Studics in Applied Electromagnetics and Mechanics, Vol 10 : Nonhnear Elecromagnetic Systems, AJ. Moses & A Basak eds., [0S Press, pp. 84-87, 1996

Analysis of a linear motor by a nonlinear
complex formulation

H. Hedia, F. Henrotte, B. Meys, R. Belmans*, A. Genon, W. Legros
University of Liege - Dept of Electrical Engineering
Institur Montefiore - Sart Tilman Bat. B28 - B-4000 Liege (Belzium)
* Departement Elektrotechnick - Lab. EMA - K.U. Leuven
Kard Mercierlaan 94 - B-3001 Leuven Heverlee ( Belgium)
Abstract. This paper presents a finite element analysis with complex variables of
nonlinear devices. The model 18 used for the computation of global values such as forces or
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Joule effect. The principle of this approach is a simphified version of the hanmonic balunce

method. The example of a linear induction motor is presented, a special interest is paid on
the computation of the clectromagnetic forces, the influence of the frequency 1S shown up
and discussed.

i. Introduction

In harmonic problems, a finite element modelling intents to give only global values (such as

forces or Joule effect in the system), local values of the fields are of secondary importance.
This papcr presents a method to compute accurately those kinds of global values for

nonlin ystcms

problem 1S assumcd spite f thc nonlmumly Thdl also imply that one ] s to delsnmne a
scalar equivalent mlumvuy Vo [2] [4] so that an harmonic induction field B will give an
harmonic magnetic fiecld H thdt can be considered, ccordmw 1o some criterion, as equivalent
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to the actual pcrlod ic but non harmonic magnetc
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The problem is then to choose a suitable cnterion (for example: conservation of the
magnetic energy) in order to build up an equivalent mq rgnct_w'nin.. curve. Different criteria

will give different curves. The originality o fthls method lies also in the nentrivial adaptation
of the Newton- -Raphson scheme to systems with complex variables [2].

2. Complex formulation

The basis of this method is o suppose that the wave forms of both magnenc ficld and
magnetic flux density remain sinusoidal even it the magnetic materials are nonlinear. This 1s
expressed by an equivalent constitutive law of the form H=v (B,..)B where the
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components of both H and B are complex numbers. This law has to be deduced from the
first magnetization curve by defining an equivalent magnetic relucuvity (sce §4). A
possibility is to consider that H and B have the same phase angle and that the modulus of B
depends on the modulus of H according to the equivalent magnetization curve. Instead of the
modulus, the RMS value may be considered [2] {4]. Maxwell's equations for harmonic
problems taking eddy currents into account can bhe written as follows:

@x(v@x]\):—c(jm,&+@v) , (1)
where Vv is the reluctivity of the material, A is the magnetic vector potential, V is the electric

scalar potential, ¢ is the electric conductivity of the matenal and @ the pulsation. Two-
dimensional plane and axisymmetrical problems are considered. By using Galerkine's
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mecthod, where the tnal and shape functions are the same (o), the weak “ormulation of (1)
for the domain €2 of boundary I' can be expressed by :
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where
féc., Hori
B(o.) = { —! % for the plane case. (3)

| dy = ox ’
The boundary term in (2) including the H, unknown can be used to apply cither a
nonhomogencous Neumann boundary condition or a tangenual magnetic ficld continuity

condition at the interface between two finite element subdomains [3].

These equations are nonlinear because v is a function of A field and consequently of the
Ay's, i.c. the nodal values of the vector potential. The Newton-Raphson algorithm is used to
solve these equations with an approximated Jacobian matrix {2] defined as follows :

dv = ~
=M, 42 R(a(o ). B Y@ (o, ).B)d (4)
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where
. denoies the denvative of the reluctivity with respect to the vidue of the squared
alBlv y I 4

modulus induction;
. %[exprccs‘ion] denotes the real part of the expression in brackets;

e B’ denotes the conjugate value of the induction.
It has the interesting property to come down to the usual real vartable expression of the

Jacobian matrix if B” = B (B is real).

3. Forces and torques

The Maxwell stress tensor method suits very well the finite element subdomains 3] because
H, is directly computed on all the boundaries in that method and the normal induction B, 1s
simply computed from the vector potential by -

—(VXA)n-—E;—/:/J(é) . (5

where & is the local coordinate of the form functions used for the boundary element
discretization and J(&) the corresponding jacobian.

This method allows to define on the boundary an equivalent normal force density E,and
an equivalent tangential force density F as:

2 ) N -
F, = —13“—-59115 n;F=BH1 (6:7)
2Ky 2
The total force acting on an object of boundary I" and the total torque are then given by
ii=§(R+ﬁn)dr;i'":§?x(ﬁ+ﬁn)ar (7:8)
r r

4. Determination of the Equivalent Reluctivity

The determination of the equivalent reluctivity [2] 1s based on the first magnetzation
curve. In fact, both magnetic fiecld and magnetic flux density are represented by vector



phasors. The new magnetization curve is obtained as follow: for each value of B, (the great
axis of the ellipse described by the vector B in the plane (x,y) during a period), we compute
H,,. so that the magnetic encrgy corresponding to B, 1sequalto 1/2H, B, . This leads o
mkn, a constant value of the reluctivity along a period defined as -

BI’YEX
Veq = 2 - [1aB (10)
max 0

5. Results
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A Singie sided induction linecar motor guiding a steci piate 1s Consiacred. 1ne movement oi
the plate is parallel to the wires, so perpendicular to the acting force, but the plate can

accidentally deviate laterally. The force is expected to bring it back in its central position. A
cross section is used as 2D model. The frequency behaviour is analysed in order to point up
the optimal conditions : a maximum lateral force and a minimum vertical force. Indeed, the
last must be minimised to avoid dam%m due to contact between the plate and the yoke.

The motor is composcd of one pair of poles and 12 slots in a yoke made of linear steel (p, =
2000). Each slot is filled in with 100 copper wires. The power supply is composed of three-
phasad current sources that inject 10N2 A_ . . The current distribution leads o a quasi
harmonic magnetic flux density wave going from the right to the left in the air gap. Figures
1, 2 and 3 show the slip of the magnetic field lines each wt=60° : the spatial lag corresponds
to 2 slots.
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Fig.3. Phase 120° Fig.4. Saturation curves
We are now in position to make the analysis of the linear motor. The plate is made of
saturable steel. An equivalent reluctivity Veqis computed with (10). The original and the
modified first magnetization curves are represented in Fig. 4, and we can observe on this
figure that the surface of the triangular arca (O,A, B, ) is equal to the surface of the area
(0,A’,B__ ) on the left of the first magnetization curve which is the magnetic energy density
corresponding to B
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On the other hand, because H and B are harmonic, so are H, and B, . The force computed
by (7) presents a mean component and an oscillating one. Only the first one is of interest in
our case.

As in rotating induction motor, the magnetic induction wave induces eddy current in the
plate that behave like magnetic dipoles. The interaction between poles of the plate and the
stator 1s concretised by a resulung force, composcd of an honzontal and a vertical
component. The horizontal force is always positive (to the left) because the plate ‘tries’ to

follaw the maoneti T0ld wave The vertical comnnr
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an attractive force that try to close the air gap in order to minimise

rcluctivity; the second 1s a repulsive lwlmuon force due to dynamic Dhcnomcnd 1.¢. lhe
repulsion of the magnetic dipoles. The latter one 1s masked at low frequency but can become
preponderant at high frequency. Fig. 5 shows a plot of horizontal and vertical forces as a
funcuon of the frequency. It appears that both opumal cnternia are satisfied at the same
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Fig. 5. Evolution of the force with frequency.

6. Conclusion

Tho nranncad TG toy uhnrr.v.'mnn\ ..}.—\bn]

hod gives a way to approximate global values such as electromagnetic
forces or Joule losses in harmonic nonlinear systems. Electromechanical coupled problems
can be solved in a simply way, for instance the determination of the torque as a function of
the slip in asynchronous motors.
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