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An Analytical Method to Predict the Static
Performance of a Planar Actuator

Aly F. Flores Filho, Altamiro A. Susin, and Marilia A. da Silveira

Abstract—An analytical method for predicting the three-dimen- z ACRILIC PLATE — @
sional (3-D) magnetic flux density distribution in the air gap pro- Aoy NONMAGNETIC _| <
duced by permanent magnets of_ an electromagnetic pla_nar actu- ¥ x PLATE " BACK IRON Jp—
ator, was developed. The analytical 3-D model was validated by MOVER — &——# PERMANENT
means of a finite-element model and by measurements. It allowed MAGNETS = =
the understanding of the behavior of the flux density in the air gap 3 1 2
and predicting the values of the involved forces. i LINEAR
_ ) L [y BEARINGS
Index Terms—Analytical model of the air gap magnetic field, S Iﬁ / MOVER
planar actuator, static forces. e S " STATOR
FF 7 B
|. INTRODUCTION —
<‘?g;\ ) i
N ANALYTICAL method for predicting the three-dimen- =~ ==
sional (3-D) flux density distribution in the air gap of ar a7
electromagnetic planar actuator and its propulsion planar for: NONI\&%E‘ETIC\“ ”
was developed. Fig. 1 shows a perspective of the prototype un N-COIL S
o

study. The stator has multiphase armature windings placed
such away that two orthogonal windings are produced: one is as-
sembled to form the coil phases and the other, theoil phases. Fig. 1. General 3-D view of the planar actuator under study.
The armature core is a slotless iron slab. The wireless mover has

two NdFeB-type permanent magnets. The mover is attachechigtic scalar potential in the air gap was obtained by means of
a suspension structure with linear bearings that enable bidirgfe Laplace’s equatioriy2y) = 0. A solution method to that
tional motion. This results in an actuator with two degrees efuation involves the determination of a field function, which
freedom. The movement can take place alongitlais andy  satisfies the Laplace’s equation, the imposed boundaries and
axis simultaneously. When one permanentmagnetis located aygf field conditions in the permanent magnets region [1], [2].
an excited coil phase, a magnetic propulsion force will be createfy. 2(a) and (b) show the frontal and the upper views of the
on the mover and that pushes the latter accordingly. The integometry under study, whetgis the air gap lengtH,,, is the
sity and direction of the resulting magnetic force depend on thermanent magnets length alpctorresponds to the half of the
values of the active coil magnetomotive force and the air g&pje of the square polar area of each permanent magnet. The
flux density established by the permanent magnets. boundary conditions were set in such way that the magnetic
scalar potential is equal to zero on the plares 0, y = 0,

Il. ANALYTICAL MODEL OF THEMAGNETIC FLUX DENSITY IN 4 = It/2,y = 1;/2, * = l; andy = I;, wherel; corresponds to

THE AIR GAP PRODUCED BY THEPERMANENT MAGNETS the side of the square area considered to the analysis. In order to

In order to obtain the field equation in the air gap due to tH¥Ptain the magnetic scalar potential, the magnetic circuit of the
permanent magnets, the authors developed an analytical moBinar actuator was divided into regions. Fig. 2(c) presents the
The method is based on an analysis of a 3-D model in re€ggions and the boundaries, denoted’hyB, G, and P. Only

angular coordinates. The magnetic field due to the permandif €ffects of one permanent magnet are taken into account, as
magnets is analyzed separately, not taking into account the fiJ89 as the symmetry is present. As the magnetic field due to the
produced by the armature winding. So, the regions under St,ﬂyrent in the windings is not considered by the present analysis,

are considered free from electric currents and the magnetic fidfe region between the boundari@sand B has the same mag-

. . . . netic properties as the air.
H, can be obtained by using the gradient of the magnetic Scala,rApplying the boundary conditions to the Laplace’s equation,

potential sy, according taff = —V4. The equation of the mag- the magnetic scalar potential in the air gap, can be repre-
sented by means of a double Fourier series, according to the
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v Afesam N Again, owing to the assumption of infinity permeability of
Z 21 i " ) .
C;f,)_)x gu:gl;ldu “‘H‘—‘{"‘«‘—hd:! V=0 the back iron, the magnetic scalar potential on the boungary
& Oj" V=0 ___ lg v wherez = (I, +1,,,), is equal to zero; and the expression of the
e oolis | magnetic scalar potential in the permanent magnet region on the
X A @ 1|
P
fe & boundaryP, ,,,,, is
X oo
é% T P | Hfe>a d}fm — Z (k3e’Y(lg+lm) _|_ k46_7(lg+lm))
x Im Permanent n=Lg,..
¥ — BT
G y e -sin(knz) sin(kmy). (5
T Y
It b .f'ree'Space
B g/l\ inAir On the boundary?, wherez = [,, thez component of the
I, coils magnetic fields in the air gap and in the permanent magnets are
o N related byH G = Hfmy + M, and the respective magnetic
Aferw scalar potentials are related Iwg = ’L/me- The z component
©.02), Lo fer2 | of the magnetic fieldd is obtained fromH, = —dv)/dz. The
(b) () expressions fngG; andHfmz are given, respectively, by
Fig. 2. (a) Frontal and (b) upper views of the model under study and (c) its oo

regions and boundaries. ch’: = Z v (=K1 + kae™ ") sin(kna) sin(kmy)

n=1,3,...
m=1,3,...

In (1), » andm are integerss is defined byx = 27 /1; and~y
by v = (27 /l;)vn? + m2. Still in (1), k1e7* + koe ™ 7* corre- nd
sponds tap, _, the set of coefficients of Fourier series. In the oo
mover, the two permanent magnets are placed in an anti-paraﬁefm_ =
way with respect to each other. For each one, the magnetization i
vector, M, has only one component through thexis. So,M

can be represented By, k£ and M., is given by

(6)

v (—kse™' + kye™ ") sin(kna) sin(kmy).

n=1,3,...
m=1,3,...

(1)

L 16 M, cos (knlg) cos (kmly)
M. = :Z; ( 2 nm
m=1,3...

Applying those conditions to (1) and (3), after some opera-
tions, one can obtain a set of four equations and four unknowns,
which allows one to solve for the desired potentials. Zlsem-
ponent of the magnetic flux densit§,,_, is given by

-sin(knx) sin(kmy). 1 (2l +1 ))
oo eVl — eV (2tmTly
Z cosh(vyz) (627(17,,,-1-19) _ 1)

n=1,3,...
m=1,3,...

cos (knlg) cos (kmly)

(2)
16M,
In (2), M, is the remanent magnetization of the permanent ma§g; = Ho— 5
nets. In the permanent magnet region, the magnetic scalar po-

tential must satisfy the Poisson’s equati®ity) = VM. So, the
magnetic scalar potential is represented/by 5, + 1, where

1, IS a homogeneous term and must satisfy the Laplace’s equa-
tion andy,, is the particular term, solved by Poisson’s equation
[3], [4]. Equation (2) allows one to conclude that the divergence 1. THE EQUATION OF THE PLANAR PROPULSIONFORCE

of M is equal to zero. So, the expression of the magnetic scalar he force that produces movement over the plane depends on

potential in the permanent magnet region is equal to the current density in the armature windings andAlmmpo-
nent of the magnetic flux density produced by the permanent

= . o\ . magnets,B,_. The force that acts over one of the permanent
Ypm(,y,2)= Z (k367 +kge™7 )Sln(nna:) sin(kmy). magnet is gbtained from

n=1,3,...
m=1,3,...
3) = - =
It remains to find the values of the constahitsks, ks andk, Fn = T JN X Bgy | dVN
J VN
Bg:N (—JUNE—I— ‘]-TN-;) dVn

(8)

si si .
. in(knz) sin(kmy)

in (1) and (3). Owing to the assumption of infinity permeability

of stator iron, the magnetic scalar potential on the boundary =
wherez = 0, is equal to zero. The expression of the magnetic
scalar potential in the air gap on the boundém/;go (the su-
perscript denotes the boundary), is given by

JVN
=—Fy i+ Fy.J. 9)
whereFy is the propulsion force produced over the permanent
> magnetn, J, ., and.J,, are the current density in theand
¥ = > (k1e” + koe”) sin(kna) sin(kmy).  (4) y coil phases, respectively, afid; is the volume of integration
that surrounds the active coil phases. Applying (8) to (9), one

n=1,3,...
m=1,3,...



3366 IEEE TRANSACTIONS ON MAGNETICS, VOL. 39, NO. 5, SEPTEMBER 2003

035 TABLE |
E: g " 2w VALUES OF THEz COMPONENT OF THEFLUX DENSITY IN THE AIR GAP
N 0.3 . Mover
an
m B Analytical Method — Mumerical Analysis  Measured
;L_:" 0.25 - pogcd
g - DPeak Value (T) 0.307 0317 0324
. n : .
g 0.2 2= Dilference % 525 216
E 0.15 - . Analytical Mean Value (T) 0161 0163 0167
2 * Method Difference %a 3.59 2.40 0
§ 0.1 - = Measured
é.. ___ Numerical
g 0.05 . Analysis TABLE Il
N 0 h VALUES OF THEx COMPONENT OF THEPLANAR PROPULSIONFORCE
] I T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 Planar Force I1=30A T1=6.0A  Average Sensitivity (N/A)
Hall Probe Position Along /2 (mm) Analytical Method ~ 961N 19.26N 321
Numerical Analysis  10.49N  21.01 N 348
@) Measured 11.30N  22.08N 3.68
25 7
g Measured Sensitivity = 3.68 N/A 3 at z = 8 mm, when current in the phases of the armature is
2 20 zero. Fig. 3(b) presents the graph of the planar propulsion force
Q that acts over the mover whercoil phases are fed with current.
ﬁ 15 The graphs present values obtained by the analytical method de-
g scribed in this paper, by means of (8) and (10), respectively. For
%‘T': comparison and validation of the analytical model, figures are
2 10 obtained by numerical analysis and from measurements, under
£ o inalitical Method the same cor_1d|t|ons of current and position of those obtaln_ed
= . . by the analytical method. The measured values of flux density
5 4 A MNumerical Analysis .
= were obtained by means of a Gaussmeter and a Hall effect probe.
R 8 Measured The measured values of planar propulsion force were obtained
0 | | | : , , by means of load cells. The numerical values are the results of
a finite element analysis. The values in (8) were computed con-
0 1 2 3 4 5 6 sidering the odd harmonics up to the ninth order. Table | shows
Current in X-Coil Phases (A) the values of the component of the flux density in the air gap

b related to the Fig. 3(a). Table Il presents the values of th@m-
®) ponent of the propulsion planar force related to Fig. 3(b). The

Fig. 3. (@) Graph of the component of flux density in the air gap vs. positionyhegretical values resulted smaller than the measured ones pos-
on the plane, when current in the phases of the armature is zero and (b) graﬂ) . ..
of the planar propulsion force vs. current in theoil phases located under the SIDly because the authors used the magnetic characteristics of

permanent magnets. the permanent magnets obtained from catalogues. The analyt-
_ _ _ ical results showed a good agreement to those obtained by nu-
can obtain the equation of the planar propulsion force that agtgrical analysis and tests and allowed to foreseen the behavior

over one permanent magnet: of the propulsion force as a function of the current density in the
_ < erle _ 67(2zm+zg)) armgture winding. The measured sensitivity of the planar actu-
Fy = ; sinhl, (A 1) ator is equal to 3.68 N/A.
:17:1‘.3‘.....:
8l§’u0Mo
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