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Actuators with permanent magnets represent modern and prospective devices with widely controllable parameters as the lift and 
magnetic force acting on its movable parts. The paper represents an introductory study of such a device with more permanent mag-
nets connected in series. Solution of its mathematical model is illustrated on a typical example whose results are discussed. 
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1  INTRODUCTION 

 
 

Actuators are electromechanical converters widely 
used in various technical applications such as transport, 
automated production systems, robotics, nuclear engineer-
ing and many others. Their principles are based on several 
ways of generation of mechanical forces as a consequence 
of various electromagnetic phenomena (details can be 
found, for example, in [1], [2]). 

The paper presents a study providing information nec-
essary for an optimal design of a DC electromagnetic ac-
tuator with a system of permanent magnets, whose princi-
pal arrangement is in Fig. 1. The actuator consists of sev-
eral main parts. Its yoke 3 is made of magnetically soft 
material. Magnetic flux Φ  is produced by a ring-shaped 
permanent magnet 2 magnetized in the radial direction. 
The working coil 1 carrying direct current wI  is placed in 

the air gap of the magnetic circuit. The coil is affected by 
Lorentz force LF  whose direction depends on the direc-

tion of the mentioned current and orientation of the per-
manent magnet.  

Operation characteristics of the actuator strongly de-
pend on both its structure and magnetic properties of the 
used materials. 

 
Fig. 1. Principal scheme of a DC electromagnetic actuator with a per-
manent magnet, 1 cylindrical working coil, 2 permanent magnet,  3 

cylindrical yoke 
 

The further text – representing natural continuation of 
paper [2] aimed at actuators with one permanent magnet – 
is devoted to modified arrangements of similar actuators 
with several permanent magnets connected in series. The 

principal scheme of a typical actuator of this kind includ-
ing its basic nominal dimensions is shown in Fig. 2. 

 

 
 

Fig. 2. The considered arrangement of an actuator with three permanent 
magnets in series, 1 cylindrical working coil, 2 main permanent magnet, 
3 and 6 auxiliary ring (permanent magnet or soft ferromagnetic mate-
rial), 4 internal shell of the yoke (ferromagnetic material), 5 external 
shell of the yoke (ferromagnetic material), 7 nonmagnetic leading shell 

of the coil, 8 air 
 
 

The aim of the paper is to evaluate this type of actuator 
from the viewpoints of its arrangement and magnetic proper-
ties of the used materials, the objective function being the 
highest possible force effects. This evaluation is carried out 
only by solution of a certain set of alternatives and conse-
quent judgment of the results from the viewpoint of the ob-
jective function. So we do not deal with the optimization 
process in the correct sense, but just with finding and valida-
tion of the backgrounds for the optimization algorithm.  

 
 
 

2  MATHEMATICAL MODEL 
 
 

As the device is considered axisymmetric, its mathemati-
cal model is formulated in cylindrical coordinates , ,r t z . 
 
 

2.1  Definition area 
 
 

The definition area consists of five subdomains1 5Ω Ω− , 

as follows: 
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1Ω  –  the cross-section of coil 1 characterized by current 

density extJ  and magnetic permeability 0µ . 

2Ω  –  the cross-section of the ring of permanent magnet 2 

characterized by coercive force cH  and remanence rB , or 

by permeability r c/µ = B H  and orientation of the magnet 

with respect to coordinate system , ,r t z . 

3Ω  –  the cross-section of the magnetic yoke 4, 5 or also 

3, 6 characterized by nonlinear dependence ( )B H .  

4Ω  –   the cross-section of the nonmagnetic leading shell 7 

of coil 1 characterized by permeability 0µ . 

5Ω  –  air of permeability 0µ . 

This system of subdomains is bounded by a fictitious bound-
ary Γ ∞  characterized by the Dirichlet condition for vector 

potential in the form = 0A . 
The numerical values of the physical parameters of particular 
subdomains are given in Tab. 1 and Figs. 2, 3. 
 
 

  Table 1: Basic physical parameters of used materials 
Part Material Parameter and its value 
coil 1 Cu wire 1d = mm, z 750N = * 

nominal current w 3.927I = A 

current density w 5J = A/mm2 

coefficient of filling 0.785κ =  
permanent 
magnets 
2 or also 
3 or 6 

RECOMA 28 
see [7], 
 
 
FeNdB, quality N35 
see [11] 

c 720H =  kA/m, r 1070B = mT 

permeability R 1.05µ =  

c 868H =  kA/m, r 1190B = mT 

permeability R 1.091µ =  

magnetic  
circuit  4, 5 
or also 3, 6 

Fe 99.9% [8] 
VACOFLUX 50 [10] 
steel “T“ [3] 

magnetization curve 
see Fig. 3 

leading 
shell 7 

Kevlar [9] permeability r 1µ =  

*The number of turns corresponds to the basic arrangement in Fig. 2. 
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Fig. 3. Magnetization characteristic ( )B H  of the considered ferromagnetic 

materials 
 
 

2.2  Differential equations 
 
 

The differential equation for magnetic field in the system 
generally reads (see, for example, [3-5]) 
 

 c ext
1

curl curl  = 
µ

 
− 

 
A H J  (1) 

 

where for cylindrical coordinates (see also par. 4) 

+ ext 0 0 c 0 = 0 + 0,Jr t zJ  

 ( ) ( ) + 0 0 0, 0 + , 0tr z A r zr t zA =  (2) 
 
 

The Lorentz force acting on coil 1 carrying current of den-
sity extJ  that is placed in magnetic field ( , )r zB  is given by 

relation   

 ( )
1

L ext d
V

V×∫F = J B  (3) 

where 1V  is the volume of coil 1. In our case L 0 LF= zF . 
 
 

2.3  Boundary conditions 
 
 

The boundary conditions provide unambiguousness of so-
lution of system (1)–(3). They are – with respect to antisym-
metry of magnetic field along the axis of the arrangement 
and continuity of vector of magnetic flux density ( , )r zB  

along the fictitious boundary Γ ∞  – expressed in the form   

 ( ), 0trA r z =  (4) 
 
 
 

3  COMPUTER MODEL AND ACHIEVED ACCURACY 
OF SOLUTION 

 
 

The mathematical model presented in the previous 
paragraph was solved by the FEM-based professional 
code QuickField [6] supplemented with several own pro-
cedures. Particular attention was paid to the geometrical 
convergence of solution. In order to achieve the accuracy 
of the Lorentz force LF  at the level of three nonzero valid 

digits it was necessary to use a mesh containing 80000–
150000 elements, in dependence on particular shift ξ  (see 

Fig. 2) of field coil 1. An illustration of typical results – 
distribution of force lines in one of the considered alterna-
tives of the actuator – is in Fig. 4. 

 

 
 

Fig. 4. Distribution of force lines ( w 5J = A/mm2, 0ξ = , 

c 50l = mm, three permanent magnets RECOMA 28, shell Fe 99.9%) 
 
 
 

4  ILLUSTRATIVE EXAMPLE 
 
 

Considered is the actuator depicted in Fig. 2 in com-
mon with its nominal dimensions. The coil carries current 

w 3.925I = A of density w 5J = A/mm2 and current density 

in the coil c 3.925J = A/mm2, when coefficient of filling is 

0.785κ = ( c extJ ≈ J , see (2)). Other data can be found in 

Tab. 1. In association with evaluation of the Lorentz force 

LF  (that should be as high as possible) we studied the 

following influences: 
� replacement of a ferromagnetic part of magnetic cir-
cuit by permanent magnets, 
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� the shape of magnetization characteristic of ferro-
magnetics used, 
� parameters c r,H B  of the permanent magnets, 

� oversaturation of shell 5 that is a function of its exter-
nal radius y,maxr , 

� field current wI  (or its density wJ ) and 

� length cl  of the field coil. 
 
 

The influence of the number of permanent magnets in 
series is apparent from Fig. 5. The force LF  obviously 

grows with this number. A weak nonlinearity is caused by 
local oversaturation of external yoke 5. 
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Fig. 5. Static characteristics of the actuator – influence of the number of 
permanent magnets (w 5J = A/mm2, c 50l = mm, y,max 63r = mm, three 

permanent magnets RECOMA 28, shell Fe 99.9%) 
 
 

The influence of curves ( )B H  of ferromagnetic mate-

rial used for parts 4 and 5 (Fig. 2) follows from Tab. 2. 
Although this influence is not negligible, its significance 
is not decisive. The best material is Fe 99.9% [8]. 

 
Table 2: Influence of ferromagnetic materials used for the yoke on the 
Lorentz force acting on the coil (w 5J = A/mm2, c 50l = mm, 

y,max 63r = mm, three permanent magnets) 

position 
(see Fig. 2) 

materials of permanent 
magnet and magnetic circuit (*)  

LF  

(N) 
2 3 6 
4 5 

permanent magnet RECOMA 28 
Fe 99.9% [8] 

 
288.9 

2 3 6 
4 5 

permanent magnet RECOMA 28 
VACOFLUX 50 [10] 

 
247.6 

2 3 6 
4 5 

permanent magnet RECOMA 28 
steel “T” [3] 

 
237.6 

(*) Characteristics ( )B H  see Fig. 3 
 
 

The influence of parameters c r,H B  of the selected 

permanent magnets (RECOMA 28 or FeNdB) is obvious 
from Fig. 6 showing the corresponding static characteris-
tics. It is clear that magnets FeNdB have higher value of 
coercive force cH  (see Tab. 1), produce stronger mag-

netic field and, consequently, higher values of LF . The 

influence of eventual oversaturation of the magnetic cir-
cuit is obvious from Figs. 7, 8 and 9. Fig. 7 shows the de-
pendence of oversaturation (low values of rµ ) on the ra-

dius y,maxr  of the external shell 5 (Fig. 2). While for 

y,max 63r = mm the over saturation is high (in accordance 

with the map of force lines in Fig. 4), the same effect is 

for y,max 75.6r = – which represents an increase by 20% – 

substantially suppressed. 
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Fig. 6. Static characteristics of the actuator – influence of parameters of 
permanent magnets (w 5J = A/mm2, c 50l = mm, y,max 63r = mm, three 

permanent magnets, shell Fe 99.9%) 
 
 

This results in a growth of LF , as follows from Figs. 8 

and 9. But this growth is not too high, something below 
20%. 
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Fig. 7. Distribution of relative permeability along line 1 2P P , see Fig. 2 

( w 5J = A/mm2, 0ξ = , c 50l = mm, three permanent magnets FeNdB, 

shell Fe 99.9%) 
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Fig. 8. Dependence of the Lorentz force on external radius y,maxr  of 

outer shell 5, see Fig. 2 ( w 5J = A/mm2, 0ξ = , c 50l = mm, three per-

manent magnets FeNdB, shell Fe 99.9%) 
 
 

The influence of field current wI  (or corresponding field 

current density wJ ) can be seen in Fig. 10. Depicted are 

the static characteristics for both nominal current 

w 3.927I = A and current by 20% higher w 4.71I = A. In-

crease of force LF  is now grater than 20%. 

The influence of length cl  of the field coil is presented 
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in Fig. 11 that contains two static characteristics for the 
nominal length c 50l = mm (see Fig. 2) and length greater 

by 20% c 60l = mm. 
 

0

50

100

150

200

250

300

350

400

0 10 20 30 40 50

ry,max = 63 mm

             75,6 mm

F
L
 (

N
)

ξ (mm)  
 

Fig. 9. Dependence of the static characteristic on external radius 

y,maxr  of outer shell 5, Fig. 2 ( w 5J = A/mm2, 0ξ = , c 50l = mm, 

three permanent magnets FeNdB, shell Fe 99.9%) 
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Fig. 10. Dependence of the static characteristic on field current wI   of 

density wJ  ( c 50l = mm, y,max 63r = mm, three permanent magnets 

FeNdB, shell Fe 99.9%) 
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Fig. 11. Dependence of the static characteristic on length cl  of the field 

coil ( w 5J = A/mm2, y,max 63r = mm, three permanent magnets FeNdB, 

shell Fe 99.9%) 
 
 

Even here, the increase of force LF  is substantial and 

exceeds 20%. On the other hand, this increase is not as 
significant as in case of higher current (as was shown in 
the previous paragraph). 

 
 
 

5  CONCLUSION 
 
 

The results show that electromagnetic actuators with 
permanent magnets provide relatively high forces even in 

case of long shifts while their dimensions remain still ac-
ceptable. These forces may be influenced mainly by the 
total magnetomotive force of the field coil (par. 4.5 and 
4.6) and by quality (the coercive force) of the permanent 
magnets (par. 4.3). Next research in the domain will be 
aimed at possibilities of using combined arrangement of 
permanent magnets (in serial-parallel connection). 
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