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Abstract—This paper investigates the static characteristics of
a novel air-cored linear and rotary Halbach permanent magnet
actuator. The magnetic field distributions of the actuator are
analytically analyzed using the magnetic scalar potential and
modified BESSEL functions in the cylindrical coordinate system.
The linear electromagnetic force and rotary electromagnetic
torque of the actuator are subsequently predicted validated by
the three-dimensional finite element method.
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. INTRODUCTION

With the growing need of special electromagnetic
actuators performing complex movements, linear and rotary
actuator capable of linear, rotary and helical movements is of
great interest in industrial and domestic products as diverse as
robotics and automated manual transmission.

At present, such actuator is realized almost exclusively by
using a separate motor/actuator in each moving direction,
which results in more complicated structure and heavier
mover. Besides, the dynamic performance and servo-tracking
accuracy of the actuator are also inevitably compromised due
to the effects of inertia, backlash, nonlinear friction, and
elastic deformation of gears [1]-[2]. As an advantage design,
iron-cored linear and rotary permanent magnet actuator
(LRPMA) with high dynamic performance, good power/mass
ratio and simple structure has been proposed and analyzed by
the finite element method (FEM) [3]-[4] and analytical
method [5] in recent years. However, their performances are
serious impacted by linear cogging force and rotary cogging
torque [6].

This paper presents a novel air-cored LRPMA with a
Halbach PM array. The three-dimensional (3D) magnetic field
distribution of the LRPMA is formulated by the magnetic
scalar potential (MSP) and modified BESSEL functions in a
cylindrical co-ordinate system. The electromagnetic torque
and electromagnetic force in the rotary and linear directions
and the flux linkage of the stator winding are subsequently
derived and validated by the 3D FEM.

Il.  ANALYTICAL ANALYSIS OF MAGNETIC FIELD

A. Air-cored LRPMA with a Halbach PM Array

As shown in Fig. 1, the air-cored LRPMA with a Halbach
PM array has a tubular mover, on which there are alternately
polarized Halbach PMs, six poles in the z direction and eight

poles in the @ direction, and a stator with eighteen coils, three
ones in the z direction and six ones in the @ direction.
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Fig. 1. 3-D cutaway view of air-cored LRPMA with Halbach PM array

Fig. 2 shows the cutaways of the air-cored actuator along
the linear and rotational directions. Region | (R, <r<R;) is
air/winding region and region Il (R, <r<R,) is the PM
region. In the 3-D model, the soft-magnetic parts are
considered to be infinitely permeable, and the boundaries
where =R, and » =R, are of the Neumann boundary; the
end effects are not taken into account; the PMs have a linear
demagnetization characteristic, and are fully magnetized in the
direction of magnetization.
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Fig. 2. Cutaways of the LRPMA along (a) axial direction, (b) circumferential
direction.

[2]

B. Field distribution in Cartesian coordinate system

By solving Laplacian equation in region I and the Possion
equation in region Il subject to the distributions of
magnetization component A, in the PM region and the
boundary conditions, the Fourier expansion of », 6 and z
directions flux density components in airgap region | in the 3-
D cylindrical coordinate system are given by
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where v=np and v =kz/z;

IK: = I, (UR,)K, (VR;) = I, (VR )K, (UR,) ;
IK; =1, (UR,)K, (LR,) - I,(LR,)K, (UR,) ;
IKs = 1,(UR,)K, (UR,) = I, (VR,) K, (UR,1) ;
IK, = I;(vR,)K, (UR,) = I, (VR) K (UR,) ;
IKs = I;(0R,) K, (UR,) = I, (VR,) K (UR,) ;
IKs = 1,(VR,)K, (UR,) = I.(UR,)K, (UR,) ;
IK; = I.(R)K,(UR,) - I,(UR,)K.(UR,) ;
IKg = I, (vr)K, (LR,) — I, (LR, K, (vF) ;

IKy =1, (ur)K, (LR,) - I, (VR,)K, (vr) ;
I,(ur) and K, (vR;) are the modified BESSEL functions of

first and second kind
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I (ur) and K, (uR;), which are the derivative of 7,(vr) and
K., (vR;), are expressed approximately by

IL(or) = 1,2 (or) ——1I,(ur) and
vr

K!(or) =—K,a(or) —— K, (ur) .
vr

Hl = gD:k (URm) ’ HZ = (¢:k)’(URm) +Mrnk /(U/Ji) )
H3 :Mrnk /(U/’l}) 1
where

N Rin R
¢7nk (URm) = IV (URm )IR Mrnka (U)/)d}/ - kv (URm )IR Mrnklv (U}/)dﬂf
(P (0R,)) = LR, MoK 07y K (0R,)[; Mol (07)y

I1l. ELECTROMAGNETIC FORCE AND TORQUE

By neglecting high order harmonic, the electromagnetic
force and torque exerted on the rotor can be written as
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where $=m=/7; T, and F, , respectively the amplitude of

linear electromagnetic force and rotary electromagnetic torque.

Calculations and experiments are performed when
windings are excited by ac currents. Fig. 4 shows the results’
comparison of the linear electromagnetic force and rotary
electromagnetic torque by 3-D analytical prediction and FEM

calculation. The results are in good agreement.
0.5

Tm (Nm)

0 60 120 180 240 300 360
Angle (elec deg)
Fig. 4. Results’ comparison of the linear electromagnetic force and rotary
electromagnetic torque by 3D analytical prediction and FEM calculating.

IV. CONCLUSIONS

In this paper, static characteristics of a novel air-cored
linear and rotary Halbach permanent magnet actuator has been
researched. Based on the magnetic scalar potential and
modified BESSEL functions in the cylindrical coordinate
system, the 3-D analytical magnetic field distribution and
linear electromagnetic force as well as rotary electromagnetic
torque of the LRPMA are derived in closed forms and verified
by FEM.
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