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Simulation of the Dynamic Behaviour of a Per manent
Magnet Linear Actuator

Ivan Yatchev, Vultchan Gueorgiev, Racho Ivanov, and Krastio Hinov

Abstract: The paper presents simulation of the dynamics of a permanaghet lin-

ear actuator with soft magnetic mover and relatively longk& 60 mm. The sim-
ulation is carried out using decoupled approach where thgnete field problem
is solved separately from the electric circuit and mechamuotion problems. The
obtained results are compared with experiment.
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1 Introduction

I N recent years, dynamic simulation of electromagnetic actuators has been the
subject of continued interest to researchers. The variety of actuanstrac-

tions and their loads is a factor that stimulates this interest. Dynamic simulation

requires the solution of a coupled problem consisting of electromagneticdietd

tric/electronic circuit and mechanical motion problems.

The most widespread method for electromagnetic field modelling of linear ac-
tuators is the finite element method in its different formulations [1-6].

Two principal approaches are possible to solve the problem - couptedean
coupled. The coupled approach (for example [2]) requires solutiai tie prob-
lems simultaneously. The decoupled model (e.g. [1]) involves separat@ssiu
of the magnetostatic field problem (where a set of solutions is obtained fatea w
range of current and displacement) and of the electric circuit and mieahamo-
tion problems. The main drawback of the decoupled model is that the edeyntaur
are not taken into account.
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In the present paper, decoupled modelling is applied to the simulation of the
dynamic behaviour of a permanent magnet linear actuator for relativedysinoke
- 60mm.

2 Actuator Construction

The principal construction of the actuator is shown in Fig. 1. It consistou,
coils, fixed permanent magnet, soft magnetic plunger and non-magndti Site
permanent magnet is radially magnetized Barium ferrite madihet(104 kA/m,
B =0.17T).

The actuator operates as follows. Only one coil is energized at a time forrmotio
in one direction e.g., for motion in the upper direction the upper coil is enetgize
The flux created by the permanent magnet is in the same direction with the flux
created by the colil in the upper air gap and in opposite direction in the lower air

gap.

Permanent magnet

Fig. 1. Actuator construction.

In this way, the permanent magnet assists to the lowering of the opposite elec-
tromagnetic force due to the flux in the lower gap. The construction alsemiev
the permanent magnet from demagnetizing.

The same considerations are valid for the reverse motion.

The static force characteristics of similar actuator are presented in [6].

3 Dynamic Modelling

Decoupled approach for the dynamic modelling is applied, i.e., the magnetic field
problem is solved separately from the rest of the problem (electric cirouit-
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chanical motion). The mathematical model for the latter consists of the following
equations:

e Electric circuit equation:
dwy

U=R+— 1
whereU is the supplied voltagdy is the coil resistance,is the coil current,
WY is the coil flux linkage and is time.

e Mechanical motion (force balance) equation:
d?x dx

M— =Fem—Fs—B—
dt2 em S B dt 9

wherem is mass of the movetrx is the stroke (displacementyyy, is the
electromagnetic forcg} is damping coefficient is spring force, defined

by

()

Fs=Fgp+CX, 3)
Fy is initial spring force and is spring (stiffness) coefficient.

Horizontal position of the mover is assumed in Eqn. (2) and that is why thehtveig
of the mover is not included in it.

Having in mind that the flux linkage is a function of two variables, the current
and the displacement, its derivative with respect to the time can be pressnted a

dy _owdi 0w x
d  didt odxadt’

For reducing the order of the force equation, a new unknown functiam is
troduced the velocity v. Thus, the system to be solved becomes of the fajlowin

form

(4)

%:é(U—Ri—(Z—:‘:V) (5)
dx

il (6)
%: n%(Fem—Fs_BV)- )

The following approach implementing decoupled modeling is employed for
simulation of the actuator dynamics.

First, a range for the current and displacement of the mover is defirtleeh T
a displacement-current grid is generated. At each point of this grid fiféte e
ment analysis of the magnetic field is carried out. For this purpose, thegmnogr
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FEMM [7] is used together with Lua Scriptiffigfor automation of the compu-
tations. The field is solved as magnetostatic and axisymmetric. Homogeneous
Dirichlet boundary conditions are imposed on a buffer zone arounddiuatar.
As a result of each finite element analysis, the coil flux linkage and the eheat-
netic force acting on the mover are obtained. All results are collected in kuitab
table form for successive handling.

The rest of the problem is solved in Matfalenvironment [8]. Before solving
the system (5)-(7), bicubic spline approximations for the flux linkage aadtfte
as functions of the displacement and the curfemtx,i) and¥(x,i) are obtained.
This allows also the partial derivatives of the flux linkage to be available.

The system (5)-(7) is solved numerically using standard routines in Matlab
(0de45). The required functionBem(x,i), S¥(x,i) and 4 (x,i) are obtained from
the above mentioned bicubic spline approximation.

4 Reaults

The results are obtained for actuator of parameters given in Table 1.

Table 1. Main parameters of the studied actuator.

Parameter | Value
Overall length 203 mm
Overall diameter 60 mm
Plunger length 130 mm
Plunger outer diameter 32 mm
Working stroke 60 mm
Core thickness (top and bottom part)4 mm
Core thickness (cylindrical part) 3mm
Inner magnet diameter 34 mm
Outer magnet diameter 44 mm
Magnet length 15 mm
Supply voltage 15V
Coil resistance 3.16Q
Number of turns of the coil 770
Initial spring force -21N
Spring stiffness 0.7 N/mm
Mass of the mover 0.59 kg

The finite element analysis was carried out for ax1133 displacement-current
grid (from 0 to 60 mm of the displacement and from 0 to 4800 A for the magne-
tomotive force, which corresponds to current of 6.23A). For improvirgaccu-
racy of the force computation, denser finite element mesh was creatattatu
plunger. Typical total number of the nodes in the finite element mesh was abou
10000.
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After performing the series of finite element analyses, the obtained resris w
used to create bicubic spline approximations of the functigfnéx,i) andW¥(x,i).
From the second function the partial derivati\%%(x,i) and %—‘f’(x,i) were also

obtained.

The obtained four functions are shown in Fig. 2 - Fig. 5.
These functions were used for the solution of the system (5)-(7).

The time evolutions of the current, displacement and the electromagnetic force
are shown in Fig. 6, Fig. 7 and Fig. 8, respectively.
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Fig. 2. Bicubic spline approximatioRem(X, i)
of the electromagnetic force.
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Fig. 4. Partial derivativéy" (x,i) obtained from
the bicubic spline approximation.
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Fig. 3. Bicubic spliné¥(x,i) approximation of
the flux linkage of the coil.
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Fig. 5. Partial derivativéj¥ (x,i) obtained from
the bicubic spline approximation.

The results were verified experimentally, using sensors for the cuanehtor
the acceleration of the mover. The displacement is obtained using two siveces

integrations of the acceleration signal.

The experimental results for the current and displacement are showig. i8 F

and Fig. 10.

The difference in the shape of the current is due to the neglecting the eddy

currents in the simulation.
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Fig. 6. Current in the coil vs. time.
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Fig. 7. Displacement vs. time. Fig. 8. Electromagnetic force vs. time.
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Fig. 10. Experimental results for the dis-

Fig. 9. Experimental results for the currentlacement.

5 Conclusion

The presented approach for simulation of the dynamics of a permanenemagn
linear actuator gives the opportunity to simulate the actuator for differemwtittons
and external circuit parameters. The approach was verified expealyen

Further work can include simulation of the dynamics in reciprocating mode,
i.e. when the two coils are supplied successively and the mover perfonitiates
ing motion.
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