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A Novel Design of an Air-Core Type Permanent
Magnet Linear Brushless Motor by Space Harmonics
Field Analysis

Gyu-Hong Kang, Jung-Pyo Hong, and Gyu-Tak Kistember, IEEE

Abstract—This paper presents a novel design technique and
characteristic analysis of an air core type Permanent Magnet
(PM) linear motor based on Space Harmonics Field analysis
methodology. In the Space Harmonics Field analysis, Poisson
equation is solved by the spatial distribution of current and PM, L LEs
which is replacedly Equivalent Magnetizing Current (EMC). The  Fig. 1. Motor topology.
process of magnetic field analysis is applied to the motor design
and steady state analysis considering the driving characteristic.

The validity of the proposed technique is confirmed with 2-D < y .
Finite Element (FE) analysis and experimental results. v r 2 =|‘ Back Iron
Index Terms—2-D FE, air core type permanent magnet linear T 1 1 [ % h[ & JeM

motor, EMC, Space Harmonics Field analysis.

|. INTRODUCTION Fig. 2. Analysis model using EMC method.

ERMANENT MAGNET (PM) linear motors drives could

offer significant advantages, in terms of efficiency, speed This paper presents a novel design process to improve design
control and positional accuracy. However, in slotted PM line&uality by Space Harmonics Field analysis of EMC and a steady
motor, there are cogging force, due to slotting and finite lengBtate analysis that is phase commutation thrust ripple taken into
of the moving parts, which have different wavelengths [1]. IAccount the variation of relative pole position of conductor. The
order to minimize cogging force, the additional process, suProposed analysis and design process is verified against the 2-D
as skewing and optimally disposing the magnets and the ot analysis and experimental results.
mizing the length of the armature coil, is required [2]. As this
reason, an air-core type PM linear brushless motor is strongly ~ |l. MAGNETIC FIELD ANALYSIS BY USING EMC
recommended for improving the accuracy in the speed and Q- Magnetic Field Analysis by Space Harmonics Field
sition control of linear brushless PM motor. _ . : .

To obtain a precise design result of air core PM linear brush-F'g' 1 shows the topologies of air core type linear motor

less motor it is necessary to analyze magnetic field in the Wh(ﬁ%‘d'ed Itn this Paper. It _(I:onhs'lsrt]sf of a dou?letsgie .thg. PMhanq an
analysis region including airgap and coil area. As one of the nif cOT€ tyP€ moving coitwhich Is concentrated winding having

merical methods in magnetic field analysis, the Finite Eleme ee isolated phase se_ts. Three phase coils are displaced sym-
(FE) method is known to allow an accurate analysis of eIectricF\emcany atevery 120circumferentially and the current wave-
I

machines and can consider geometric details and the non min the phases is a 128quarewave. Exactly two phases are

earity of magnetic material [2]. However, FE requires lon corr‘l:-on.ducting at any and every instant [5]. L .
y 9 [2] a g Fig. 2 shows an analysis model for the magnetic field of air

utation time particularly at the initial design stage. The Space . : . . .
P P y g g P re type linear PM motor using Space Harmonics Field. Since

Harmonics Field analysis is usually adopted for magnetic fie double side PM i tor h ric struct |
analysis because of their fast and flexible computation. It is e double side Inear motor nas Symmetric structure along

solve the Poisson equation by the spatial distribution of currefit=1s: only one side IS sel_ected as anaIyS|s_ region and follow-
and PM. The PM s replaced by Equivalent Magnetizing Currefit9s ar€ assumed to simplify the 2-D analysis [4], [5].
(EMC) [4], [5]. — Allregions are extended infinitely in th&x direction
and PMs are magnetized in tHey direction.
—  PMs are periodically distributed along x-axis.
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(a) Magnets distribution
Fig. 3. Arbitrary current model. 5
L ..
in Fig. 3 and the governing equations of each regions derived | Jr-J I 1
pm

from Maxwell’'s equations are as follows [1], [2].
PAky) | A y) _

(b) Equivalent Magnetizing Current (EMC) of magnets

9x2 dy? =0 Region I, lll, IV Fig. 4. Magnetic field analysis model by PM.
1)
I=0 .. Magnetic Field .
P A(x, y) 82A(x y) : pesit. 1| Decisonof | Jnaer it | CO8EC TR0 Design
8X27 a > = _NOJ(X) Region Il (2) sf:;;ﬂ ki Magret spec. %! shape of coil analysis by EMC

where A is the z-axis component of magnetic vector potentii
and J is armature current density.

The magnetic fields induced by armature current can be ¢
culated by applying boundary conditions to the tangential cor
ponents of magnetic field intensity and normal components
magnetic flux density at each boundary in appropriate regiot
These are as follows [4]

B = > (TR iy

Fig. 5. Design process of air core type PM linear brushless motor by EMC.

s sinh(nkg) + | | 4 | Permanent Magnet
by EEdEEeEHcEd R LR
& ’ Sln(nkX) (3) ge = amEm = We <H naE :;:. hC
= sinh(nk(g — h)) — -
BY, =— 1— ———=——"*" cosh(nk
B uong;g < sinh(nkg) cosh(nky) l Y - | I B I Ih
b 7 Fig. 6. The shape variation of winding coil area.
— . cos(nkx) 4
nk 4
px _ Ho i <Sinh(nkh)> <e"’“y e"k9> bpn = nlw [cos(nka) — cos nk(a + 6)] (10)
M2 =, \ sinh(nkg) cnkg enky where$ indicates an arbitrary value which approaches zero and
by . the current density of PMl;y,, can be expressed by the mag-
Ty Sin(ukx) (5) netizationM.
, 1o S (sinh(nkh) enky  onkg By appl_ylng the bogndary_ conditions to the_ !nterface_s
By, = -5 Z h(ukg) kg onkw between different material regions, the characteristic equation
n=t1,3 \OHHHIES ¢ ¢ given in (8) can be solved
 ba - cos(nkx) (6) <« _ Mo =, [ sinh(nkh) enky  enkg
nk =9 Z sinh(nkg) kg enky
4Jo n=1,3 5 ¢ ¢
b, = — cos(nka) @) b
o - — . sin(nkx) (11)
where k is7 /7. nk
2) Magnetic Field by PM: If the armature windings are not v __Ho 3 sinh(nkh) (emv  erko
excited, the analysis model can be considered as Fig. 4(a). In "~ ! 2 4~ \sinh(nkg) enkg  enky
Fig. 4(b), PM’s are replaced by the EMC distribution and the b ’
characteristic equations of each region is as follows [4] . —1’; - cos(nkx). (12)
I

I?A(x,y) aQA( y)
ox? ay?
The EMC distribution by PM’s,J,,(x), for the region Ill, is
described as the Fourier series

The resultant magnetic field is obtained by superposition of
the magnetic field caused by PM and armature current.

= —podp(x) Region lll.  (8)

I1l. DESIGN AND CHARACTERISTIC ANALYSIS

infty The novel design method of an air core type PM linear motor
X) = Z bpn - sin(nkx) (9) is shown in Figs. 5 and 6. Fig. 5 shows the design process by
n=1,3 Space Harmonics Field analysis of EMC. Fig. 6 shows shape
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Thrust (N)

Fig. 7. Thrust characteristic according to shape variation.

TABLE |
SPECIFICATION OFDESIGN RESULT

Line voltage 100 (V) Current 1.8 (A)

Stack length 100 (mm)  Thrust 100 (N)

Back iron thickness 10 (mm)  Coil 1001 ab Line EMF
Magnet Core area 214 (mm?) 80

Residual flux density 1.15 (T) Turn number 302 60

Width 35 (mm) Coil area width 23 (mm) 40

Thickness 5 (mm) Coil area height 9.3 (mm)

variation of coil area which is designed to obtain maximum
thrust under fixed design parameters. The armature winding
area is divided into very small regions, and the flux density of
each subdivision region is computed by the Space Harmonics
Field analysis of EMC. If the cross sectional shape of the coill

o

V4
X
Q center of magnetic airpgap

Line : Space Harmonics
Field analysis

Symbol : FE analysis
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Fig. 9. Flux density distribution.

Line : Space Harmonics .‘-\
Field analysis
Symbol : FE analysis
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area changes, the magnitude and distribution of magnetic fI||:1

3. 10. Back EMF distribution.

density are varied in the magnetic airgap, the generated thrust

would be also varied in spite of the constant Magneto-MotivR/ V ALIDITY OF PROPOSEDDESIGN AND ANALYSIS METHOD

Force (MMF).

If the EMC of PM is moving, Electro-Motive Force (EMF)is  The presented design and analysis method of air core type
computed from flux linkage and thrust is calculated by armatuf¥M linear brushless motor is verified through comparisons with
current with flux density in accordance with pole position. Thé-D FE analysis and experimental data.

equations are as follows.

n

F= zn: P’i(e) —_ Z Ji(e) . SZ‘(G) B Bg(}e) L
i=1

i=1
E :weNZ (/)Ee) - sin pf
i=1

where

L is z-axis length of machine,
we is electric angular frequency,
N isturns per phase,

p is pole pair, and

5 is the subdivided element of armature winding regio

A. Comparison With 2-D FE Analysis

The FE analysis is known as an accurate analysis method
that allows to include the nonlinearity of magnetic material [2].
Therefore, the proposed Space Harmonics Field analysis by
EMC is verified with FE analysis result.

The Equipotential distribution is shown in Fig. 8. In air core
type PM linear brushless motor, the effective magnetic airgap is
increased since coil area is working as magnetic airgap. Fig. 9
"Shows the flux density distribution in mechanical airgap and the
center of magnetic airgap. The flux density in mechanical airgap
has a rectangular characteristic, meanwhile the flux density of
magnetic airgap center has a sinusoidal waveform. It is fringing
effect due to increased magnetic airgap and shows that the flux

0 is relative electric angle of PM and armature windingdensity distributions of both space harmonics field and 2-D FE
Fig. 7 shows the thrust characteristics for various windirgnalysis are in good agreement.
area widths and heights under constant MMF and armatureThe characteristic of velocity EMF by moving of PM is
winding area. As the width of winding area is increased, trehown in Fig. 10. The shape of EMF distribution in each phase
magnetic airgap is reduced and thrust is increased. Howevsrsinusoidal. It is due to flux distribution in magnetic airgap
thrust is found to be reduced for over the specific length. Tled raises a problem of thrust ripple according to driving
specification of air core type PM linear brushless motor frommethod in brushless motor. The thrust computation process

the design process is shown in Table I.

taken into account driving method is shown in Fig. 11. It is
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Fig. 14. Flux density distribution by Experiment (0.2 T/div.).
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Fig-13. The system of testing machine. Fig. 16. Thrust distribution according to electrical angle.
shown that EMC by PM is moving and thrust can be calculated ) L _
from flux linkage and armature current. In FE analysis, moving " F19- 16, the characteristic of thrust according to pole po-
line technique is applied then on time of current in each phag on is compared with experimental for each analysis results.
is a 120 and phase current is commutated by ever§ 60 In the comparison, the mgasurgd thrust value is Ies_s than t_hat
electrical angle [6]. of two anaIyS|s res.ults. Itis peheved that pack iron in experi-
The result of thrust computation by using EMC and FE andinental equipment is not Iamma_ted and this causes increase of
ysis are shown in Fig. 12. The phase currentis considered qu&% leakage. The thrust _npple in 8(b_f electric angle is ob-
waveform, the other side characteristics of flux distribution h&€"ved for both of analysis and experimental results.
not perfect to square form. Therefore, thrust ripple during every
60° is generated by the characteristic of flux density distribution V. CONCLUSION
and the resultant thrust by FE analysis is somewhat less than thaflagnetic field distribution has a very significant effect on the
of EMC method. In FE analysis, the nonlinear characteristic eharacteristic analysis and design process, for the air core type
permeability in iron core is considered. PM linear brushless motor. A Space Harmonics Field analysis
has been developed to aid the magnetic field analysis of air core
type PM linear brushless motors. It is based on the calculation
The proposed Space Harmonics Field analysis of EMC a6 the spatial distribution magnetic field when the PMs are re-
compared with experimental results. The system structure of piaced by the EMC distribution.
core type PM linear brushless motor is shown in Fig. 13. In this paper, a design process and characteristics analysis
Fig. 14 shows the flux density distribution of the test machingy using EMC method are presented and the results are veri-
for different airgap position and Fig. 15 shows velocity EMHFied against the 2-D FE analysis and experiment. The shape of
It is shown that an error of flux density and EMF amplitude isvinding coil area has a significant effect on the thrust. The ef-
within about 3 percent which indicates the proposed Space Heget of various coil shapes under constant MMF has been inves-
monics Field analysis is found in well agreement with experiigated and thrust ripple taken into account a driving manner is
mental result. analyzed by EMC method that is the moving of magnetization.

B. Comparison With Experiment
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By comparing with the experimental results, the reasonablef?]
agreement of proposed process has been obtained by EMC
method. From the comparisons with the experimental results
the proposed design and analysis process by using EMC
is found reliable methodology for air core type PM linear [l

brushless motor.
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