perpendicular magnetic force Fm should be as high as possible in order to secure 
the fast fixation of the movable element 1. This can be realized by a magnetic 
friction clutch 3 with a very low mechanical inertia.

b x  а

Fig. 1. Fixing of prescribed position of movable element by friction clutch: 
1-movable element (for example the plunger of a thermoelastic actuator), 

2-device generating the movement of element 1 (for example a thermoelastic actuator), 
3-friction clutch, 4-photoelectric sensor
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The paper deals with the technical description of such a friction clutch and its 
basic operation properties. i.e., produced magnetic and friction forces and 
temperature rise (that must not exceed the prescribed value). It is organized in the 
following manner: first we present the structural and physical formulations of the 
problem and then its mathematical model whose solution provided a number of 
results. The crucial part of the paper contains the selected results and their 
discussion together with final evaluation. Attention is mainly paid to the 
circumstances affecting the basic properties of the clutch -  field current, materials 
and geometrical configuration (ratio between the length and diameter of the 
clutch). These data form the basis for its eventual subsequent optimization.

2. Structural and physical formulation of the problem

The starting structural arrangement (geometrical configuration) of the 
considered clutch is depicted in Fig. 2. The clutch represents, in fact, a simple 
electromagnetic actuator whose ferromagnetic plunger 2 and shell 3.1 are drilled 
through by coaxial holes perpendicular to the axis of the core.

4 5 6 7 3.1 3.2 2 1

Fig. 2. Arrangement of the considered friction clutch:
1-field coil, 2-core (carbon steel 12 040) with a hole, 3.1 and 3.2-ferromagnetic shells (carbon 

steel 12 040), 4-leading shell of the movable core, 5-braked movable element (for example plunger 
of the thermoelastic actuator), 6-fixing ring, 7-front of the device producing the movement (for

example thermoelastic actuator), AB> EF -  contact surfaces between the movable element 5

and shell 3.1, CD -contact surface between the movable element 5 and core 2

These holes are covered by friction fillings made of metal-ceramic friction 
material Diafrikt K5 [3] of friction coefficient f  ~ 0 5 . The movable element 5 
goes through the fillings and is (in the starting position) freely braked by them. At
the moment when the field coil 1 is connected to the source of direct current I ext,
the core 2 is drawn into it by electromagnetic force Fm . But the element 5 makes it 
impossible to continue this process of drawing and starts to act on the core 2 (in the 
area CD) by the same reaction force. And the same force appears between the 
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element 5 and shell 3.1 in the areas AB and EF . These forces acting in the direction 
of the normal with respect to the corresponding areas (with high accuracy Fm Fm,n )

generate the friction force Ff,a = f  Fm,n acting in the axial direction and preventing 
these areas from any mutual movement. In this way the resultant friction force fixes the 
position of element 5 with respect to the shell 3.1 of the friction clutch.

The values of physical parameters of particular elements of the clutch are given 
in Tab. 1 and Figs. 3 and 4. These values were used for all computations whose 
results are presented and discussed in sections 4 and 5.

3. Mathematical model of the problem

The mathematical model of the clutch consists of two partial differential 
equations describing the distribution of the magnetic and temperature fields.

The stationary magnetic field in the clutch is expressed in terms of the magnetic 
vector potential A  and obeys the equation [6]

curi curi A = /ext, (1)
Ц

where symbol Ц stands for the magnetic permeability and J ext is the field current 
density. The field produces magnetic force F m acting between the feromagnetic 
core 2 and shell 3.2 (see Fig. 2) whose value is expressed by the integral

S2
(2)

where H  and B  are vectors of the magnetic field and n denotes the unit vector 
of the outward normal to the surface S2 . Finally, integration is performed over the 
whole core 2 of the clutch.

The force Fm then produces the axial friction force Ffa between the clutch 
and braked movable element 5, whose value is

Ff,a = f  |F m I . (3)
The stationary temperature field  in the clutch is described by the equation [7]

div (Л-grad T ) = -  w j, (4)

where X stands for the thermal conductivity, and wj denotes the specific ohmic 
losses produced in the field coil given by the formula

wj = JssL, (5)
Y

Y being the electrical conductivity of material of the coil (see Tab. 1).
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Table 1. Physical parameters of particular elements of the friction clutch

Element Material Parameter Value Unit

1 field coil Cu [5] diameter of conductor Dv 
length of coil Az 
thickness of coil Ar

number of turns Nz 
filling coefficient к

relative permeability цr

thermal conductivity* X

electrical conductivity* у

1
30
7

210
0.785

1

306.1

4.474x107

mm
mm
mm

W/m oC 

S/m
2

3.1
3.2

ferromagnetic core 

ferromagnetic shell

steels: [4]

C SN 11375

CSN 12 040 
CSN 42 2709

curve B(H)

thermal conductivity X 

electrical conductivity у

see Fig. 3

see Fig. 4 

4.5x106 S/m

4 leading shell Teflon [5] relative permeability jur 

thermal conductivity X

1

1.6 W/m oC

5 movable element aluminium [5] relative permeability /ur 1 —

electrical conductivity у 

thermal conductivity X

3.5x 107 

229

S/m 

W/m oC

6 fixing ring Teflon [5] relative permeability цr 

thermal conductivity X

1

1.6 W/m oC
* respected is the filling coefficient K = 0.785.

Fig. 3. Magnetization curves of particular steel materials:
I -  steel CSN 11375, II -  steel CSN 12 040, III -  cast steel CSN 42 2709
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T  [102 °C]

Fig. 4. Temperature dependencies of thermal conductivities of particular steel materials: I -  steel 
CSN 11375, II -  steel CSN 12 040, III -  cast steel CSN 42 2709

The model is solved in the axisymmetric arrangement. Unambiguousness of the 
solutions of (1) and (4) is secured by correct boundary conditions. For (1) we apply 
the condition of antisymmetry along the axis of the field coil and the Dirichlet 
condition of the zero magnetic vector potential along an artificial boundary 
approximating the situation in infinity. As for equation (4), because of a relatively 
low temperature of the ferromagnetic shell of the clutch we can neglect the 
influence of radiation, so that we apply there only the condition of convection of 
heat into ambient air.

4. Computer model

The system of equations (1) and (4) was solved by the professional commercial 
code QuickField [8] as a nonlinear 2D coupled problem. The selected results were 
then validated by our own fully adaptive code Agros2D [9] that is based on finite 
elements of higher order of accuracy.

Selected results are presented in
- Figure 5 that depicts a typical distribution of magnetic field in the clutch. It is 

obvious that magnetic circuit of the device is proposed correctly -  it is 
characteristic by practically no undesirable leakage of this field.

- Figure 6 that shows the corresponding steady-state temperature field in the 
clutch. The metal parts are heated relatively uniformly (and, consequently, there 
is no danger of undesirable thermoelastic strains and stresses), but the 
temperature is rather high. This confines the current loadability of the system 
and also the force effects of the clutch.
In the course of both electromagnetic and thermal computations we carefully 

checked the convergence of the numerical solution. Some relevant data given in 
Tab. 2 provide a good idea about the reached accuracy.
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Fig. 5. Magnetic field distribution in the system (plunger and shell are made of steel CSN 12 040): 
8  = 1mm, J ext = 2.5 x106A/m2, scale 2 x10 5Wb

Fig. 6. Steady-state temperature field distribution in the system (plunger and shell are made of 
steel: CSN 12 040): 8  = 1mm, J ext = 2.5x106A/m2, Tmin = 120 °C, Tmax = 122 °C,

AT = 0.06 °C

Table 2: Convergence of the numerical solution (plunger and shell are made of steel CSN 
12 040): J ext = 2.5 x106A/m2, wJcoil = 1.388 x106W/m3

Electromagnetic field

nodes h' fmax h ■ "min Fm
mm mm N

1 918 3 1 32.633
7 385 1.5 0.5 31.717

29 260 0.75 0.25 31.625
119 724 0.375 0.125 31.570

Temperature field

nodes h Tmax Tcoil,avra
mm oC oC

1 383 1 122 121.70
4 918 0.5 122 121.63

19 304 0.25 122 121.59
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5. Results of illustrative computations and their discussion

The crucial part of the paper is a set of results of particular computations (and 
their discussion) whose aim is to evaluate
- available materials for manufacturing the magnetic circuit,
- geometrical configuration of the magnetic circuit (ratio of its length and 
diameter).

Another aim of the computations is to find the highest possible current density 
J ext in the field coil, for which the maximum temperature of the coil Tmax,coil 
would not exceed 150 °C while the friction force F fa would reach the maximum.

5.1. Evaluation of available materials for the magnetic circuit

For the initial geometrical configuration of the clutch (see Fig. 2) this evaluation 
is performed in Figs. 7 and 8.
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J  ext [106 A/m2]

Fig. 7. Dependence of the average temperature Tavrg,coil of the field coil on external field current

density J ext and material of the magnetic circuit ( 8  = 1 mm):
I -  steel CSN 11375, II -  steel CSN 12 040, III -  cast steel CSN 42 2709
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Fig. 8. Dependence of the magnetic force Fm on external field current density J ext and material
of the magnetic circuit (8  = 1 mm): I -  steel CSN 11375, II -  steel CSN 12 040,

III -  cast steel CSN 42 2709

Figure 7 indicates that the average temperature of the coil Tvrg cou practically
does not depend on the material of its core and shell of the clutch. The reason is 
that that their thermal conductivities (see Fig. 4) are of the same order. This 
temperature, however, strongly grows with the field current density Jext . The
highest permissible temperature Tmaxcou = 150 °C is reached for field current

6 2density J maxext ~ 8.84x10 A/m . Theoretically, we should expect the highest
temperatures in case of the cast steel CSN 42 2709 (see Fig. 4). Nevertheless, very 
detailed computations proved that this growth (in comparison with other materials) 
does not exceed about 3 °C even in case of the highest possible current.

Figure 8 shows that the magnetic force Fm also strongly depends on the field

current density J ext, while the dependence on the materials used is much less 
significant. This is caused by their similar magnetization curves (see Fig. 3). But 
the results lead to the conclusion that for field current density

6 2J maxext ~ 8.84x10 A/m the most advantageous is the classical carbon steel 

CSN 12 040, for which we obtain Fm ~ 139.5N and, consequently, Ffa ~70N .

5.2. Evaluation of geometrical configuration of the clutch

This evaluation is carried out in Figs. 9 and 10. The particular geometrical 
configuration is expressed by the coefficient
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real l2,real
G l21,start 2,start

where (see Fig. 2) lx start = 30 mm is the length of coil 1 in the starting geometrical 

configuration of the clutch, l2,start = 40 mm is the length of the core 2 in the same 

configuration, l1,real is the length of coil 1 in the newly investigated geometrical 

configuration and і2 real is the length of the core 2 in this new configuration. The 

volumes Vx and Ѵ2 of both these parts, however, remain the same.

150

1. =  II. =  III.

,8 .93

4 6
J exl [lCf А/ПТ]
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Fig. 9. Dependence of the average temperature Tavrg coil of the field coil on external field current 

density J ext and geometrical configuration expressed by coefficient k-G ( 8  = 1 mm, steel CSN 
11375): I -  kG = 0.8, II -  kG = 1.0, III -  kG = 1.2

Figure 9 shows that the average temperature of the coil Trvrgcoil again
practically does not depend on the geometrical configuration of the body of clutch. 
This temperature, however, similarly as in the previous case, strongly depends on
the field current density Jext . The highest permissible temperature Tmmax,coil = 150

°C is (for material CSN 12 040) reached for J maxext ~ 8.93x10 A/m2.
Theoretically, we should expect higher temperatures in case of shorter body of the 
clutch ( kG = 0.8). The cooling surface of the clutch shell is somewhat smaller in
this case, while the volume of the coil remains unchanged, so that the Joule losses 
produced in it are the same. Nevertheless, detailed computations proved that this
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growth (in comparison with the case kG = 1.2) does not exceed about 1 °C even in 
case of the highest possible field current.
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J  ext [106 A/m2]

Fig. 10. Dependence of the magnetic force Fm on external field current density J ext and 
geometrical configuration expressed by coefficient kG (8  = 1 mm, steel CSN 11375):

I -  kG = 0.8 , II -  kG = 1.0 , III -  kG = 1.2

Figure 10 indicates that the magnetic force Fm strongly depends not only on 
the field current density J ext , but also on the value of kG . A shorter body of the 
clutch ( kG = 0.8) with greater diameter is from the viewpoint of force Fm (for a 
given value J ext) more advantageous. This is obviously caused by the fact that the
front of the core 2 (its diameter is higher), where the substantial part of the force is 
produced, is greater (see also eq. (2)). For field current density
J maxext -  8.93x106 A/m2 corresponding to Tmaxcoil = 150 °C, and for classical 

carbon steel CSN 12 040 we obtain Fm -  193 N and, consequently, 
Ffa - 96.5N.

6. Conclusion

The paper is devoted to one of possible arrangements of an axial 
electromagnetic friction clutch and its basic operation characteristics. The results of 
computations show that for the proposed configuration of the clutch the required 
friction force Ffa :
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- does not practically depend on the material of the clutch -  the clutch can be 
manufactured of any type of construction steel,

- strongly depends on the geometrical configuration of the clutch (ratio of its 
length and diameter at the same volume of material) -  a shorter body of the 
clutch of higher diameter is more advantageous from the viewpoint of force 
Ffa than a longer body of smaller diameter.
But as this geometrical configuration of the clutch is not so good from the 

viewpoint of temperature rise of the clutch, there is a possibility of optimizing its 
geometrical configuration, for example, from the simultaneous viewpoints of axial 
friction force Ffa and temperature Trvrgcoil of the coil producing the magnetic 
field.
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