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Analysis and Experimental Verification of the Moving-Magnet
Linear Actuator with Cylindrical Halbach and Radial Array

Seok-Myeong Jang*, Jang-Young Choi*, Sung-Ho Lee**, Han-Wook Cho* and Won-Bum Jang*

Abstract - In the machine tool industry, direct drive linear motor technology is of increasing interest
as a means to achieve high acceleration and to increase reliability. This paper analyzes and compares
the characteristics of the tubular linear actuator with the cylindrical Halbach and radial array,
respectively. A tubular linear actuator with cylindrical Halbach array, consisting of parallel magnetized
arc segments instead of ideal radial and axial magnetized rings, is manufactured. The magnetic field
solutions due to the PMs and to the currents are established analytically in terms of vector potential,
using the 2-D cylindrical coordinate system. Motor thrust, flux linkage and back emf are then derived.
Thrust characteristics according to such design parameters as magnet height and air gap length are also
given. The results are validated extensively by comparison with finite element analysis (FEA). Test
results such as thrust measurements are also given to confirm the analysis.

Keywords: Cylindrical Halbach array, tubular linear actuator, parallel magnetized arc segments.

1. Introduction

Cwur work is motivated by the desire to develop a direct
drive linear actuator for machine tool applications.
Reczntly, many linear motion motors are rapidly finding
app:ications that range from short stroke linear motion
vibrators, such as compressors and textile machines [1].
The advantages of such a motor are that it has good
linearity and can be used without mechanical energy
con -ersion parts, which change rotary motion into linear
mot.on, such as screws, gears, chains, and so on. Moreover,
tubilar structures are very attractive compared with flat
lineur actuators, owing to the absence of end-turn effects
and high thrust. So, despite such disadvantages of the
tubular linear actuator as difficulty in manufacturing a
perrianent magnet mover and maintaining fixed air gap
length, among various linear machine configurations,
tubular machines with permanent magnet excitation
become an attractive candidate for applications in which
dyn.mic performance and reliability are crucial [2].

It this paper, tubular linear actuators with cylindrical
Halbach array and tubular linear actuators with radial array
are unalyzed, with reference to the following parameters as
varisbles: magnetic field, flux linkage, motor thrust and
back emf. These variables are derived using an analytical
method known as the 2-D cylindrical coordinate system.
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The results are validated extensively by comparison with
the finite element method. Finally, a tubular linear actuator
with cylindrical Halbach array composed of parallel
magnetized arc segments is manufactured and the
experimental results prove the validity of the analytical
results.

2. Tubular structures and analytical model

Fig. 1 shows the schematic of the tubular linear actuator.
Fig. 2 shows the cross section, excluding stator windings,
of the tubular linear actuator sketched in Fig. 1. Analyzing
the magnetic fields due to PMs, we regard the winding
region as the air region. Consequently, the magnetic field
analysis is confined to two regions. Roman numerals I and
II in Fig. 2 represent the air region and the magnet region,
respectively. Therefore,

in the air/stator windings

[uoH

Hott H + M in the magnets

ey

where i, is the relative recoil permeability of the magnets
and assumed unity, that is, g, =1. M is the remanent
magnetization. Fig. 3 (a) and (b) details the single and
three phase current density distribution, respectively. We
assume that the stator current flows through an
infinitesimally thin sheet on the interior surface of the
stator, at r=r,. This paper also assumes that both iron
permeability and motor length are infinite.
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(a) (b)
Fig. 2 Cross section of the tubular linear actuator with
cylindrical Halbach array (a) and radial array (b)

Fig. 3 Single-phase (a) and three-phase (b) current density
distribution

3. Magnetic fields due to the PMs
3.1 Governing Equations

Since there is no free current in the magnetic region,
curlH=0. Therefore, VxB=p,VxM. The magnetic vector
potential A is defined as VxA=B. By the geometry of the
tubular linear actuator, the vector potential has only 6-
components. Therefore, the Poisson’s equation for
cylindrical Halbach and radial array is given by:

& 10 , 1 _ q
§A9+;5Ae‘(kn+r—z)14€— /'IOn(r+CZr)Mm o

L

(b) ‘
Fig. 4 Dual electro magnetization of cylindrical Halbach
array: (a) Halbach magnet array (b) Equivalent
current model.

where the pole pitch of the actuator is t, and the spatial
wave number of the nth harmonic is &, = n2/z.. Here M,, is
the Fourier coefficient of nth-order radial magnetization
components in radial and Halbach array. The coefficients ¢,
and c, are appropriately selected to reduce the modification
of radial component M, in magnetization M [3].

3.2 Boundary Conditions

Halbach magnet array in Fig. 4 (a) can be expressed as
an equivalent current model by applying Ampere’s law in
Fig. 4 (b). As such, in the case of boundary conditions for
Halbach array, the equivalent current, which is due to axial
components in Halbach array and distributed in the upper
and lower surface of the permanent magnet must be
considered. As a result, boundary conditions of the tubular
linear actuator with cylindrical Halbach and radial array in
Fig. 2 are given by:

Cylindrical Halbach array model
Bl(1,,2) =—pM,,
B/ (1,,,2) = B/(r,,,2)
B! (r,,2)~ Bl (1,,2)=—mM,,

1 —
B.(r,2)=0 (3.2)
Radial array model
Bl'(r,,z)=0
B:l(r;n’z) = Br{(rm’z)
BZ”(rm,z) = le(rm,z)
1 —
BZ (rY’Z) - 0 (3‘b)

where M., is the Fourier coefficient of nta-order axial
magnetization components in cylindrical Halbach array.

3.3 Characteristic Equations for Flux Density

The resulting axial and radial components of flux
density are given by:

Bl =k,[AI(kr)-B!K,(k,r)]cos(k,z)
BY =k [A"I,(k,r) - B"K,(k,r)+ R—Zi%%ﬂ]cos(knz)

n

B! =k [A I (kr)+ B K, (kr)]sin(k,z)
By =k, (A7 (k,»)+ B K (k,r)+ b]f[—#[ﬁ—+ czr]]sin(k"z)

' @)

where I, and K, are modified Bessel functions of the first
and second kind of order one, and I, and K, are modified
Bessel functions of the first and second kind of order zero
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[4] Equation (4) can be applied to both the tubular linear
actaator model with cylindrical Halbach and the radial
array; the coefficients A/, B,, A, and B,” are only
difterent in each model. These coefficients are determined
by substituting (3) for (4).

4. Magnetic fields due to the stator currents

"“he linear current density J may be expanded into a
Fourier series, via

J(2)= i J, sin(k,z) (&)

n=l.odd

where J, is the function of the current value and the
wirding distribution. Since this paper assumes that the
cur-ent is distributed in an infinitesimal thin sheet, both
airstator windings and iron regions remain characterized
by curlH=0 and then magnetic fields are computed by
meins of the vector potential. Governing equation is
rep-esented by Laplace’s equation (2), with M,,=0. The
bot.ndary conditions are given by:

Bl(r,,2) = [1,J ,(2)
W.Bl(r,,z2)=B!(r,,2) (6)
B'(r,,2)=B!(1,2)

wheore 4, is the relative recoil permeability of the iron with
supposed infinity, that is, pt, =ee.

The resulting characteristic equations of flux density
are given by:

B/ = pok,[-1,(k,r)+ 2,k (k,r)Iv,J, cos(k,z)
B! = pok, [1,(k,r)+ x ko (k, v, J, sin(k,z) N

where the coefficients ¥, , v, are given by

n-o

1 _ Iy(k,r)

14” = n =
)+ 1 Kool X~ Kyhor)

n's no

5. The flux linkages, back emf and thrust force

The flux linkage of each phase is given by:

A= J’_fi T oxr B, (z)dzdz
foTis ' @)

where N is the number of conductors per pole, and i and f
are the initial and final position of the considered phase

respectively.
The back electromotive force of each phase is given by: [5]

_dA_dedh _ dh

“=a " drdz ' d
Z Z (9)

Thus, back emf is given by the product of velocity v and
the rate of change in flux linkage with respect to position.

The axial thrust exerted on the stator winding results
from the interaction between the current density and the
permanent magnet field. In the general position z, the thrust
in an infinitesimal tubular motor length dz is given by:

dF,(z) = -2rrJ,(2)B](r,,2)dz (10)

It has the advantage that (10) is free from integrals of
Bessel functions related to formula F= fv(JxB)dv, that cause
a significant analytical burden.

Table 1 Specifications of tubular linear actuator used in

comparison of analytical and FEA
Tubular linear actuator| Tubular linear actuator
Parameters |with radial magnetized] with radial magnetized
PMs mover PMs mover
T 20(mm)
T 15(mm) | 10(mm)
Io 10(mm)
I'm 20(mm)
I, 25(mm)
Remanence 1.1 (T)
Pole number 4 | 4and 1/2
1.5
E 1.0
@ 05
a
; 0.0
el
505
T-1.0 r=r_ r=r, r=r,
- Analytical Analytical Analytical
-1.5 ® FEA * FEA © FEA
Position(mm) x
()
1.5
f=!°
Analyticat
1.0 O FEA
E I=/m
205 mism AN AL
2 ® FEA
5
3 0.0
g
505
é f=f‘
Analytical
1.0 * FEAy
15 |

T
Pasitionfmm) kg

W)
Fig. 5 Radial (a) and axial (b) flux density distributions for
the tubular Halbach array topology
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Fig. 6 Radial (a) and axial (b) flux density distributions for
the tubular radial array topology

6. Comparison of analytical and FE results

The results of the analytical model have been compared
with those obtained by a FE model. The specifications of
the tubular linear actuator are presented in Table 1.
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Fig. 7 Radial (a) and axial (b) flux density distributions
due to single- and three-phase currents

6.1 Magnetic Fields due to PMs

Figs. 5 and 6 show the comparison of analytical and FE
results of both radial and axial flux density distributions for
tubular cylindrical Halbach array and radial array topology,
respectively. The results are shown to be in good
agreement with those obtained from FEA.

6.2 Magnetic Fields due to the Stator Windings

Fig. 7 (a) and (b) shows the radial and axial flux density
distributions due to the single- and three-phase currents,
respectively. In the case of single-phase windings, turns per
pole are 10 turns and a coil current is 1(A) and then, in
case of three-phase windings, turns per pole per phase are 5
turns and the three-phase currents are i, =2(A), i, = i. = -
1(A).

6.3 Flux Linkages and Back EMF

Figs. 8 and 9 show the flux linkage and back EMF for
the tubular linear actuator with two different array patterns
respectively. It can be seen that the analytical results are in
better agreement with those obtained from FEA in three-
phase windings than those in single-phase windings.
Especially, in case of mover velocity v=100(mm/s), the
analytical results of back EMF are compared with FE
results.

0.018
[ ] I
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0.012 o Oo()()o — Analytical
® FEA

@ 0.008
2
&
2 0.000
X
£
X -0.006 Radial magnetization
[ Analytical

-0.012 o FEA PN 000

L)
-0.018 |
. T 2
0 Pasition(mm) *
(a) Single-phase winding
0.018
Halbach magnetization
0.012 Analytical
® FEA
?"i 0.006
@
& 0.000
x
£
T-0.006
2 Radial magnetization
L 0.012| — Analytical
O FEA
-0.018 |
0 21

Positiorn(mm)
(b) Three-phase winding
Fig. 8 Flux linkage for the tubular linear actuator with two
different array patterns
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Fig. 9 Back-emf for the tubular linear actuator with two
different array patterns

6.4 Thrust force

Fig. 10 shows the comparison between analytical and FE
results of axial thrust according to mover position for the
tubular linear actuator with two different array patterns. It
can be seen that thrust of the tubular linear actuator with
cylindrical Halbach array is superior to that with radial array.

3+ Halbach
Analytical
PN ® FEA

Thrust (N)
(=]

[ radial
sk Analytical
o FEA

-4 L
0 T 21

Position (mm)

(a) Single-phase winding

3 o Halbach
(d Analytical
2 ® FEA

Thrust (N)
°

Radiat
Analytical
© FEA

4 !

T 21
Position{imm)

(b) three-phase winding
Fig. 10 Thrust vs. mover position for the tubular linear
actuator with two different array patterns
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Fig. 11 Tubular linear actuator model for thrust analysis

7. Thrust characteristics according to design

Fig. 11 shows a tubular linear actuator analytical model
for thrust analysis according to design parameters. The
fixed design parameters for thrust analysis according to air-
gap length and magnet height are given in Tables II and III,
respectively.

7.1 Thrust Characteristics according to Air Gap Length

For a fixed pole pitchz , Figs. 12 and 13 show Peak thrust
variations acting on the cylindrical Halbach array mover and
the radial array mover vs. (1.-1,)/t for various values of r/t
respectively, in case of single-phase winding with i=2 (A) and

according to design parameters

parameters

three-phase winding with i, =2(A), i, = i. = -1(A).

Fig. 12

£y
o

Force {N)

Farce (N)

Peak thrust acting on the Halbach array mover vs.
(ro-ry )/t for various values of r,/t: single-phase
winding with i=2(A) (a) and three-phase winding
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Fig. 13 Peak thrust acting on the radial array mover vs. (r.-
rp)/t for various values of r,/t: single-phase
winding with i=2(A) (a) and three-phase winding
with i, =2(A), i, = i, = -1(A) (b)

It can be seen that the greater the air gap length, that is
the more (r.-r,)/t increases, the more peak thrust decreases
as an exponential function and the more magnet height,
that is the more r,/t decreases, the more peak thrust
variations are slowed down. When comparing Fig. 12 with
Fig. 13, the thrust characteristics of the Halbach array
model are superior to those of the radial array model.

7.2 Thrust Characteristics according to Magnet Height

For a fixed air-gap length r.-r,, Figs. 14 and 15 show
that Peak thrust variations acting on the Halbach array
mover and the radial array mover vs. (Iy-r)/(T-1,) for
various values of 1/(r.-1,,) respectively, in case of single-
phase winding with i=2(A) and three-phase winding with i,
=2(A), ip = ic = -1(A). It can be seen that the greater the
magnet height, that is the more r,-r, /1T, increases, the
more peak thrust increases nonlinearly and the greater the
pole pitch, that is t/(r.r,) increases, the more the
differences in peak thrust variations are slowed down.
Especially, in the case of the Halbach array model, the
greater the pole pitch, the more the thrust increases by the
value of ©/(r.-r,) up to 10, but thrust time of the value of
t/(r-1y) equals 20 is lower than the time of the value of
t/(r.-1,) equals 10, as shown in Fig. 13. Therefore, for a
fixed air-gap length, optimum magnet height and pole pitch
can be determined for PMs to be utilized efficiently from
these results.

Table 2 Fixed design parameters for thrust analysis according
to air-gap length

Parameters Radial- Radial- | Halbach- | Halbach-
1phase 3phase 1phase 3phase
T 20(mm)
Tm 15(mm) [ 10(mm)
I 10(mm)
11, 5(mm)
s 10(mm)

Table 3 Fixed design parameters for thrust analysis according
to magnet height

Parameters Radial- Radial- Halbach- Halbach-
1phase 3phase 1phase 3phase
e 4(mm)
Iy 10(ram)
[ 4(mm)
11 10(mm)
40
5

Force (N}

Force (N)

(rm-rj/(rc—rm) :
(b)

Fig. 14 Peak thrust acting on the Halbach array vs. (-
ro)/(r.1y,) for various values of t/(r.-ry): single-
phase winding with i=2(A) (a) and three-phase
winding with i, =2(A), i, =i, = -1(A) (b)

30

d(r-r,.)
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Fig. 15 Peak thrust acting on the Halbach array vs. (r,-
r)/(re-1y) for various values of /(r.-r,): single-
phase winding with i=2(A) (a) and three-phase
winding with i, =2(A), i, =i, = -1(A) (b)

Halbach array mover - BN i
(a) (b)
Fig. 16 Photograph of the tubular linear actuator with Halbach
array mover: single-phase stator winding and Halbach
array mover (a) and testing apparatus (b)

8. Manufacture and thrust measurement
8.1 Manufactured Model and Experimental Systems

Fig. 16 (a) displays a photograph of the cylindrical
Halbach array mover and single-phase stator windings. Fig.
16 (b) shows the experimental system consisting of load
cell, indicator, DC power supply and tubular linear actuator
with cylindrical Halbach array to measure static thrust.
Specifications of manufactured tubular linear actuator are
presented in Table 4.

210

180 © Exparimental
Analytical

150 X FEA

Peak Thrust(N}
w0
o

60

_—

0 1 2 3 4
Current(A)
Fig. 19 Thrust vs. coil current for the tubular linear

~actuator with Halbach array mover

Table 4 Specifications of the manufactured tubular

actuator with Halbach array

(a) (b)

Fig 17 Halbach arrays with the ideal radial magnetized
ring (a) and parallel magnetized arc segments (b)
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08 |
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©
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w
0.8
12 e
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Position (mm)
Fig. 18 Comparison of predicted radial component of flux
density at the air-gap for both ideal radial
magnetization and actual fixture magnetization

Halbach array mover Stator windings
Parameter Value Parameter Value
(symbol) (unit) (symbol) (unit)
Shaft radius (r,) 20 (mm) |Stator winding 31(mm)
PM outer radius (r,) {30 (mm) inner radius (rc)
Pole pitch (1) 20 (mm) |Stator winding 35(mm)
PM pole pitch (1)) 10 (mm) outer radius (r;)
Pole number (P) 4and1/2 | Stator outer radius|45(mm)
(r;)
Mover length (J) 90 (mm) |Turns 100

8.2 Characteristic of Flux Density

Fig. 17 (a) presents that a cylindrical Halbach array
consists of ideal radial magnetized ring and ideal axial
magnetized ring. In the case of a ring magnet, a geometry-
specific impulse magnetizing fixture is required to impart
the magnetization, whereas arc segments can be
magnetized with a parallel magnetization such as in Fig. 17
(b) [6]. So, this paper introduces parallel magnetized arc
segments as a mover, which offers advantages not only in
reducing the burden in the manufacture of ideal radial
magnetized PMs, but also in cutting down on the cost of
manufacturing. Fig. 18 shows the comparison of air-gap
flux density distributions according to composition
methods of cylindrical Halbach array using 3-D FEA. It
can be seen that air-gap flux density due to parallel
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magnetized arc segments makes little difference from it
due to ideal radial magnetized PMs.

8.3 Thrust Measurement Results

Fig. 19 (b) reveals the comparison of analytical, FE and
experimental results of axial thrust according to load
current at mover position to create maximum thrust. As
load current increases, experimental results become lower
than analytical results owing to saturation of magnetic
circuits.

9. Conclusion

In this paper, magnetic fields, thrust, flux linkages and
back emf of the tubular linear actuator with Halbach and
radial magnet array are presented. The analytical results
have been verified by finite element analyses, confirming
the worthiness of the proposed analysis. By presenting
thrust characteristics according to such design parameters
as magnet height and air-gap length, this paper predicted
optimum design parameters so that PMs can be utilized
efficiently. In particular, the tubular linear actuator with
parallel magnetized arc segments is manufactured and
experimental results such as thrust measurements are also
given to confirm the analysis. The analytical model can be
applicable to both slot and slotless topologies. In our future
work, on the basis of analytical results, a dynamic analysis
of a tubular linear actuator will be performed.
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