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Abstract An iron-less single side permanent magnetic
linear motor structure is presented, and two-dimensional
analytical formulae for its magnetic field are deduced to
design the types of magnetic arrays, the thickness of per-
manent magnet, and the duty ratio of magnet arrays, etc.
With certain design parameters, conventional arrays are
used instead of a piecewise Halbach arrays, and the
machining and assembling of the motor are greatly sim-
plified. Calculation results coincide with that of ANSYS.
The analytical formulae can be used in designing cored
linear motors by modifying boundary conditions. A linear
motor driven bench with a single degree of freedom is
realized, where the travel reaches 27 mm, the mass of
the moving parts is 1.4 kg, and the maximum acceleration
is 11.5 m/s%.

Keywords linear motor, permanent magnet array, para-
meter design

1 Introduction

In a translational motion system driven by a linear motor,
any mechanical translation that is a must when the system
is driven by a rotational motor is no longer used. A linear
motor realizes directly driving from a motor to worktable.
Therefore, the mechanical structure of a translational
motion system is simplified with fewer non-linear parts,
and better dynamic performance can be expected. Linear
motors and direct driving technology are very important
for high precision, high acceleration and high reliability
motion control [1].
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Similar to rotational motors, linear motors fall into
several categories, among which the servo performance
of a permanent magnet synchronous linear motor is the
best [2,3]. Figure 1 shows a one-degree-of-freedom (1-
DOF) directly driving translational motion system and
the structure of the linear motor designed in this paper.
The linear motor is an iron-less single side permanent
magnet synchronous linear motor. In this paper, a two-
dimensional vector potential of the air gap of the motor is
calculated from the Poisson equation and an analytical
solution of the magnetic flux density is obtained. The
relationship between design parameters of permanent
magnetic arrays and the magnetic field of the motor is
analyzed and discussed. Magnetic fields magnetized by
Halbach and conventional arrays with two duty ratios
are also given and compared with each other.
Conventional arrays with one calculated duty ratio is
adopted and realized as shown in Fig. 1. The effect of coil
current in the magnetic field is not discussed since there is
no iron core and ampere turns are low (ampere turns of
one coil are less than 100 A). Thus the armature reaction
is so slight that it can be neglected. In Fig. 1(b), the per-
manent magnetic arrays are conventional arrays, the
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Fig. 1 Translational motion system driven by linear motor
and structure of motor. (a) Direct-drive linear displacement
system; (b) structure scheme of linear motor
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windings are two-phase concentrated coils, and the elec-
trical angle between two neighboring coils is 90°.

The prototype shown in Fig. 1 is featured as follows:

1) There is no iron core, which leads to low inductance
and wide closed-loop bandwidth.

2) The winding is designed as the stator and fixed to the
frame, and the permanent magnet arrays are attached to
the mover, thus no electrical connection is needed between
the mover and frame nor is there any thermal deformation
caused by copper loss.

3) Single-side form is adopted and the mechanical struc-
ture of the motor is simplified.

4) There is no vertical force, thus frictional force of the
guide way is decreased.

5) There is no cogging force, therefore thrust ripple is
decreased and servo performance is improved.

6) There is no electric brush, which leads to less non-
linearity of friction, high reliability and long life.

7) There is no magnetic saturation and high accelera-
tion can be reached.

2 Analytical analysis of permanent magnetic
linear motor field

The permanent magnetization equation for permanent
magnet of Nd-Fe-B can be approximated by

B=u,H + oM = iyH + B, (1)

where B is magnetic flux density, T; H is magnetic field
intensity, A/m; M, is remanence magnetization of the
permanent magnetic materials, A/m; B, is remanence
vector, T; g = 4n x 1077 H/m is the permeability of free
space.

In a static electromagnetic field with permanent mag-
nets, Maxwell’s equations are

VxH=J, (2)
V-B=0, (3)

where J is free volume current density, A/m? The
boundary conditions for the contacting surface of dif-
ferent materials can be derived from Egs. (2) and (3),
which are

nx (H*—H") =K, (4)
n-(B*—B®) =0, (5)

where, superscript a and b represent the associated
quantities evaluated on opposite sides of a boundary;
K; is a source surface current directed along the bound-
ary, A/m.

Let A be magnetic vector potential. For a static mag-
netic field, if the Coulomb gauge [4] V-4 = 0 is adopted,
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then there is

VxB=VxVxA=V(V-A)—V’A=—-V’4.  (6)
Combining Eq. (6) with Egs. (1) and (2) yields the vec-

tor Poisson equation:
ViA=—py(Jr+V x M,). (7)

In the above equation, J; is volume current density, A/m?>.
Combining boundary conditions Egs. (4) and (5), 4 can be
solved from Eq. (7). The magnetic flux density of the field
can be obtained by calculating the operation of the curl of
vector A.

If the magnetization vector of a permanent magnet var-
ies with a sinusoidal function, the magnetization is repre-
sented as:

M=i.M,sinkx+i,M,coskx, (8)

where k = 21//. is the wave number of the magnet arrays; 4
is the spatial period of the arrays, m; M is the magnetization
vector of the permanent magnet, A/m; and M, is the ampli-
tude of the magnetization components, A/m. Equation (8)
is the ideal magnetization vector of Halbach arrays.
Obviously, it is not possible for a magnet to follow Eq.
(8). Thus a practical approach for implementing Halbach
arrays is assembling blocks of magnets that are each uni-
formly magnetized in a desired axis [5]. Such arrays are
called piecewise Halbach arrays. Arrays with N =4 are
shown in Fig. 2, where the thickness and width of the per-
manent magnets are 4 and d respectively. Build the coord-
inate system with the positive x direction horizontally
pointing to the right as well as positive y direction vertically
upwards. In Fig. 2, Region 1 is iron-backing-sheet region
(the relative permeability is approximately infinite with iron
backing sheet, and is approximately zero without iron back-
ing sheet). Region 2 is permanent-magnet region. Region 3
is the air gap. The magnetization vector of piecewise
Halbach arrays is represented by the Fourier series:

- N . .
M= ZO M, smn}::/n]([ ) [i sin nkx +1i, cos nkx|

+ ZM sin 7;/1;\/[]\7) [—iysinn'kx+i, cosn'kx],(9)

where n=yN+1 and n’ = (y+1)N—1 are the order of har-
monics; ¢ = Nd// is the duty ratio of permanent magnet
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Fig. 2 Schematic diagram of piecewise Halbach arrays
(N=14)
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arrays; d is the width of the permanent magnet, m; A is the
pitch of the arrays. Piecewise Halbach arrays quite equal an
superposition of a magnetic field of ideal Halbach arrays
M,,=M,, and M,, = —M,,, according to Eq. (9).

In two-dimensional cases where the fields lie in the x-y
plane with no dependency on z, the vector potential is
purely z-directed. Thus 4,=A4,=0, and the magnetic
flux density is:
0A.

B,=—-, By:_g’

(10)

where B, and B, are magnetic flux density vector compo-

nents through the directions of x and y respectively.
Without iron backing sheet, the nth-order magnetic flux

density vector of ideal Halbach arrays is:
M =i My, sinnkx+1i,M,, cos nkx.

(11)

The vector potential can be expressed by the equations:

oMy 0My
VAo = —uy | Ji L =) =0,
znl ﬂo( f1+ ox ay
oM, M. .
VA0 =— <Jf1 + 3 xy L a;) = ponk M, sin nkx,
oM,; 0OMs
VA= —u | Ji =0
zn3 ,uo< f1+ ox oy >
(12)
with the boundary conditions:
{y:07 By2:By3; Hy,=H,3, (13)
y=nh, By :ByZa Hy1=Hy,.

Here subscripts 1, 2 and 3 denote Regions 1, 2 and 3.

A., can be solved by using separated variable method
[6], then according to Eq. (10), the magnetic flux density of
the air gap is:

BXI’L3 = _%(1 7}’!](]1) (Myn + Mxn) nky SlIl nkx,

(14)

B3 :%0(1 —e ") (M, + My, )€™ cos nkx.

By the superposition principle, without iron backing
sheet, magnetic flux density of air gap can be described
as:

N .
Bu= — M, Zosul(}:g/T;\/])(l_enkh)enkySIanx’
e ;m(nsﬂ:/N) (15)
Byy=pM, > ———=(1—e~"")e"™ cos nkx.
3= Lo 1;0 w/N (1—e= ") cos nkx

According to Eq. (15), the air gap magnetic flux density
of the piecewise Halbach arrays without iron backing sheet
is the addition of harmonics, whose order is n=7yN+1.
Amplitudes of the nth-order vertical and horizontal
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Fourier magnetization components are equal, and the
phase difference is /2. With the increase of n, amplitudes
of the harmonics decrease rapidly.

With the boundary conditions:

{y:(): ByZZBy3: HXZZHX3’ (16)
y:ha Byl :ByZy H,,=0,

we can get the solution to the air gap magnetic flux density
of piecewise Halbach arrays with iron backing sheet by
solving Eq. (12):

= sin(nen/N) N e
By = — ZﬂOMri (1—e ") "™ sin nkx
= nn/N
sin(r'en/N) S\ KBy o
— o 7(1—6 )e sinn'kx,
= t n'n/N

N ’ )
By3= Z,uOM sin nm/ ) (1 —e_”"h)e”"y cos nkx
720

)
Z . sin ’/1 STC/N) [(l _efn’kh)en’k(yfh)} cos n'kx.
= n/N

(17)

Compared with Eq. (15), it can be seen that the air-gap
magnetic field of piecewise Halbach arrays with iron
backing sheet has additional (n' = (y+1)N — 1)th-order
harmonic components compared with that without iron
backing sheet.

3 Design parameters of permanent magnet
arrays

3.1 Array type

The type of permanent magnet arrays is determined by the
parameter N. If N =2, the magnetizing direction of the
permanent magnets is perpendicular to the air gap and
opposite for neighboring permanent magnets, which
forms conventional arrays. For conventional arrays with-
out an air backing sheet, Eq. (15) can be written as:

Byn=2= Z poM % (1 —e ™ "ye =% cos nkx,
y=0

n=2+1.  (18)

For conventional arrays with an air backing sheet, Eq.
(17) can be written as:

2
y(N 5= Z#O sin I/ISTC/ ) (1 _e—2nkh)e—nky cos nkx,
y=0
n=2y+1. (19)

From the above two equations, it can be seen that
the magnetic flux density determined by Eq. (19) equals
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to that of Eq. (18) with one-time larger magnet thick-
ness. Meanwhile, an air backing sheet possesses a
favorable shielding effect against the magnetic field.
Therefore, for conventional permanent magnet arrays,
an air backing sheet can improve the performance of
motors. In the analysis and calculation below, conven-
tional arrays are always with air backing sheets except
otherwise noted.

When N > 2, the air gap magnetic flux density of the
air-gap magnetic field with and without an air backing
sheet is determined by Eqs. (15) and (17) respectively.
With the increase of N, the magnetization vector of
permanent magnet arrays approaches to ideal
Halbach arrays, but the machining and assembly of
permanent magnet arrays become more difficult.
When N =4, two neighboring magnets are perpendicu-
larly magnetized. Thus the arrays can be realized by
magnets with magnetization direction perpendicular
to its surface, which makes easier the machining of
permanent magnets. In addition, if the permanent mag-
net has a square cross section, s =d, the piecewise
Halbach arrays with N =4 can be obtained by using
same permanent magnets. Equation (20) describes air-
gap magnetic field without an air backing sheet, and
Eq. (21) is about the magnetic field with an air backing
sheet.

sin 4 : ,
L(N H= ZMO n‘cn/ ) (1 _e—nkh)e—nky COSI’lkX,

n=4y+1, (20)
4
By = Z oM 78111(”8/7;/ )(1 —e k) ek cos nkx
7=0
@ i / 4 / J
+ > uOMrw(l—e*"“’)e*”kU’*m cosn'kx,
y=0 n TC/

n=4y+1,n'=4y+3. (21)

From Egs. (20) and (21), it can be seen that the employ-
ment of an air backing sheet does not affect the fun-
damental frequency component of the magnetic field.
Some additional high-order harmonic components
appear when an air backing sheet is used.

3.2 Thickness of permanent magnets

With all high-order harmonics ignored, and zero gap
between adjacent permanent magnets assumed, Fig. 3
illustrates the difference between two zero-gap magnetic
fields corresponding to conventional arrays in Eq. (20)
and Halbach arrays in Eq. (21) respectively. It can be seen
from Fig. 3 that when //d > 0.8, the air-gap magnetic flux
density of Halbach arrays is larger than that of conven-
tional arrays, and this disparity increases with the thick-
ness of permanent magnet; when //d < 0.8, the air-gap
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magnetic flux density of conventional arrays is higher
than that of Halbach arrays. Particularly, when A/d =1,
which means the piece of the permanent magnet with a
square cross-section, the two magnetic fields have little
difference.

1.4

--—-conventional array
041 i — Halbach array

0 0.5 1 1.5 2 2.5
hid

Fig. 3 Change of air-gap magnetic field of conventional and
Halbach arrays with h/d

3.3 Duty ratio

In practice, due to installation and support reasons, there
is always certain gap, represented by duty ratio ¢, between
permanent magnets. For conventional arrays and
Halbach arrays without an air backing sheet, when
e=1/(1+1/N), the first higher-order harmonic of mag-
netic field can be eliminated. Therefore the air-gap mag-
netic field coordinates sinusoidal better.

Figure 4 shows the y-component of fundamental fre-
quency magnetic flux density of both conventional and
Halbach arrays when N =4, y= —0.5 mm with the per-
manent magnet in a square cross-section. As can be seen
from Fig. 4, the magnetic flux density of conventional
arrays decreases slowly and that of Halbach decreases
sharply while ¢ decreases (the gap between permanent
magnets becomes lager). That is, conventional arrays are
less sensitive to the change of ¢, making it easier for pro-
ducing, machining and assembly.

4 Design examples of permanent magnet
arrays

Parameters of permanent magnet arrays are shown in
Table 1. Figures 5 and 6 show the magnetic flux density
of Halbach arrays (N = 4) and conventional arrays with
an iron backing sheet at position y = —0.5 mm for dif-
ferent ¢ respectively. To verify the deduced analytic cal-
culation method, Figs. 5 and 6 give the corresponding
calculating results of ANSYS. In the finite element ana-
lysis (FEA), plane53 entity unit is used for eclement
mesh division; far-field unit is used to represent external
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Fig. 4 Changes of amplitude of fundamental frequency magnetic field of conventional and Halbach arrays with ¢ and /4. (a)

Conventional arrays; (b) Halbach arrays

conditions of open boundary field model. The value of
the relative permeability is 1500 in Region 1 (iron-back-
ing-sheet region).

Table 1 Parameters of permanent magnetic arrays
parameter value
remanence vector B./T 1.4
length w/m 0.04
width d/m 0.008
thickness #/m 0.008

The calculated results indicate that the magnetic field
of conventional arrays coordinates sinusoidal better
than that of Halbach arrays. The advantage is obvious
when the gap between permanent magnets becomes
large. There is no great difference between the ampli-
tude of the magnetic flux density of conventional and
Halbach arrays when ¢ is 0.62. However, the fun-
damental frequency component of conventional arrays
is larger than that of Halbach arrays. Therefore, there
is little cogging force when conventional arrays are
used. When ¢ is 0.89, the amplitude of the magnetic
flux density of Halbach arrays are larger than that of
conventional arrays. But it is too difficult to construct
these magnetic arrays. Based on the above analysis,
some parameters are determined, including array type
(N=2), cross-section of permanent magnet (h=d
=8 mm), and duty ratio ¢=0.62 (spacing 5 mm and
array pitch A =152 mm). Figure 7 shows the mover of
the linear motor with permanent magnet arrays.

5 Conclusions

In this paper, an iron-less single side permanent magnetic
linear motor is designed and two-dimensional analytical
formulae for magnet field calculation are given.
Magnetization effects of conventional arrays with that

of Halbach arrays are compared. The relationship
between the magnetized fields and magnet geometric
and array parameters are also discussed. The analysis
shows that with the linear motor designed in this paper,
the same magnetic field could be obtained using conven-
tional arrays instead of Halbach arrays, the machining
and assembly of the permanent magnetic linear motor is
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Fig. 5 Air-gap flux density distribution of Halbach arrays.
(a) £=0.89; (b) ¢ =0.62
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Fig. 6 Air-gap flux density distribution of conventional
arrays. (a) ¢ = 0.89; (b) ¢ = 0.62

simplified, the calculation results accords with that of
ANSYS. Moreover, the analysis method used in this
paper can be applied in the context of an iron-backed
linear motor simply by changing boundary conditions.
A workbench with a single degree of freedom is realized
based on preceding analysis.
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Fig. 7 Mover of linear motor
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